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ABSTRACT

The tremendous growth of the wireless market has spurred unprecedented
interest in the performance of RF devices with affordable cost and small
physical size. Passive devices such as power dividers/combiners and filters
have potential to enhance the performance of the communication circuits and
systems. These devices are key RF/microwave building blocks and they are
usually employed in transmitters and receivers. One approach to improving
performances of the devices, as well as the other passive devices, is to reject
the periodic response associated with the transmission line in the structure.

This work focuses on the design and analysis of such passive devices.
There are three main topics which are investigated including power dividers
and dual-mode and triple-mode ring bandpass filters. Among various power
dividers, the in-phase and quadrature-phase are the most fundamental
components in RF/microwave circuit and are employed extensively in a
variety of applications. In ﬁarticular, the investigation of the first topic is
based on the conventional structure of power divider with the use of an
equivalent T-shaped transmission line. Since the open-ended stub associated
with T-shaped line behaves like a series resonance, the complete rejection of
unwanted frequency can be obtained.

The second topic is an investigation of two possible designs of ring’s
perturbation in series stub configuration to achieve dual-mode response.
However, when the small or high characteristic impedance is required for

specification design, the width of its perturbation is too wide or too narrow.
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The discontinuity at the junction between the ring and its perturbation can
affect the center frequency of the ring. To avoid this problem, whether due to
the physical dimension or the associated coupling at discontinuities of the ring
and its perturbation, the new perturbation in the forms of the symmetrical
right- and left-handed transmission lines under the proper impedance ratios
has been proposed for a physically realizable perturbation where the
performance degradation of the filter induced by step discontinuity is
neglected.

The last topic described in this dissertation is a triple-mode microstrip
ring resonator core for the design of wideband bandpass filters. It is a
modification of the conventional single-mode ring resonator with a pair of
open-ended coupled lines and a shunt open stub for a transmission-line path of
the ring substituted to form a triple-mode resonator. Since the triple-mode
resonator possesses three resonances, one at the center frequency and the
other two near the edges of the passband, a flat passband response can be
achieved when it is employed to implement a bandpass filter. The resonator
also exhibits attenuation poles close to the edges of the passband, thereby
offering sharp rejection in the bandpass filter response. Moreover, since the
signal applied at the input port is effectively forced to travel mainly through
the transmission line path over the passband frequency, the loss incurred by
the coupled lines is minimized. Extensive theoretical analysis of the triple-
mode ring and design example of the bandpass filter prototypes based on the
ring structure are given. The prototype filters’s performance is validated
through both simulations and experiments, where good agreement with the
theoretical prediction is observed. The out-of-band performance, particularly
in the cascaded filter, can be improved with multi-frequency suppression

technique.
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CHAPTER 1
INTRODUCTION

A plethora of new applications for novel RF/microwave subsystems is being
introduced as new communication and security systems, radar, surveillance,
and positioning services are becoming available. The objective of these
communication systems is to transmit information from one place to another
through wireless network without interruption and clear reproduction at the
receiver. This chapter first provides an overview of some wireless
communication systems and further discusses the distortion presented in the
systems. The motivation of this dissertation is to investigate the possibility
and new techniques to achive high performance power divider/combiner and
ring resonator in planar structure. Finally, the chapter shows the organization

of the dissertation.

1.1 Background

During the last few decades, the requirement of high data rate to
transfer data between data terminals and other portable wireless devices has
increased significantly due to the popularity of internet and other computer,
and mobile phone networks. This implies that the systems now support not
only voice communications but also data services. Figure 1.1 shows an
illustration of some popular systems for wireless communications.

For modern digital wireless communications, the quadrature
modulation methods, i.e., M-PSK, M-QAM, have become more common in
communication systems and standards since they offer superior spectral
efficiency when compared to the frequency and phase modulation methods [1].
Typically, the quadrature modulations employ both the amplitude and phase
to carry the information, and are often implemented using baseband
quadrature signals. They also require a linear power amplification [2-3] at
transmission. Unfortunately, the limitation of battery capacity and dc power
ability impose primary restrictions on the power consumption of mobile
handsets and base station power amplifiers [4-7]. Such systems were

notoriously sensitive to distortion.
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Figure 1.2 shows the block diagram of a general wireless
communications with transmitter and receiver. Today, the baseband signal
processing is usually performed digitally. Therefore, the digital-to-analog
converter (D/A) is required. With the use of reconstruction filters, the
unwanted signals are removed after the conversion, before sending to the
transmitter. The quadrature modulation will be employed, depending on the
modulation method, for providing the baseband signal in quadrature form
with simultaneous conversion into an intermediate frequency (IF) or directly
to a radio frequency (RF) and combination of these signals into one single
signal. After that the signal is amplified with a power amplifier for
transmission and is then converted from a guided electromagnetic wave on a
transmission line to a plane wave propagating in free space.

Since a practical transmitter has nonlinear characteristics like any
power amplifiers, it can qualitatively modify spectra and generate new ones,
usually named as spectral regrowth [8]. The major cause of distortion
presented in the system is linear and nonlinear distortions. Linear distortion
or harmonic distortion can be manifested at the output as the extra frequency
components appearing at integral multiples of an input frequency [9-10].
When nonlinear device is incorporated in the circuits such as the mixer [11]
and the transmission power amplifier, the nonlinear distortion will be
appeared at the output. This output frequencies are linear combinatons of the
fundamental signal and all harmonics presented at the input signals. These
distortions can degrade the performance of many communication systems [2,
8]. For example, signal transmitted with excessive intermodulation distortion
can interfere with other transmission. Focusing on the receiving system, it
must also be distortion-free, especially in the preamplifier stages to prevent
crosstalk between adjacent channels by pressing information carried on one
channel onto another channel. Therefore, distortions are a great deal of

attention in microwave and wireless systems.



1.2 Motivation for the Dissertation

In line with the development of power amplifiers with high efficiency
and high linearity has been introduced to ameliorate the nonlinear distortion
[4-6], the high-performance passive devices have also been developed [12-15]
where they are employed in the systems. Wilkinson power divider and
Quadrature hybrid coupler are key components in microwave and millimeter-
wave applications [16-24] such as power amplifiers, mixers, oscillators,
beamforming arrays and so on. They are easy to implement depending on the
type of transmission line being used, however, their responses exhibit the
periodic characteristic in frequency. However, most research works such as
lumped elements [25-28], three-dimensional structure [16], stepped-impedance
coupled resonator [14], and two- and three-section transmission lines,
concentrate upon acquiring the miniaturized size and make it suitable for
dual-band [29] and tri-band applications [30]. However, for a power divider,
the suppression of harmonic signals that could interfere with other equipments
was rarely developed.

In this work, an extension of the concept of the T-shaped transmission
line [31] to Wilkinson divider and Quadrature hybrid coupler for compact size
and the n-th harmonic suppression is developed beyond the classical design.
Moreover, the design equations are given and also shown that an unwanted
harmonic frequency is related to the length of stub in an equivalent T-shaped
transmission line. The proposed devices can also be applied at the operating
