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Abstract

Using a planar microwave resonator as the electrode for modulating a high speed
Y-branch optical commutator switch is a novel idea. For this purpose a "cul-de-sac"
shape microstrip resonator is suggested and studied both theoretically and experimentally.
It has two substantially parallel legs unconnected on one end and connected via an open
ring on the other. It is the parallel legs that work as the electrode. Because of the stored
energy the potential difference between the two legs can be much higher than the source
voltage. Therefore, the resonator electrode has significant advantages over other kinds
of electrodes. By using a resonator electrode the optical switch can operate at high
frequencies while consuming little power.
The field distribution, discontinuity effects, and the radiation loss of the "cul-desac" resonator are discussed. The structure parameters of the "cul-de-sac" resonator, were
optimized for maximum output voltage and minimum consumed power using a computer
program. The source power can be coupled into the resonator by tap point coupling
through a quarter-wave-length transformer. The input impedance of the resonator and
the coupling coefficient B were derived as functions of the coupling position 0 using an
equivalent lumped circuit. Then an important relationship between the output voltage V 0 ,
the source voltage V„ and the unloaded quality factor Q. is derived which tells us that
Vo is proportional to the product of V, and the square root of

Q.

From this relationship

we proved that the most efficient and practical coupling condition is B51.

To verify the design theory experimental "cul-del-sac" resonators operating at 7
GHz using Al203 substrates were designed, fabricated, and tested. Two new plating
methods for thick and fine metal strips, the double photoresist patterning and the
aluminum mask methods, were tried to overcome the edge effects and thus reduce the
losses. Gold layers 6 A thick with smooth surfaces were plated successfully.
Also a new method for measuring O. using a scalar network analyzer is described.
From the plot of the return loss vs frequency Q u can be calculated directly. It was
proved that if the minimum return loss is 10.7 dB then Q u equals the ratio of the resonant
frequency to the 3dB bandwidth. The designed and measured Q, of the "cul-de-sac"
resonator fabricated on Al 203 were 123 and 179 respectively. The reasons for this
difference are discussed and the error of the measurement was estimated to be about
10%.
Applying the design theory and the fabrication techniques developed here to a
"cul-de-sac" resonator on a LiNbO 3 substrate, at an operating frequency of 15 GHz, a
supply power of 100 mW should result in an output voltage of about 50 V between the
parallel legs of the "cul-de-sac" resonator. It was, therefore, concluded that a "cul-desac" resonator used as the electrode on a LiNbO 3 substrate, could satisfy the requirements
of a high speed optical commutator switch.
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Chapter I. Introduction

1.1 Motivation of This Thesis

Optical switches and modulators are basic devices in optical communication.
Various electro-optically modulated external modulators and switches fabricated in
LiNbO3 have been reported, such as Ti diffused waveguide intensity modulators and
polarization modulators, directional coupler modulators, Mach-Zehnder interferometer
modulators, and Y-branch modulators[1-6]. Among them, Y-branch optical modulators
have been shown to have advantages over other types for high speed switches in optical
communications because of their non-interferometric nature[7]. They have been used as
digital optical switches and time division multiplexers/demultiplexers[8,9]. A Y-branch
optical switch consists of two parts, an optical waveguide in the form of a Y-branch and
a modulating electrode. The design of the electrode plays an important role in
determining the operating speed and the power dissipation of the modulator. In this
thesis a new electrode configuration for use in integrated optical commutator switches
using Y-branch optical modulators is studied. It is a "cul-de-sac" shaped microstrip
resonator, by which we mean an open ring with two parallel legs extending from the
opening. The design theory, fabrication procedure, and measurement techniques are
described. Using such electrodes should allow one to realize a high speed optical switch
with a relatively low power consumption. Resonator electrodes designed here should
work up to 15 GHz with power dissipation of less than 100 mW. Operation at such high
1

frequencies will make it possible to take advantage of the wide bandwidth available using
low loss and low dispersion single mode optical fibres.

1.2 The Electro-Optic Switch

The lay-out of an integrated optic Y-branch switch is shown in Fig. 1.1. An input
optical waveguide branches into two arms at the Y-junction. Two electrodes, normally
a section of coplanar waveguide or coplanar strip, are placed near or at the junction.
When using such an optical switch, its switching speed, on/off ratio, percentage guided
power, and power consumption are all factors that will determine its usefulness. Here
the on/off ratio is defined as the ratio between the power guided in the on and off states
and the percentage guided power is given by the total power that is transferred from the
input to the outputs. It should be pointed out that while in this thesis we assume the Ybranch to be dividing pulses between two waveguides, it can also be used inversely to
combine the pulses in the two waveguides to the main waveguide.

1.2.1 The Working Principle

The integrated optic Y-branch switch operates by the linear electro-optic effect.
Here we are concerned with devices formed by Ti indiffusion in LiNbO 3 . The Y-branch
waveguide is covered by a thin optical buffer layer. The electrodes are placed above the
junction to apply an electric field to the optical waveguide to change the refractive index
2

elect rode length le

Input light

output light

Y - branch
^electrode
wavegu de

Fig.1.1 Y-branch optical switch

3

distribution in the guiding region of the modulator. The change in the refractive index
obeys the following relation[10]:

ti(—r = rE
where n is the refractive index, r is the appropriate electro-optic coefficient, E is the
applied electric field. The distribution of the electric field is such that the refractive
index of one branch, and its related part of the horn region, will be increased while that
of the other branch is decreased. The input optical wave, travelling down the main
waveguide, will be steered alternatively into one or the other of the branches depending
on the modulating signal. When a resonator is used the light will be steered into each
of the branches on alternate half cycles of the resonant frequency. The modulating effect
seen by the guided optical wave is proportional to the applied voltage.

1.2.2 Current Problems in High Speed Optical Switches

In Y-branch modulators the on/off ratio increases with increasing branch angle
while the percentage guided power decreases[11]. Both the on/off ratio and the
percentage guided power increase with increasing modulating voltage. Y-branch optical
switches have been designed with a very small branch angle and long horn lengths to give
a high percentage guided power[l 1]. Correspondingly, the required electrode is long.
Having a long electrode results in two problems; first, it has a large capacitance which
reduces the switching speed[12], second, it introduces phase velocity mismatches between
4

the optical and the modulating signals at high frequencies. Both these problems can be
overcome by increasing the branch angle so as to reduce the length of the horn and the
electrode. However, this results in a higher modulating voltage being necessary to
achieve a large on/off ratio as well as a high percentage guided power. Normally,
increasing the voltage results in increased power consumption, because the delivered
power P is proportional to the square of the voltage
D V2

&=

Zo

(1.2)

where V is the voltage and zo is the characteristic impedance of the transmission line.
For Z0 =50 n, the power has to be increased by 5.5 W to boost the voltage from 25 to
30 V. In fact in terms of power consumed per unit bandwidth these devices are amongst
the best[13]. Short lengths also have added advantages in terms of real estate and
material related costs and losses.

1.2.3 A Resonator as the Electrode

A large branch angle Y-branch optical modulator with a high on/off ratio and a
reasonably high percentage guided power has been realized[14]. It is clear that an
electrode, which can apply a high voltage but needs only a little power would be a key
element for a high speed optical switch. We are proposing a planar resonator as one
solution. Fig. 1.2 shows a Y-branch optic switch with a "cul-de-sac" resonator electrode.
The basic character of a resonator is that it can store electromagnetic energy. The quality
5
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factor of a planar resonator is defined as the ratio of the stored energy to the average
power lost per cycle
Stored Energy
Quality factor Q = 2ir^
power lost per cycle
For our purposes a quality factor of 100 is needed, while this may not be seen as high
for its type, i.e., a planar microstrip resonator at the frequencies proposed, it is. If no
other loss mechanism exists the power lost inside the resonator should equal to the source
power, that is to say that the stored energy is more than 100 times the energy supplied
per cycle by the source. This energy is stored in the resonator in the form of both
voltage and current. Therefore, the resonator may be used as a voltage transformer,
having a much higher potential difference between its ends than that on the line feeding
it. The following relationship is derived in chapter HI of this thesis
V;^
. 4p^2Q17,,2
Z, 0+02 n Z,

(1.3)

or

v...^2V,

\

(1 +3)

2Q„ Z,
7E^Zs

(1.4)

where V r is the voltage in the resonator ( amplitude of the standing wave ), Z r is the
characteristic impedance of the transmission line constituting the resonator, V, is the
7

voltage output by the source, Z. is the source impedance, B is the coupling coefficient
between the source and the resonator(it can be designed so that B =1). Using such a
resonator, with the source power of 0.1 W, we can obtain a potential difference of about
50 V between the ends of the parallel legs of the "cul-de-sac" resonator, for a frequency
of 15 GHz and perhaps higher frequencies. Voltages of about 50 volts are sufficient for
use with certain Y-branch optical modulators[15]. Whereas, in a normal 50 II coplanar
strip electrode with the same source power only 3.2 volts can be obtained between the
two conductor strips. Compared with the coplanar trips, our resonator increases the
voltage by a factor of 16.

1.3 Organization of Thesis

This thesis consists of six chapters. Chapter I is the Introduction.
Chapters II and III are devoted to the design theory of the resonator for use as the
electrode for a Y-branch optical commutator switch. In chapter II we concentrate on the
structure of the resonator. In chapter III we deal with the coupling and matching
problems between the resonator and the external power system. After studying in detail
the voltage, current, and power distributions inside the resonator, the calculation of the
stored energy, the ohmic and dielectric attenuations, the radiation loss, the unloaded
quality factor, the input impedance, and the coupling coefficient, a computer program
was written to optimize the design and structure of a "cul-de-sac" shaped resonator.
Chapter IV is a discussion of the fabrication techniques used to make our samples.
8

In Chapter V we describe the testing procedures used and discuss the results and
measurement accuracy. Also, a new method for measuring the unloaded quality factor
Qu using a scalar network analyzer is presented.
Finally, in Chapter VI the conclusions and suggestions for further work are given.

9

Chapter II Design Theory

2.1 General Ideas

2.1.1 Resonator Basics

Generally, a resonator is described by its quality factor Q. Q is defined by the
following ratio

=w

w^
s

(2.1)

1

Where W, is the stored energy and P 1 the average power lost per cycle in the resonator.
It is usual to define three types of quality factor, each of which depends on the loss
mechanism[15]. If P1 is the loss inside the resonator the Q is called the unloaded quality
factor Qu . If the resonator is coupled to an external load and P 1 denotes the power
absorbed thereby the Q is called the external qiinlity factor Q, u . When P 1 is the total
loss, both internal and external, the Q is the loaded quality factor Q L . Using these
definitions we have the following relationship[16]
1^1^1
QL QN Qat

(2.2)

A transmission line resonator can be described by its equivalent circuit as shown
in Fig.2.1, in which a parallel resonant circuit with lumped elements resistor R o ,
capacitor Co , and inductor Lo is coupled to the generator on the left. The coupling
10

0

Fig. 2.1 Equivalent circuit of the transmission line resonator with a tap point coupling
mechanism
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^

mechanisms will be discussed in next chapter. In Fig. 2.1 an ideal N:1 transformer is
used. The coupling coefficient B is another parameter of a resonant system, and it is
defined as the ratio of the input impedance (equal to R 0/N2) of the resonator to the
impedance of the input transmission line feeding the resonator Z o [16]

P

Ro
N2 Z0

(2.3)

=

where at the resonant frequency the input impedance of a resonator is a real value and
the internal impedance of the generator is assumed to be matched to the input
transmission line. The coupling coefficient can also be written as
(2.4)
and QL, as
(2.5)

^Qz, = Q.(1 4- P)^
The peak values of the stored electric energy and magnetic energy are[17]
= Co Yr^

(2.6)

and

WIN = 21 4//`
respectively, where V*, and I* are the complex conjugates of V and I.

12

(2.7)

2.1.2 The "cul-de-sac" Resonator

As described in Chapter I, in order to modulate our optical switch, the required
peak potential difference between the two electrodes is 50 volts and the space between
them is 4 gm. Therefore, the resonator used as the electrode must have parallel legs,
separated by about the width of a diffused wave guide, which in our case is about 4 ism,
and the potential difference between them should be 50 volts. It was our goal to limit
the power supplied to the resonator to about 100 mW. This, of course, means that the
total loss of the resonator at the resonant frequency should be less than this value,
supposing that the loss on the input transmission line might be neglected. Also, the
resonator must be designed so that the power from the generator will be efficiently
coupled into it.
In designing such a resonator we should aim to reduce the power loss to the
greatest extent possible while keeping the voltage between the legs high. The ohmic skin
loss[18] in the resonator is due to the resistance of the conductor and is proportional to
the length of the transmission line from which it is made. Therefore, to minimize the
total length, the resonator should be a half-wave resonator[19]. The radiation loss is
caused by the discontinuities in the resonant system. It is well known that an infinitely
long ideal transmission line will not radiate any power[20]. Therefore, the resonator
should have as few discontinuities as possible. It turned out, after careful computation,
that coplanar strip transmission line resonators[21] would not satisfy our goal of 100 mW
lost power due to their high losses. Actually, since they do not have a ground plane,
13

these structures act like antennas. In the case of the microstrip, there is a ground plane,
thus the electromagnetic field is confined between the strip line and the ground plane and
less power is radiated. Hence, microstrip was chosen to form the planar resonator.
Several designs were numerically modelled for the resonator for the electrode, the
main ones being the hairpin[22], and the open ring track-like microstrip resonators[2326], as shown in Fig. 2.2. However, their attenuation losses were too high. In the two
legs of the hairpin resonator the conductor attenuation is much higher than in a simple,
straight section of microstrip, because the ohmic loss is increased as a consequence of
current crowding at the inner edges of the strips, as in coupled microstrip lines. In the
open ring structure, if the radial length of the gap is long enough to serve as the
electrode, the stripe will be too wide and the capacitance will be too large, so that the
energy is stored as a large current rather than a large voltage. For somewhat the same
reason the losses in a track-like resonator were high too.
The best design that we studied was a mixture of the hairpin and open ring
resonators, we named it a "cul-del-sac" resonator. It is shown in Fig.2.3. In it the two
ends of an open ring are joined to two straight microstrip lines. It is these two parallel
lines, as mentioned in Chapter I, that will work as the electrode of the optical
commutator switch. In this figure, the two open ends of the half wavelength resonator
are bent together so that these two radiation sources form a dipole with a separation of
only 4 Am so that the dipole moment is very small. It is well known that the radiation
from a dipole is much smaller than that from a single element. Because of the image
effect of the ground plane, each dipole forms a quadrupole with its image, that will

14
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Fig. 2.2 Different kinds of microstrip line resonators
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Fig. 2.3 Top view of the "cul-de-sac" resonator

reduce the radiation even further. For the same reason, there would be almost no
radiation loss from the two 90° ends either. The parallel microstrip line portion of the
"cul-de-sac" is short, minimizing the additional attenuation due to current crowding in
the "coupled microstrip lines" [27] so as not to influence the total loss seriously. The
"cul-de-sac" shape helps to suppress the losses, although there are more discontinuities
in it than in other types of resonators. Hence, we feel that the "cul-de-sac" design has
the best shape.

2.2 Analysis of the Microstrip Resonator

In the following analysis the quasi-static method is used. It is well known that a
true TEM wave does not propagate on a microstrip transmission line because there are
several modes present, therefore, the normally used quasi-TEM method[27] is only an
approximation. For a high dielectric constant substrate material the boundary conditions
are more stringent than for low dielectric constant ones, further limiting this
approximation[16]. However, designing and fabricating a microstrip resonator is a very
complicated procedure with numerous uncertainties. In order to obtain an optimal design
one expects to go through several iterations of modelling, fabrication and testing. Here
we are interested primarily in "the proof of principle" and have limited our work
accordingly. Needless to say the model used allowed the design of resonators with
sufficient performance to be applicable to the intended purpose, see Chapter VI.

17

2.2.1 Discontinuities

In a resonator the electromagnetic field is a standing wave field. In an ideal,
linear, half wavelength transmission line resonator, ignoring the open end effects, the
current distribution is a 1/2 period of a cosinusoidal wave while the voltage is
sinusoidal[28], where the origin is assumed to be the middle of the half wavelength line
as shown in Fig.2.4 (a) and (b). The distribution of both current and voltage in an open
ring resonator, along the longitudinal direction of the arc, are also cosine and sine
functions[29] respectively. In the case of the "cul-de-sac" resonator, there are
discontinuities such as open ends, curvature, junctions, and bends. These discontinuities
would disturb the distribution of the electromagnetic field, causing radiation, as well as
changing the current and voltage distribution from pure sinusoidal and cosinusoidal
functions[30]. The effects of the discontinuities can be expressed by excess
impedances[31], of which the real parts correspond to the radiation resistance and the
imaginary parts will influence the propagation constant and introduce mismatches and
reflections[19]. The radiation will be discussed later; at this point we will concentrate
on the influence of the discontinuities on the structure of the resonator.
The effect of an open end can be treated by adding an excess capacitance C.
between the strip and the ground plane. The value of this capacitance can be calculated
using Silvester's method[32]. The corresponding excess impedance is

18
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Fig. 2.4^(a) An ideal microstrip half-wave linear resonator;
(b) The voltage distribution in the ideal microstrip half-wave linear resonator
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^(2.8)
Z - ^1
j2itfC.

According to transmission line theory this impedance is equivalent to an excess length
A1[30] added to the open end which is determined by

Z. = Zo cot(k.61)^

(2.9)

and Al is solved as
e/ =

1^Zo
arctan(---=)
k
.

—

(2.10)

where Zo is the characteristic impedance of the microstrip as a resonator.
The curvature of the ring constitutes another discontinuity. The curvature
increases the distributed capacitance of the microstrip line so that the characteristic
impedance and the propagation constant of the curved part is different from that of a
straight portion. This curvature effect is taken into account by using an effective width
weff when designing the microstrip[33-35]

-

W+

weit(0)-w
1 +(fifs) 2

(2.11)

where w is the actual width of the strip, f is the working frequency, w eff(0) is determined
by the following equation

w.tt(0)=

hno

iCiTirZo
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(2.12)

and fs corresponds approximately to the cutoff frequency of the first transverse resonance
in the microstrip

^(2.13)
fr 2wdo)F4r
ec,
where E eff is the frequency dependent effective relative dielectric permittivity and h is the
thickness of the substrate of the microstrip, and n o is the intrinsic impedance of the air.
The most serious discontinuity is located at the junction where the microstrip ring
joins the parallel microstrip lines. It is more complicated than the open end. The
impedance of the parallel lines is smaller than that of the ring, so that in addition to the
geometrical bend there is a step in the impedance. The discontinuity at the junction
disturbs the distribution of the electromagnetic field in the resonator and the reflected
power, reducing the energy stored in the parallel lines. The effect of the 90° bend can
be reduced by chamfering with an arc or a 45° straight line[361. Chamfering can prevent
serious reflection and junction impedance, but the change• of characteristic impedance
from the ring to the parallel lines can not be cancelled. Its influence on the current and
voltage distribution will be discussed in the next section.

2.2 Current and Potential Distributions

In order to discuss the current and voltage distributions it is convenient to first
stretch the "cul-de-sac" to a straight line. Fig.2.5(a) is the straight microstrip line
equivalent circuit for the "cul-de-sac" resonator, where section AB corresponds to the
21
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Fig. 2.5

(a) The equivalent microstrip linear resonator of the microstrip 'cul-de-sac'
resonator with impedance steps
(b) The voltage distribution on the 'cul-de-sae microstrip resonator
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ring microstrip, CA and BD correspond to the parallel lines, BE and DF are the excess
length caused by the open ends, and 0 is the mid point of the resonator. The parallel
lines are made of so called "coupled microstrips", of which the characteristic impedance
Z,, is smaller than that of the ring part Zr , therefore the corresponding equivalent straight
microstrip is wider.
Although there are steps in the "cul-de-sac" resonator, the electromagnetic field
distributed in the resonator at resonance is still a standing wave and for the dominant
mode the current wave is still cosinusoidal while the voltage wave is sinusoidal. Because
of the different characteristic impedances the propagation constants in the two sections
of the resonator in Fig. 2.5(a) are different. Let k r be the one for the ring microstrip and

ice be that for the parallel lines. Now the voltage can be written as a piecewise smooth
function

V(l) =
{

Vr sin(k,x) , 0 < Ix1 <xli

(2.14)

Vc sin(kx) , xs<lxi<xp

(2.15)

where V, is the voltage amplitude in the ring section and V, is that in the parallel legs,
xA and x it are the coordinates of the junction and x c and x r, are the coordinates of the
open ends. At the open end the voltage should be equal to the designed maximum output
voltage V 0 , that gives a boundary condition
Vcsin(kxD)=^
from which we get
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(2.16)

V
V,- ^°
sin(k,xD)

(2.17)

At the junction the voltage should be continuous, so we have a joining condition
V esin(k 3). V csin(kx)^

(2.18)

That gives V,
Vcsin(kerB

)

sin(k,x8

(2.19)

)

Vosin(k,x i)

sin(krxit)sin(k,xD)

(2.20)

To design such a resonator one has to determine the structure parameters such as
the arc length of the ring l T and the length of the parallel lines l c , corresponding to AB
and BD. Adding the excess length Al caused by the open end, the phase length of the
resonator should be n, therefore, we have the additional condition
sin(k c(x 8 + AID = 1^

(2.21)

therefore,
re At .

Xi= "'""""'•
2k,

(2.22)

The length of the parallel lines should be at least as long as the of the electrode le shown
in Fig. 1.1, so
(2.23)
Or
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XA SX B -1e •

^

(2.24)

In practice i s and 1, are determined by minimizing the total loss of the resonator.
Using the same method one can get the distribution for the current simply by
replacing sin by cos.

2.3 The Energy Stored and the Power Lost in the "cul-de-sac" Resonator

Knowing the current and voltage distribution in the resonator, we can calculate
the stored energy, the conductor and radiation losses, and then the unloaded quality
factor.

2.3.1 Stored Energy

The energy can be stored in the resonator in two forms, electric and magnetic, the
time average of the two being equal. The total stored energy is the sum of the electric
and magnetic energy, or twice either. Here we are interested in the output voltage and
only need to calculate the electrical energy. The electrical energy stored in a section of
transmission line is given by[17]

we = f 4cv2d1^(2.25)
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^
^

where 1 is length of the line and C is the distributed capacitance per unit length of the
line. The capacitance can, in turn, be expressed in terms of the characteristic impedance
and the propagation constant
C-

k

6) 0Zo

.

(2.26)

The total stored energy W, is 2W e . Since there are two kinds of microstrip each having
a different voltage distribution, the energy density in each is different. Therefore, the
integration should be written as

^ws =-If xAcy,414-3-f^V.d1

(2.27)

4 -x4^-^4 xs

^k,

^2

f x^k^x _ .2

=^A K2 (*IX
.

+^D v;(x)dx

co oZr -x4^woZc x1

(2.28)

(2.29)
c K2 •
sinik,(1,+2,1A-sin(k1,)
,^sin(k,1,)
4/0 ^ ) .^
• u_
}+ k
' ca oZ, 4 '^
^4k,^26) o;

^I

2.3.2 Attenuation Losses

There are two kinds of attenuation losses, namely dielectric loss in the substrate
and ohmic skin losses in the conductor strip and ground plane. These losses are a small
proportion of the transmitted power P t . The attenuation factor a is the loss per unit
length [18]
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a-

dP/dx
2P(x)

(2.30)

where a =a d +a. is the sum of the dielectric attenuation factor a d and the ohmic
attenuation factor a„ and both a d and a„, can be calculated following Gupta's formula[271.
The dielectric attenuation factor a d for LiNbO 3 and Al203 are less than one percent of the
ohmic attenuation factor, so that the latter dominates. The attenuation loss in the
resonator is
(2.31)

P. =2 a f P(x)dx
1 f x4 -2^2 fx, ..2
= a — v (x)dx+ a — v (x)dx
Z, -xA
-

-

a ,sin(k1r) 1+ a ,V! u sin[kc,(1,+201-sin(kcl,)
Z, 2^4k,^Z^2k

(2.32)

(2.33)

where a, and a, are the total attenuation factor for the ring and the parallel legs,
respectively.

2.3.3 Radiation Loss

Radiation loss is not usually the dominant loss mechanism for microstrip circuits,
but it tends to be relatively large in planar resonators for use at millimetre-wave
frequencies. This is because the amount of radiation increases rapidly with the ratio of
the substrate thickness to the wavelength. Furthermore, the resonator discussed here has
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serious discontinuities which cause additional radiation loss. Therefore, the radiation loss
should be calculated carefully when designing the resonator.
The method used to estimate the radiation loss was based on Lewin's[20] or
Pauw's[37] theory. The one only considers the radiation from discontinuities[20], and
the other involves the assumption of a thin substrates[37]. What constitutes a thin
substrate was hard to quantify. The accuracies of both these methods are difficult to
estimate, the difference between the results from the two being about 30% [38]. It was,
therefore, necessary to develop a method for calculating the radiation loss from our
microstrip resonator. S.E. Schwarz et.al.[39] calculated the radiation from a linear
resonator using a Green's function method and suggested a parallel microstrip lines
resonator with very low radiation loss. The total Q of this dual resonator, in fact, may
be lower than that of a conventional single resonator, for the same reason discussed in
Section 2.1.2 of this thesis[39). Hence, this resonator cannot be used as an electrode and
the Green's function for current in a linear resonator does not apply to our "cul-de-sac"
resonator either.
The approach adopted here is based on fundamental electromagnetic theory, the
Green's image method[40]. The radiation vector N[41] and then the radiated power P r
are calculated directly from the current distribution in the resonator. Using the quasistatic assumption, the field in the resonator is assumed to be a TEM wave, and the
microstrip resonator is considered as a strip-line surrounded by a dielectric having an
effective dielectric constant c eff. Fig. 2.6(a) is a sketch of a microstrip line and Fig.
2.6(b) is that of a strip-line. This assumption has been widely used[20,28,37,38] and it
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Fig. 2.6 (a) The structure of microstrip line
(b) The structure of stripline
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has been shown that the capacitance, characteristic impedance, and phase velocity
obtained using this equivalent strip-line model are in fairly good agreement with the
measured values. We believe it is reasonable to analyze our resonator using the quasistatic model for we are concerned here only with the far-field radiation, where the field
distribution is, in fact, a true TEM wave. The error introduced by this method is that
the field below the strip might be under-valued, while that above might be over-valued.
This method will, if anything, overestimate the total radiation loss since the energy
density is proportion to the dielectric constant, which above the strip line is smaller than
the effective value and below the strip line is larger.
We will give the general radiation formula for a planar resonator and then use it
for the "cul-de-sac" resonator. A spherical coordinate system is used, as shown in Fig.
2.7, where h denotes the thickness of the substrate. In the "cul-de-sac" resonator, the
parallel lines form a quadrupole with their image in the ground plane. The radiation
from this quadrupole, compared with that from the open ring, is small enough to be
neglected. What remains is an open ring. We will denote the internal and external radii
of the ring by ri and ro respectively. While there is a displacement current in the
gap[24], its contribution to the radiation vector N is also very small and can be neglected
due to the gap angle being small, i.e., much smaller than

it.

Therefore, the conduction

current is continuous and forms a current ring. The thickness of the metal strip has been
taken into account when introducing the effective dielectric constant E ar, so we suppose
the stripe is infinitely thin when considering the current distribution. In the radial
direction the rigorous solution of the current distribution is a Bessel function[24], but in
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Fig. 2.7 Coordinate system for calculating the radiation loss from the "cul-de-sac" resonator
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the radial direction the microstrip is very narrow, therefore, from the far-field point of
view, the current on the strip is considered as a line current[37] in a ring having an
equivalent radius r e , as shown in Fig.2.8,
w

wrr
r
2 ra

(2.34)

r -r ^

^11V

—IV^1'
r =r + eff (2 1 )

a^2
"
r =41+

,

(2.35)

a

w(w.„-w)
4

^` ' ^]

r(2r+w)

(2.36)

and

1
2•

r=- (r,+ra) .

(2.37)

Referring to the formula derived in the last section, the current distribution along
the ring can be written as

1 (1)
i=0/osinffi ^+ c1.8(r-re)

(3.38)

where
g = It /2 - k A^(3.39)

is the phase at the junction of the ring and the parallel line.
Using Green's method of images, the influence of the ground plane can be taken
into account by using the image current i'
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Fig. 2.8 Equivalent strip width and radius of the open ring
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^

(z + 2h)

^

(3.40)

where z=r cost). The total current it is
it .../0[1 -8 (z +2h)] sinR2^+ i gj (r-rs) .

^(2.41)

Knowing the current distribution we can calculate the radiation vector N
•^N =1 2 teib °cc.* r eth p 0

^(3.42)

where (r0 , 00 , Od is the coordinate of the current while (r,0,13) is the coordinate of the
radiation field and
cos* =cost) toseo + sin() idnOo •..os(q) - T o)^(2.43)
is the cosine of the azimuth angle of the considered point in the radiation field. The
above integration cannot be solved directly. In the ring segment of the "cul-de-sac"
resonator we have r ek < 1/2, and
rehine^<^

(2.44)

so the exponential term can be expanded in a Taylor series and we keep the first two
terms; the error caused by this approximation is only a few percent. Now we have
2 1E^.

[1 + j kr sme cos(*

NatF10

e

- * 0) +... 14,(ycos* 0 -isimp o)red4ro^(2.45)

where
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F. e uukvasi2sin[kh cose j .

^(2.46)

This integration was solved and the resulting x and y components of the radiation vector,
Nx and Ny are
-327rjrk wog) s sings sine

^1o

15 it -26,

(2.47)

j^

and
4(20 -1t)cosp _ jkr ,{287c -164p dr.omp g 'cos" sin()
)^(2.48)
g
Ny'Ro{^
311 -40 1^15-260g
respectively. The 0 and 0 components of the radiation vector, Ns and No , can be
expressed as
No =Nxcosecos, +Nycos0sin0^(2.49)
and
Nt^+Nyco:up .^(2.50)

The radiation power is

noe

Pr.^
0,22fe-: Joo 2[INe12]+ IN, Ildedv

(2.51)

.121:h2k44_1ri2k2o 2+ C + 3.2 B 2 —
A C 7.2k 2} 'COO (i) g
^35
7

(2.52)

where
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-327:
15n-26v g

(2.53)

4(2" --7r)
37t.-4tp t

(2.54)

28n -16,^
157c--26(p s

(2.56)

When obtaining Eq.(2.52), following approximation was used:
sin(khsinecosp)-khsinecovp .^(2.57)
The relative error caused by this approximation is less than 3%.
If os is much smaller than n, i.e. 01 c

IT, so

that it can be neglected, Eq.(2.51)

can be solved as
P= 101,2 {1 sin(2kh) }
2kh

^(2.58)

This equation gives us a reasonable approximation of the radiation loss. Contrary to the
attenuation loss, the radiation power is proportional to the square of the thickness of the
substrate h 2 . To design a high Q resonator the thickness of the substrate should be
optimized, giving a trade-off between the radiation loss and the attenuation loss.

36

2.4 Optimized Design of the Structure Parameters

The parameters to be designed are the height of the substrate h, the width of the
strip wr for the ring and w, for the parallel lines, the length of the parallel legs lc , and
the radii of the open ring I , and r0 . They are optimised for the lowest loss not the highest
-

Q. The reason for this follows.
From Eq.(2.6) we know

1;12=2

=2

w e^

QPI
caC

^
.

(2.58)

(2.59)

Here the maximum output voltage is determined by the capacitance and the stored electric
energy, or the unloaded Q, and the lost power P 1 . The greater the stored energy and the
smaller the lost power, the higher the quality factor Q, but the output voltage may not
be so high if the capacitance is too high. Therefore, the unloaded quality factor Q. is not
the only parameter, needed to evaluate the resonator for use as an electrode in our case.
In fact it is more appropriate to optimize the structure of such a resonator by minimizing
the lost power and maximizing the output voltage.
A computer program was written to optimize the design. The optimized structure
and the operating parameters are listed below:
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^

h = 0.3 mm,^is the thickness of the substrate;
w = 0.02 mm,^is the width of the ring potion microstrip;
r = 0.79 mm,^is the radius of the open ring;

4 = 0.35 mm,^is the length of the parallel legs;
ws = 0.30 mm,^is the width of the each of the legs;
ss = 0.004 mm,^is the width of the gap between the legs;
fo = 15 GHz,^is the resonant frequency;
e t. = 34.7 ,^is the effective dielectric constant of the LiNbO 3 substrate
as defined below*;
e eff = 20.5 ,^is the effective dielectric constant for microstrip on our
LiNbO3 substrate at the resonant frequency f 0 [42];
V. = 59 V,^is the calculated potential difference between the open ends
of the parallel legs;
Q. = 71 ,^is the calculated unloaded quality factor;
P1 = 0.1 mW,^is the calculated dissipated power;

* LiNbO 3 is an anisotropic crystal, of which the two dielectric constants in the x(or y)
and z directions are e x =43 and e z =28 respectively. The equivalent dielectric constant
used here is calculated by following formula[27]:

=iii

Zl^X

38

-

Z

^

We have plotted the curve of the output voltage vs total the loss in Fig. 2.9.
E. Hammerstad's computation method[42] is used to calculate the characteristic
impedances, propagation constant and effective dielectric constant.
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Fig. 2.9 The voltage between the ends of the parallel lines and the dissipated power
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Chapter III Coupling and Matching

3.1 The Coupling Method Discussion

Coupling and matching are important topics in microwave transmission line
circuits. In the previous chapter we discussed the structure and parameters of the
resonator without addressing the connection between the resonator and the power source.
Obviously, the resonator must be a part of a microwave circuit and be excited by
coupling electromagnetic energy into it from outside. That is the topic of this chapter.
There are three types of coupling mechanisms to a half-wave microstrip
resonator: capacitive gap, coupled line, and direct-coupled tap point. Because the output
of the system, namely the modulating voltage, is just the potential difference between the
two parallel legs, which are a part of the resonator, no load is coupled to the resonator.
The whole system is terminated at the resonator. The coupling mechanism should allow
the resonator to obtain the maximum energy from the generator, therefore, the resonator
should be matched to the input microstrip line coming from the generator. Another point
that should be mentioned is that the output voltage at the open ends of the resonator is
higher than the voltage input to it from the source, therefore the energy should be
coupled into the resonator at a point at which the voltage is low and the current is high.
According to the voltage and current distributions derived in the last chapter, such a point
is located near the middle of the resonator. To both realize this condition and reduce the
radiation loss the direct-coupled tap point coupling method is chosen. The input
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microstrip is joined to the open ring section of the resonator directly. A quarterwavelength transformer is used to minimize the discontinuity effect of the T-junction as
well as to improve the match between the input microstrip and the resonator. Fig. 3.1(a)
shows the quarter-wavelength transformer tap point coupling mechnism to the "cul-desac" resonator and Fig. 3.1(b) shows same coupling mechanism to its linear resonator
equivalent circuit.

3.2 Equivalent Circuit and Input Impedance

The resonator can be modeled as two shunt open-circuited transmission lines, of
which the equivalent circuit is shown in Fig. 3.2. Here 0 is the electrical length from
the coupling point to the centre of the resonator; Z r is the characteristic impedance of the
transmission line which is the same as that of the section of microstrip constituting the
ring; Zr is the characteristic impedance of the section of the microstrip constituting the
transformer; and Z, is the impedance of the input microstrip line which is the same as the
internal impedance of the power source; y =a +jk is the effective complex propagation
constant of the wave on this microstrip, of which the real part a includes both the
conductor attenuation and the radiation loss from the "cul-de-sac" resonator, and the
imaginary part k is the same as that of the microstrip ring of the "cul-de-sac" resonator
kr . Since the total electrical length of the two shunt transmission lines in Fig.3.2 equals
all the imaginary part of the discontinuities were also taken into account. Therefore
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Figure 3.1(a) The transformer tap point coupling to the "cul-de-sac" resonator
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N

Figure 3.1(b) The transformer tap point coupling to the equivalent linear resonator
of the "cul-de-sac" resonator
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I.^

e

Fig. 3.2 Shunt transmission line equivalent circuit for "cul-de-sac" resonator with tap point
coupling mechanism.
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this circuit is equivalent to the "cul-de-sac" resonator, if we are concerned only with the
input impedance looking into a point on the ring.
Let the left hand portion of the transmission line in Fig. 3.2 be shorter than that
on the right, that is 0 < 7r, then the input impedance of the left part Z il is:

Zu = Zr eoth(a/+je)^

(3.1)

where 1 is the geometric length of the left part. In our resonator the loss is very small,
that is a<1, so we have
tanh(al) • al

(3.2)

With this approximation the input impedance can be written as
zi -zr

1+jaltan0
al+jtan0

RI
-

cos20

(3.3)

(3.4)

where
RI =Zo al^

B=Zrtan0^

(3.5)
(3.6)

since (a1) 2 z0. Using the same procedure the input impedance of the right portion of the
transmission line in Fig. 3.2

zir can be written as
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R,
Zir - cos2e +jB

(3.7)

R, - Zo a(2-1).^

(3.8)

where

If we treat Z11 and Zir as the impedances of two lumped devices we can obtain the
equivalent circuit shown in Fig. 3.3. The total input impedance Z i is the parallel
impedance of Zir and z il :

e,

(3.9)

Z =— sinks
I R
. 2Z,Q. sin2e
it

(3.10)

where R=12,.=R I corresponds to the total loss in the resonator, which is independent of
the coupling mechanism, and Q, is the unloaded quality factor of the resonator.

3.3 Coupling Condition

The transformation factor of the 1/4 transformer is

N

=

Zr 1^
; (if

At the coupling point the source impedance Z, is transformed to Z',
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( 3.11)

Fig. 3.3 Lumped equivalent circuit for the input impedance of the "cul-de-sac" resonator
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(3.12)

Zs

By definition, the coupling coefficient B is the ratio of the input impedance of the
resonator to the transformed source impedance ( the impedance looking towards the
source from the coupling point ) Z'„ so we have

ZsZr 2Q
Z2T

* shoe

(3.13)

The condition for the critical coupling is B=1, which gives the matching condition
2 Qs^zr2

z—sibee

(3.14)

Zs

Two variables in this equation affect the coupling condition, 0 and Z T . The
coupling position 0 determines the input impedance Z i ( Eq. (3.10 )) and the potential at
the coupling point V(0)
V(0)= Vesin0 (3.15)
Zr determines the transformed source impedance (Eq. (3.12)) and the transformed source
voltage V',. When the system is matched the transformed source impedance and voltage
are
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ZT
Zs

Z =

(3.16)

—

and

v,' v

(3.17)

-1*

Zs

respectively. The potential at the centre of the junction is continuous, that is to say,
V(0)=V%. This condition holds for both matched and mismatched coupling. For
matched coupling ( critical coupling ) we have
(3.18)

Vssin = V^.

'Zs

Eq. (3.14) and Eq. (3.18) hold simultaneously only when

V, 2Q.

(3.19)

or

Vs =

ZS 2Q.
i

Zs

(3.20)
•

Eq. (3.20) gives the relationship between the output voltage of the resonator and the
source voltage. This voltage transformation is very important for designing a resonator
to be used as a modulating electrode. For a given source power this equation determines
how high a Q, and what characteristic impedance Z the resonator needs to obtain the
required modulating voltage.
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If the system is not matched there will be some power reflected back into the
source. Let r be the voltage reflection coefficient at the boundary between the input
microstrip and the transformer and let Vb be the potential at that boundary, then V b can
be written as
Vb = Vs (1 +r)

.^

(3.21)

The transformed source voltage at the coupling point V' s becomes

Zs a

(3.22)

=v -Z2.- 2 \1 13-'Zs^1+p

(3.23)

Vr sin0 = V. 2 \I
+13
1^.
- Z,^

(3.24)

.

and Eq. (3.18) becomes

Combining this equation with the equation for the critical coupling condition Eq. (3.13),
we get

11 = ^4p 2 Q. F,2:^ (3.25)
Z,^(1+13) 2 it
We can see, from Eq. (3.25), that the mismatch results in the additional factor
f(B)=48/(1 +13) 2 on the right hand side of Eq. (3.19). So the output voltage of the
resonator depends on the coupling mechanism too. It is easy to show
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4p
s 1^
(14-p)2

(3.26)

where the equality holds only for B =1. That means that both over-coupling and under-

coupling would reduce the output voltage of the resonator.
Because of the tolerance in the design and fabrication of the resonator, the critical
coupling condition is not easily satisfied. In order to find out whether over-coupling or
under-coupling is preferred for obtaining a high output voltage we take the derivative of
the factor f(B) and get
df(13) _ 4(1-0 .
d3^(1.403

(3.27)

It was found from this equation that f(B) changes more slowly for B <1 than that for
B > 1. Therefore, over-coupling is preferred to under-coupling and is actually used in our
optimization program, i.e., B1 is used as the coupling condition.
There is another point that should be taken into account in the program. The Tjunction introduces an imaginary impedance in series with the ring and the transformer.
To overcome the influence of this impedance on the resonant frequency and on the
matching, the electrical length of the resonator, which is not exactly ir, and the length
of the transformer, which is not A/4, should be slightly modified.
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Chapter IV Fabrication of the Resonator

4.1 Introduction

The purpose of using a resonator as the electrode in the integrated optics
commutator switch is to reduce the required power. As mentioned in Chapter II, at
microwave frequencies both conductor attenuation and electromagnetic radiation losses
have to be taken into account when designing and fabricating the resonator.
Correspondingly, the patterning and the metallization have to be dealt with very carefully
during the processing. This is because both the density of, and types of impurities in,
the deposited metal influence its conductivity which determines the attenuation loss, while
stagger of the strip edge and the roughness of metal surface increase the radiation loss.
Therefore, the fabrication is an important part of this work.
To verify the design theory presented in Chapter II, as well as to find the best way
to fabricate the device, experiments were performed on Al 203 at a lower frequency of 7
GHz with a larger electrode spacing (12 Am), because the large-scale mask is much
cheaper and easier to make than the one for LiNbO 3 at 15 GHz, and since Al 2 03 wafers
are also cheaper and easier to handle than LiNbO 3 wafers.
There are many methods in microelectronic device processing for defining thin
metal structures, each of which has advantages over other techniques for particular
applications[45]. In this chapter, the problems and their solutions, as regards the
patterning and electrolytic plating of fine patterns are discussed, the procedure for
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fabricating the resonators is outlined which includes: designing and making the mask,
preparing the wafer, metallization by thermal evaporation, patterning using
photolithographic techniques, electrolytic deposition, etching, cutting, and polishing.

4.2 The Fabrication Method

4.2.1 Metallization

Photolithographic photoresist mask and thin film technology[46] is used to
fabricate the resonator. Gold and copper were tried as the conductor, because of copper's
high conductivity and low cost and because of gold's resistance to environmental effects
like oxidation and corrosion as well as the ease with which one may make contact to it.
Both gold and copper electroplating are very easy to control. Because they adhere with
difficulty to inorganic substrates, an adhesive layer of chromium followed by a thin
conductive layer of gold or copper is evaporated to the substrate[46]. A photoresist mask
is made photolithographically on it, and the exposed pattern is then galvanically thickened
to the desired value.
The metal layer thickness of the microstrip is a crucial factor for the ohmic loss.
To minimize this loss the thickness of the metal layer d should be at least ten times the
skin depth 6[47]. If the metal layer is not thick enough it will not obtain a surface
resistivity approaching that of the bulk metal. From Ramy et. al. [47] one can find that
the difference between the quality factor of half wave length resonators with conductor
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layer thicknesses of 78 and 108 is about 30%[47]. The formulae that this thesis followed
to calculate the conductor ohmic loss in Chapter II holds only for conductor layers of
thickness more than five times the skin depth of the conductor[27].
Table 4-1 lists the resistivities of gold and copper, the skin depth, and the required
strip thickness t at 7 GHz and 15 GHz for LiNbO3 and Al 2 03 substrates.

Table 4-1. The Designed Conductor Strip Thickness

Material
Gold
Copper

Resistivity
p (fl cm)
1.36
1

Frequency
f (GHz)

Designed Strip
Thickness t (pm)

7

Skin Depth
8 (hm)
0.9

15

0.63

6

7

0.8

5.5

15

0.55

4.4

7

4.2.2 Plating Problems and Solution

Plating by the electrolytic technique is well-known. The control factors like
current density, contents and concentration of the solution, and agitation methods are
available in many texts. But when used in depositing metal onto very fine patterns,
say on the order of few square millimetres, problems occur; preventing one from
obtaining the desired results.
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Two important problems due to stress and burned deposit are discussed below:
Stress. The deposited metal grains will have stresses in the plated layer as
well as between the plated layer and the base metal[48]. This may arise from the
mismatch of lattice parameters or from incorporation of foreign material such as,
oxides, hydroxides, water, sulphur, carbon, hydrogen, or other metals. It may also
be due to ohmic heating, if the plating current is too high. The stress can cause
cracking of the deposit or loss of adhesion to the substrate. When plating very fine
lines, these problems are much more likely to occur.

Burned Deposit. When the surface of the deposited layer becomes dark it is
called a burned or powdery deposition[48]. In this circumstance the deposited grains
are too big and the content is not pure gold(or copper) but contains impurities. The
loose structure and the impurities significantly reduce the conductivity resulting in
increased losses. Burning is also caused by high current densities and incorrect
solution concentrations.

In practice the above two problems often occur simultaneously. Our
experiments showed that if the deposited grains are too large, fine lines would crack.
In this case the surface of the plated pattern looks dark red and not smooth. When
observed through a 400x microscope, the grain size was found to be about 0.2-0.5
Am. The large grains may be caused by several reasons such as: impurities, low
solution concentration, and high current density. The high current density may also
cause too high a deposition speed and ohmic heat. The resulted stress would act to
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peal off the plated strip at the longitudinal edges, so that before the structure was thick
enough the pattern had balled up. To prevent these effects one has to be very careful
about controlling the concentration and contents of the solution, above all, one must
control the cathode current density.
The contents of fresh, commercially-available solutions are very pure making
the concentration easy to control, therefore, only the cathode current density needs to
be controlled. This requires accurate knowledge of the total exposed area on the
wafer. For very small areas the plating current should be significantly smaller than is
usually required. This is difficult to control accurately without special equipment. An
old approach in this circumstance is to simultaneously plate a much larger area, the
current being determined by the large area. In our experiments we found that, with
the current suitable for the large area, the fine patterned structure was still burned
since the current tended to concentrate on it. We were able to obtain good results for
our areas using the following criteria: the area of the accompanied piece was about
one hundred times that of the structure to be patterned and the cathode current was
chosen assuming an area ten times that of the structure. This will be discussed in
details in following section.

A third important problem that needs to be considered is the edge effects:
Edge Effects. Edge effects are the most serious problem in plating a fine
pattern. The deposition rate is proportional to the current density which is related to
the distribution of the static electrical field. In the electrolytic plating bath the electric
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field is concentrated at sharp edges and points, where, therefore, the current density is
much higher than in the central areas of the pattern. Hence the edges become thicker
than the central areas. Fig. 4.1 shows the outline of the intersection of a fine line
with sharp edges measured and plotted using a TENCOR Alphastep 200 profilometer.
The sharp edges look like wings. In our application these will act as antennae
increasing the radiation loss.
Another edge effect that presents a problem in our case is lateral growth of the
structure. All parts of the structure, exposed to the plating solution, will grow
galvanically. That is to say that while the strips grow thicker they also grow wider if
there is no mask suppressing lateral growth. As mentioned before for the resonator on
LiNbO3 , the gold layer should be about 7 m thick but the gap should be about 4 it
wide. To plate such a deep and narrow gap successfully, the photoresist mask should
be at least 6 i.t thick. We were not able to obtain such a photoresist pattern using the
equipment available.
To overcome these problems two methods were developed; double patterning
and aluminum masking. In double patterning an initial 3

At thick photoresist layer is

applied to the metallized wafer. Then the exposed pattern is grown galvanically to the
same height as that of the photoresist mask, which can be monitored using the
profilometer. The wafer is then rinsed in a diluted gold etchant to remove the sharp
edge and smooth the surface. Another layer of photoresist is then applied and the
patterning, plating, and etching are repeated. During the etching procedure, the
chemical reaction at the sharp edges is much faster than in the central areas, so that
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Fig. 4.1 The outline of the crosssection of the plated microstrip ring using photoresist
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the thickness of the gold layer is not significantly reduced after the sharp edges are
removed, however, this step still has to be controlled very carefully.
In aluminum masking an aluminum mask is used instead of a photoresist mask.
The deposition and etching of aluminum is straightforward; allowing the aluminum
mask to be made by standard photolithographic procedures. Gold does not plate onto
the aluminum because of the mismatch of the lattices of the two metals. Yet,
aluminum is a conductor, so that the mask alters the electric charge distribution over
the wafer. Fig. 4.2 and Fig. 4.3 show the charge distribution over, and the growth
procedure of, the cross-section of the resonator. It is clear that in the case with the
photoresist mask, shown in Fig. 4.2(a), the electric field concentrates at the edges of
the pattern, while in the aluminum masking method, shown in Fig. 4.3(a), the edges
of the pattern become inner corners, where the electric field is weaker than in other
areas, and the resulting current density is less. During the plating procedure the
deposition rate at the edges of the pattern is slower than in other areas, so the
resulting cross-section is like a bun instead of a sharp wing. These procedures are
illustrated in latter figures in Fig. 4.2 and Fig. 4.3. The aluminum masking method
is more efficient than the double patterning method and became the preferred method.

In both the cases discussed above, if the plated layer is too thick, the gold strip
will eventually be wider than the mask and the resulting cross-section begins to look
like a mushroom. Hence, the upper part of the gap is narrower than the lower part so
that the electric field concentrates in the air and not in the substrate, as we would like.
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To improve this, the extra part hanging out of the "mushroom" can be etched off,
with the help of a negative mask which protects the desired pattern. The cross-section
of the resulting structure in our experiments is shown in Fig. 4.4, which is also
recorded using the TENCOR profilometer.

4.3 Fabrication Procedures

4.3.1 Mask design

Both patterning methods were tried, the resulting sample discussed in this
thesis was obtained using the double patterning method.
The masks used in this experiment were made in-house. A positive rubylith
mask, 20 times larger than the intended dimensions was cut. The mask was then
photographically reduced using high contrast, high resolution black and white film. A
series of exposure and development times was tried and the resolution limit of this
method was measured. It turned out to be about 12 Am, introducing an error of about
3-4 i (it is difficult to define a sharp edge using a silver based emulsion film). For
the tests on Al 203 this accuracy was acceptable. A positive mask made in this way
was used for patterning the "cul-de-sac" resonator.
The mask used for cleaning the extra part hanging out of the "mushroom" was
made by transferring the positive mask to a negative chromium mask using wet
etching techniques.
62

^

06/17 04,56
ID
111.70

R 5.940vm
AlITYPEI
TI 6.165vm
Re 2.485vm

"TR!'
R 1,2.0'.m

ArelPWRI
SCAM MENU 4
um s/um
10000 .2
2000 .2 1
lair
SCAM ta4Osse
DIR.-->
STYLUS 11mg
0 400v* LEO EL

4

^300

06'17 04.52 um^Jim

ID

R 5.605.m
A..1411WEI
TIR 5.855um
Ra 845.mm
TUIPPal
R 118.0vm
Artirffigi
SCAN MENU 4
um s/um
10000 .2
2000 .2 1
3
SCAM ts40ste^2
DIR.-->
STYLUS 11mg
4 Mum LE1 .1EL

41
1
21
1
of
.....

yEticrip

Fig. 4.4 The cross-section of the plated pattern recorded by TENCOR profilemeter.
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4.3.2 Preparation of wafers

We used one inch Al 203 wafers, optically polished on one side, that are
commercially available. These were cleaned with a series of cleaners and solvents in
the sequence of boiling Alconox, boiling DI water ( several times, then blow dried
with N2 gas ), boiling tricbloroethylene, boiling acetone, boiling isopropanol. In
every step the samples were ultrasonically agitated for 1-2 minutes. The wafers were
then blow dried using a N2 gun.

4.3.3 Metallization and Patterning

Both sides of the cleaned wafers were first metallized with a thin layer of
chromium, about 350 A thick, and a layer gold, about 450 A thick, by thermal
evaporation. The evaporation was done in a Carl Herman & Associates thermal
vacuum evaporator. Then Shipley positive photoresist PR 1400-32 was spun onto one
side (the optically polished side) at 3000 rpm for 40 sec giving a 3.2 Am thick layer.
After pre-baking the photoresist at 70°C for 25 min the patterning was done using a
positive mask and Karl-Siiss MJB3 contact mask aligner. The exposure time was one
minute and the UV intensity was 25 mW/cm 2 . Then the pattern was developed in
Microposit developer MR-316 for 5 min and rinsed in a DI water cascade bath for
about 1 min. In order that the photoresist withstand high temperatures, as well as a
long immersion time in the plating solution, it was hard baked at 110°C for 25 min.
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4.3.4 Plating

Actually, plating is also a metallization step. This step is so important that we
will describe it in detail in its own section.
Fig. 4.5 is a photograph of the set-up for the plating system. It included a
tunable current source, a ALA meter, a petri dish for the bath of plating solution, a
XYZ positioner, a platinum net anode, and a simple agitator made from a rubber
blower and a plastic dropper. A 30x microscope was used to observe the contact and
the plating rate. The plating solution was the "OROPTMP 24" bufferred cyanide
neutral 24Kt gold solution from Technic Inc. The plating procedure and conditions
were as follows:
1. Pickled in warm hydrochloric acid, 30 percent by volume, at 50°C for 1.5
min.
2. Rinse in running DI water.
3. Blow dry roughly.
Once the sample was ready to be plated it was placed flatly on the bottom of
the petrex dish. The tip of the probe was placed onto the sample 5 mm away from the
pattern and the plating solution was slowly poured into the dish until it was 3/4 full.
While agitating the solution we turned on the current source and increased it slowly to
about 150 AA. The deposition rate was observed by measuring the change in
thickness of the gold layer using the profilometer. The correct deposition rate for
such an agitating condition is about 1500-2000 A per hour.
65

Figure 4.5 ^The plating system
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4.3.5 Cutting and Grinding the Sample

When the resonator pattern and the ground plane are plated we applied a
photoresist layer, about 2µm thick, on both sides and hard baked them at 120°C for
30 min to form a hard protecting layer. The sample was then out with a diamond
wire saw in such a way that the space between the edge of the ring and the edge of
the substrate was 1 mm. This edge was then ground until that space became 25 Atm,
to allow contact using our microstrip probe. The sample is ground by hand because
the substrate is very fragile and breaks easily. A plexiglass jig was made so that the
sample could easily be held against the grinding plate.
Fig. 4.6 shows the top view of a finished sample. This sample was made by
using the double patterning method. Actually, both aluminum mask and double
patterning methods were tried during my experiments. Because of burned deposit the
sample using aluminum mask failed half way, and the final successfully tested one
came from the second method. But we do believe that aluminum mask would work
better and it is the best way to fabricate the resonators on LiNbO 3 substrates, as it will
be suggested in Chapter VI.
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Figure 4.6^Fabricated sample
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Chapter V. Testing and Results Comparison

5.1 Introduction

In this chapter a new method for measuring a planar resonator using a scalar
network analyzer is introduced, a formula for calculating the quality factor from the
reflected power is derived, the set-up for testing is described, and the measurement
accuracy is discussed. The unloaded quality factors obtained from the tests are compared
to the design values and the reasons for their differences are discussed.

5.2 The Measurement of Q t,

As discussed in Chapter I it is usual to evaluate the properties of a resonator by
measuring its quality factor, or Q, which is defined as the ratio of the energy stored in
the resonator to the average power lost by the resonator per cycle[15]:
(5.1)
where W, is the energy stored in the resonator and P, is the power lost by the resonator.
To describe a resonant system completely, one has to know two other parameters; the
input impedance and the coupling coefficient. The input impedance tells us the
impedance characteristics of the internal construction of the resonator while the coupling
coefficient relates to its connection to the power source and any potential load.
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A typical circuit for measuring the Q is shown in Fig. 5.1 where a ring resonator,
as an example, is tested. Fig. 5.1(a) depicts the measurement set-up where S is the
levelled frequency sweep source and G is a power meter used to detect the power
transmitted through the resonator. Fig. 5.1(b) is the equivalent lumped element circuit.
The input impedance or admittance of the resonator is a function of the frequency, as is
the transmitted power detected. By measuring the transmitted power at different
frequencies one can obtain the impedance of the resonator. Ginzton's book[15] describes
this transmittance measurement method in detail. Khanna[49] and Kajfez[50] have also
described some methods for measuring the quality factors. The unloaded quality factor
Q, is the ratio of the resonant frequency to the 3dB bandwidth, i.e., the difference
between the frequencies at which the transmitted power is half of the value at the resonant
frequency[15]
o
^.

`

8-

A co

^

(5.2)

The loaded Q factor Q 1 is[16]
^(21,^
Qi=

l+p

(5.3)

where B is the coupling coefficient, which is defined as the ratio of the resistance of the
resonator to the characteristic impedance of the line delivering power to the resonator[161

^a—

zoN2

^

If no transformer is used, as in our measurement set-up, Eq.(5.4) becomes
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(5.4)

Fig. 5.1 (a) set-up for measuring transmitted power
(b) the equivalent circuit
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(5.5)

Yo
G

^

(5.6)

where Y o is the characteristic admittance of the input transmission line and G is the
conductance of the resonator.
When the coupling between the main line and the resonant circuit is weak the
measurement can be quite accurate[15]. With a vector network analyzer one even can
obtain values of both the real and imaginary parts of the input impedance, giving the lost
power and the stored energy, and subsequently the quality factors.
The structure of the resonator electrode system shown in Fig. 5.2(a), is different
from that shown above. The resonator is directly connected to the source through a
microstrip line so that the resonator itself is the termination of the circuit. This is a
single port network, i.e., there is only an input port. Hence, we cannot use the
transmission measurement method. Therefore, a new method had to be developed.
The parameters of interest are the power loss P I and the output voltage V 0 .
However, it is very difficult to measure them directly at microwave frequencies. What
can be tested, with the scalar network analyzer available in our lab, is only the relative
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Fig. 5.2 (a) Reflected power measurement system
(b) the equivalent circuit
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reflected power. Therefore, to test the properties of the resonator, it was necessary for
us to find the relationship between the relative reflected power and the voltage distributed
along the parallel legs.
The resonant structure in Fig. 5.2(a) can be described by a lumped element
parallel resonant circuit as shown in Fig. 5.2(b)'. The input admittance of the resonator
in Fig. 5.2(b) is
1^1^.
yo„ ).-.-+-+ 1(.0%.
)

R jcaL

.

(5.7)

where co is the angular frequency, L is the inductance, C the capacitance and R the
resistance of the lumped circuit. Comparing Eq.(5.7) with Eq.(3.4)-Eq.(3.9) in Chapter
DI, we have
2Z

R= ---Lsin2 0
a Ao

C=Zrcot(0)^
L=Zrtan(0)^

(5.8)
(5.9)
(5.10)

At the resonant frequency co o , w oL = 1/6) 0C, therefore the input admittance is purely real

* Both Fig. 5.2(b) and Fig. 3.3 are equivalent circuits of the "cul-de-sac" resonator. For
small 6 the input impedances calculated from them are the same. While Fig. 3.3 is
convenient for calculating the input impedance, Fig. 5.2(b) is convenient for calculating
the quality factor Q.
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(5.11)
at the frequencies co very close to the resonant frequency w o , that is to say, when A co =
co - w o is very small, the admittance of the circuit can be written as:
-+jwC(--f--1)- - -22
6 )
R^coo^(..)

Y(6))=-1

(5.12)

=—+0C

(5.13)

8.2(4)-(0 0)

(5.14)

R

where

is the bandwidth being considered.
Following the method laid out in Coffin's book[17], when a voltage V is applied
to the resonator, the average power lost is
P' V2
' 2R

(5.15)

while the maximum electrical energy stored in the resonator's capacitor is
W,= V2C
- s= 2 '

(5.16)

and therefore, at the resonant frequency co o the unloaded quality factor ()„ is,
^
(4=w 0CR .
The input admittance can be written as a function of Q, as
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(5.17)

a

Qs
R co o R

176))=-L+j

,

(5.18)

Or

Yi(w)=G(l+j-8 Q.)^ (5.19)
( Jo
where G =1/R.
If the network analyzer is matched to the measuring probe and the total system
is calibrated properly, the relative reflected power in dB can be interpreted as the return
loss RL, which is defined as
RL=-10log(-1)
Pi

(5.20)

=-101ogra

(5.21)

where r is the reflection coefficient, P r is the reflected power, and P i is the input power.

r = yo Yi

^

(5.22)

Yo+Yi

The return loss is the directly measured value in the measurement method used in this
thesis.
It is seen that the reflection coefficient r is a function of the frequency co, and it
is a complex number. The square of its amplitude can be written as
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Yo+G( 1 ti— QH)
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(5.24)

(5.25)

(134-1 )2 +( --- Q,a)2
co o
where B is the coupling coefficient.
At the resonant frequency co o , 6=0, so the reflection coefficient is real and the
square of its amplitude reaches the minium value r.:
YO -G 2
r. 2_
—[+_]

Yo u

_

(R-1)2

(p+1)2

(5.26)

(5.27)

where the coupling coefficient B can be solved as
14-r

P =^m .
1—T„

(5.28)

Eq.(5.27) shows that at the resonant frequency co o the resonator and the generator are
matched better than at any other frequency and the power reflected by the resonator is
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a minimum. Using Eq.(5.28) we can rewrite Eq.(5.27) as

(13 4- D2r„,+(-15-Qd2
(0 0

IR(0)1 2 - ^

(5.29)

(P+1)2 +(-6 Q"
(0 0

Eq.(5.29) is the basic formula in the reflected power measurement. From this formula
Qu can be solved for as
-r2.
r2

6)0;
(2 2 =0 + 02 (

(5.30)

8^i-r2

or substituting Eq.(5.28) into Eq.(5.30) and taking the square root

_

6) 0

2 \ P2-r2m

8 i-r m i-re

(5.31)

Both Eq.(5.30) and Eq.(5.31) can be used to calculate Qu . All of the variables on the
right hand sides of these two equations are measurable directly or indirectly, where 8 is
given by Eq.(5.14), B by Eq. (5.28) and r can be solved from Eq.(5.21)

r =10

AL
20

(5.32)

A plot of the return loss vs frequency, using the scalar network analyzer, is shown in
Fig. 5.3. To determine Qu from this curve, four parameters have to be measured. The
first is the maximum return loss which will give the minimum reflection coefficient r m .
The second is the resonant frequency co o . The third is the return loss at another point
properly selected to calculate r. The fourth is the frequency difference 6 between this
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selected point and the point having the same return loss, i.e., the bandwidth at the
selected point.
The measurement of the two parameters, RL and 0 co, mentioned above, can be
repeated at several locations on the curve. The resulting Q u should be the same each
time. In this way one can check whether the measurement is correct or not, which we
did and found to be the case. The choice of the location of these points is not
significantly important and will be discussed later on in the section where the accuracy
of this method is discussed. The method used in this thesis is described below.
Using the half power concept, the return loss is measured at a point at which the
reflected power is twice the minimum reflected power, that is where
1'4 =2.14u,

^

(5.33)

Rewriting both side of the above equation in dB we find
-10100'2= -10log2+logrt,

^(5.34)

or in return loss
RL=RL.+3dB^

(5.35)

Eq.(5.34) shows us that the difference between the measurement point and the
minimum return loss point ( the bottom of the return loss vs f curve ) is 3dB. Knowing
that, it is very easy to find the correct position on the RL vs f curve. This method is
somewhat similar to the transmitted power method in which the frequency bandwidth is
also measured at the position 3dB from the top of the curve, but, the physical concepts
in the two method are different, resulting in a formula to calculate Q, that is different as
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well. Substituting Eq.(5.34) into Eq. (5.31) we get
wo)2
8

4 ^r2m

0 —r„) 2 1-2rt,

(5.36)

The fractional 3dB bandwidth 8 is the commonly used quantity for evaluating the
Q of a resonator. As mentioned when discussing the transmission measurement method,
the loaded quality factor Q is just the ratio of the resonant frequency to the 3dB
bandwidth. It is meaningful to calculate the Q at this point, where it is pretty close to
the bottom of the curve, so that the linear relationship between the input admittance ( or
impedance ) in Eq. (5.18) holds well. This would prevent some measurement error.
Making use of this concept, we can obtain a rough idea of Q, using the 3dB bandwidth
from the RL vs frequency curve. Furthermore, from Eq.(5.35) we can see that if we
couple the resonator in such a way that the minimum reflection coefficient r m satisfies
the following condition
4 ^It

—r n)2 1_2r2,

(5.37)

Eq.(5.35) becomes

Q.=

L

( )

o^

241.6)
where O co =00 - ( 0 3413*
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(5.38)

(5.39)

Eq.(5.38) gives a simple relation between the Q u , the centre resonant frequency,
and the 3dB bandwidth. With the help of a computer Eq.(5.37) is solved and the two
solutions for rm are -0.517 and 0.319. The corresponding minimum return losses RL m
are 5.7 and 10.7. That means that when the minimum return loss is 10.7(when reflection
coefficient r rn < 0) or 5.7 (when rm >0), the ratio of the resonant frequency to the 3dB
bandwidth is the Qu . This makes the reflection method more straight forward and easier
to use than transmission method, because in the latter the 3dB bandwidth only gives the
loaded quality factor, Q. In order to obtain Q u using the transmission method, one has
to determine the coupling coefficient B first, and then calculate Q u using Q1 and a Smith
Chart. It is known that direct measurement of Q u , using the transmission method, can
cause considerable errors[49], but no problems were found with the reflection
measurement method using the scalar network analyzer. In this sense, the method
introduced here has its advantages over other methods.

5.3 Measurement Procedure

In the previous section some general ideas of the measurement method were
discussed. In practice attention must be paid to some of the detailed procedures in order
to obtain good measurement accuracy. This will be discussed in this section.
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5.3.1. The Measurement Set-Up

Fig. 5.4 illustrates the set-up used for the measurement of the resonators
parameters and Fig. 5.2(a) is its sketch. Here S is a levelled synthesized sweep
oscillator(HP8341B), of which the output sweep-frequency signal can be selected in any
band between 10 MHz and 20 GHz. D is a directional bridge(HP85027E) which tests
the difference of the forward and backward power by testing the voltage signals.
Actually, the out-of-balance signal of the bridge is proportional to the reflection
coefficient of the device under test(DUT)[51]. G is a scalar network analyzer(HP8757C).
P is a microstrip probe from Design Technique(MSP10-01). Basically, the microstrip
probe is a coaxial-to-microstrip launch which is attached to a XYZ positioner. It contains
a 50 n microstrip transmission line on a length of 0.010 alumina substrate and an integral
spring loaded ground pin. The ground pin has 0.015 inches of vertical travel which
ensures that the probe will make contact on substrates of different thicknesses.
All the measurement procedures are performed under a 30x microscope since the
dimensions of both the structures and allowed movements are on the order of only a few
thousandths of and inch.

5.3.2 The Measurement Principles

During measurement the swept signal from the generator arrive at to the DUT by
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Figure 5.4^The set-up for measuring the resonator parameters
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passing through the directional bridge. A portion of the swept signals reflected by the
DUT, passing through the directional bridge, will be coupled to the network analyzer so
that the reflected power may be measured.

5.3.3^Measurement Procedures and Techniques

1. Warming up the Network analyzer
Before taking any measurements the system should be turned on and allowed to
warm up for about half an hour. Distinct shifts in the reflected power vs frequency
curves were observed after some ten minutes without warming up.
2. Calibration
The calibration is done with the measurement circuit both open and shorted.
Following the instructions, the probe was connected to a short and then opened. Since
no ideal short is available in our lab, a piece of copper was used. The open circuit was
simply realized by leaving the probe in the air without contacting anything. This
calibration with short and open circuits ignores the noise from the connections and
environment. It is used to set a reference for the reflection measurement. When the
circuit is either open or shorted, the reflection coefficient is unity and the reflected power
is equal to the power delivered to the sample. The average power, in dB, of the two
reflected signals is stored in the network analyzer as a reference of the input power to the
sample. During measurement the power reflected by the sample is compared to this
reference and the return loss RL is just the difference between the two in dB.
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3. Probing the sample
The probing technique is very important as regards obtaining accurate
measurements. Improper probing leads to a contact impedance which increases the
reflection and radiation loss as well as shifts the resonant frequency.
In normal operation the ground pin extends well beyond the bottom of the
microstrip substrate and retracts as the probe is lowered into position to make contact to
the DUT. The probing technique basically uses a plastic spacer as a feeler gage
indicating when the probe tip is in close proximity to the DUT. The most visible
evidence of successful contact can be found on the screen display of the network
analyzer. The sequence in Fig. 5.5 illustrates the probing technique as discussed below.
(1). First lower the probe using the z-axis vernier of the X,Y,Z-positioner until
the probe tip is in the focal plane of the microscope but not in contact with the resonator.
Looking through the microscope, align the probe so that the edge of the probe tip
substrate is directly above and in-line with the edge of the test substrate, see Fig. 5.5(a).
(2). Using the scale of the x-axis vernier of the X, Y, Z-positioner as a guide move
the probe so the edge of the probe tip substrate is 0.008" inside the edge of the test
substrate, Fig. 5.5(b). At this stage the probe is still open and the return loss displayed
on the network analyzer is a zero dB straight line.
(3). Insert the spacer between the probe tip and the microstrip ring as shown in
Fig. 5.5(c). While moving the plastic shim in an in/out motion across the top of the
microstrip ring of the resonator slowly start lowering the probe. When the probe tip starts
to grab the shim stop lowering the probe and remove the shim from under the probe tip.
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At this point, the probe tip is separated from the top of the resonator by the thickness of
the plastic shim, about 0.002". This air gap forms a capacitor between the microstrip
ring and the probe tip through which the electric field can be coupled. A peak can be
seen on the display of return loss at a frequency of about 15 GHz, corresponding to the
second harmonic resonance.
(4). Contact could now be made to the resonator by lowering the probe 0.004"(the
thickness of the shim plus 0.002") using the scale on the z-axis vernier. While lowering
it, a peak at about 7 GHz was found on the return loss curve. This peak became sharper
and sharper. When successful contact was made, the curve stabilized, so that further
lowering of the probe had no obvious effect on the return loss curve. Now the
measurement could be made. The correct probing was relatively easy to repeat, and it
was found that there was a tunable range of positions within which the contact impedance
might be neglected, i.e., no obvious difference was found in the measured reflected
power. Therefore, if the radiation loss, caused by the contact impedance was small
enough to be neglected, the probing condition was not terribly critical.

5.3.4 Measurement of 8, fo and RL

The measurement is very simple using the facilities in our network analyzer.
Pushing the "minimum" button both the return loss and the resonant frequency at the
lowest point of the curve are displayed on screen, and the "bandwidth" button will give
the bandwidth at any selected point on the curve.
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Although the measurement itself is simple, the selection of the position on the
"cul-de-sac" resonator at which the probe should be put and points of the plotted curve
at which the data are collected determines the accuracy of the measurements.
Theoretically, a plot of the return loss vs frequency recorded at any coupling point should
give the same Q u , but different Q u 's were found for different coupling position. The
reason is that Eq.(5.31) for calculating Q is only accurate for a certain range of coupling
coefficients. If the minimum return loss r m and r are either too small or too big, the
resulting Q may not be accurate. On the other hand, Q is a constant for a fixed
resonator and independent of the positions on the RL vs frequency curve where one
measures the bandwidth S and reflection coefficient r. In the other words, given a plot
of RL vs frequency, different r's and d's will result in the same Q by using Eq.(5.31).
This basic principle can be used as a criterion to check if the coupling position was
selected properly and if the probing was correct. It turned out in our experiments that
this criteria holds very well for the minimum return loss of about 10.7 dB.
In practice the probing was done at several points along the microstrip ring, so
as to find the point where the minimum return loss was about 10.7 dB, and the 3dB
bandwidth 63dB was then measured. The other merit of this coupling point, as proved
earlier in Section 5.2, is that the ratio of the resonant frequency co o to the 3dB bandwidth
63dB

will directly give the Q ( see Eq.(5.38) ). This measurement method introduces less

error.
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5.4 Measurement Results and Discussion

5.4.1 Calculating Q u

Following the method described above, a graph of the return loss RL vs swept
frequency was displayed on the screen of the network analyzer. In order to get a clear
plot, the data collected by the network analyzer is transferred to an IBM compatible 486
computer and printed using a HP LaserJet IIP laser printer. Fig. 5.3 shows the
normalized reflected power vs swept frequency. It is the same as a plot of the return loss
vs frequency but upside down. At the peak of the curve the return loss is 10.72 dB and
the resonant frequency is 7.1225 GHz. The bandwidth at 3dB from the peak is 0.055457
GHz. The ratio of the resonant frequency to 3dB bandwidth is 128.4. Q u calculated
from Eq.(5.31) is 118.0. This value should be corrected using values measured at other
near-by points, as shown in Table 5.1.

Table 5.1 The measured return losses and bandwidths, and the corresponding
unloaded quality factor Q.
Return Loss RL (dB)

Bandwidth A f (MHz)

Unloaded quality factor Q.

6

0.081

117

7.72

0.056

118

9

0.049

123

10

0.020

130
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The final value of Q u was determined as the mean of the four measured values:
Q=123. The calculation error is less than 5%, that is about the same order of
accuracy as those of the network analyzer and the directional bridge. Therefore, the
accuracy of this measurement can be estimated to be about 10%.

5.4.2 Discussion

The quality factor calculated from the structure dimensions actually measured,
gave a Qu of 179. The difference between the measured and the calculated value is
about 30% i.e., the measured Q u is about 70% of the calculated value for the structure
fabricated. Because the voltage is proportional to the square root of the power, the
output voltage of the resonator can reach 84% of the design value.
Besides. the errors introduced in the modelling, other reasons for this difference
may be attributed to:

1. Fabrication. Since we used an emulsion mask, the definition of the
microstrip edges was rather poor. The plating solution was not filtered and the
agitation condition was not ideal. Also, the power source was not stable resulting in
variable platting current densities. This resulted in a plated surface that was not
smooth. During plating the surface changed colour several times indicating that the
conductor was not pure gold. Such defects increase both radiation and attenuation
losses and, of course, result in a lower Q.

2. Measurement. As discussed in last section the accuracy of the
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measurement of Q i, was about 10%. This may lower the measured value of Q, as
well.
Under improved conditions we would expect a significant improvement in Q.
That will be discussed in next chapter.

5.5 Conclusion

Despite the difference in the Q u 's this resonator increases the voltage
sufficiently to be used in the intended application without unacceptable increases in
drive power. Applying the design theory and the fabrication techniques developed

here to a "cul-de-sac" resonator on a LiNbO 3 substrate at an operating frequency of
15GHz, a supply power of 100 mW should theoretically result in an output voltage of
about 60 V. Taking the various factors, described above, that would act to lower Q„,
into account, there would still be an output voltage of 49 V between the parallel legs
of the "cul-de-sac" resonator. Therefore, a "cul-de-sac" resonator fabricated on
LiNbO3 substrate, for use as the electrode, can satisfy the requirements of an optical
commutator switch.
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Chapter VI. Conclusions and Suggestions for Further Research

6.1 Conclusions

In this thesis a novel resonator to be used as the electrode for a high speed optical
commutator switch is studied both theoretically and experimentally. A practical
resonator, a "cul-de-sac" shape resonator, is suggested to be the best resonator structure
for such a purpose. It has two substantially parallel legs unconnected on one end and
connected via an open ring on the other. It is the parallel microstrip lines that work as
the electrodes. Because of the stored energy the potential difference between the two legs
can be much higher than the source voltage. Therefore, the resonator electrode can have
significant advantages over other kinds of electrodes. By using a resonator electrode the
optical switch can operate at higher speed while consuming little power.
The "cul-de-sac" resonator was designed using electromagnetic field theory and
transmission line theory. The field distribution in the "cul-de-sac" resonator is a
piecewise smooth sinusoidal function. The effects of discontinuities in the resonator were
taken into account, by including additional impedances, and were reduced by chamfering
the sharp corner and by adjusting the total microstrip length. In order to calculate the
radiation loss from such a planar resonator, which is as important as the conductor
attenuation loss, new formulae were derived using Green's image method. The stored
energy, the radiation loss and the ohmic skin depth loss, and the unloaded quality factor
Qu were calculated. The structural parameters of the "cul-de-sac" resonator, such as the
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length of the parallel lines, the radii of the open ring, the widths of the microstrips
constituting the parallel lines and the open ring, and the thickness of the substrate were
optimized for maximum output voltage and minimum consumed power.
The coupling between the "cul-de-sac" resonator and the power source was also
studied. The coupling point should be at a position where the current is high and voltage
is low. Tap point coupling was chosen and a quarter-wave-length microstrip transformer
was used to reduce the reflection and disturbance to the field distribution inside the
resonator due to the discontinuity effects of the T-junction. The whole resonant system
can be described by its equivalent lumped circuit as shown in Fig. 3.3, from which the
input impedance of the resonator and the coupling coefficient B were derived as functions
of the coupling position 0. Then an important relationship between the output voltage
Vo , the source voltage V„ and the unloaded quality factor Q, was derived telling us that
Vo is proportional to the product of V, and the square root of

Q.

Also, from this

relationship we proved that the most efficient and practical coupling condition is B51.
To verify the design theory, experimental "cul-del-sac" resonators, operating at
7 GHz using Al 203 substrates, were designed, fabricated and tested. Two new plating
methods for plating thick and fine metal strips, double photoresist patterning and
aluminum mask methods, were tried, to overcome the edge effect so as to reduce the
losses. Gold layers 6 thick with smooth surfaces were plated successfully.
New methods for interpreting the unloaded quality factor Q u , probing the sample,
and sampling the data were developed, so that Q, could be measured using a scalar
network analyzer. It was proved that if the minimum return loss is 10.7 dB, then Q, is
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equal to the ratio of the resonant frequency to the 3dB bandwidth. The designed and
measured Qu of the "cul-de-sac" resonator fabricated on Al 203 were 179 and 123
respectively. The reasons of this difference were discussed and the accuracy of this
measurement was estimated to be about 10%.
While the measured Q u is about 70% of the designed value, the actual output
voltage should be about 84% of the designed value. Despite the difference in the Q u 's
this resonator increases the voltage sufficiently to be used in the intended application
without unacceptable increases in drive power. Applying the design theory and the
fabrication techniques developed here to a "cul-de-sac" resonator on a LiNbO 3 substrate
at an operating frequency of 15GHz, a supply power of 100 mW should theoretically
result in an output voltage of about 60 V. Taking the various factors, described above,
that would act to lower Q., into account, there would still be an output voltage of 49 V
between the parallel legs of the "cul-de-sac" resonator. Therefore, a "cul-de-sac"
resonator fabricated on LiNbO 3 substrate, for use as the electrode, can satisfy the
requirements of an optical commutator switch.

6.2 Suggestions for the Further Research

The "cul-de-sac" resonator should next be fabricated on LiNbO 3 . In order to
improve the design, fabrication, and measurement techniques, further investigation in the
following areas is suggested:
1. Mask design. Because the modelling is based on ideal conditions, the design
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method itself introduces errors so that the resulting parameters of the resonator structure
may not be the best although they were optimized. Therefore, a series of masks should
be tried using various structural parameters close to the optimized values.
2.Plating conditions. The agitation conditions should be improved and a better
power source should be used to control the current density.
3. jvleasurement. As regards of the different Q u 's found at different sampling
points on the plot of return loss vs frequency, the data processing should be done using
a computer program which optimizes the calculation of Q, by sampling the data from
the network analyzer during the measurements. In this way the incorrect probing can be
identified and corrected during the measurement.
4.Shielding To reduce the radiation loss further more one could shield the entire
resonant system.
5. The "cul-de-sac" resonator could be used as electrode for optical switches at
higher frequencies up to 50 GHz. At higher operating frequencies, lower conductor
attenuation and higher radiation loss are expected, and, as the result, the total losses will
not increase seriously. If the whole system can be shielded the radiation loss will not
increase the total loss at all, so that a supply power of 100 mW should result in an output
voltage of about 50 volts. Therefore, we suggest that an Y-branch optical commutator
switch using the "cul-de-sac" resonator fabricated on LiNbO3 substrate should work at
a frequency as high as 50 GHz, with about the same on/off ratio and percentage of
guided power.
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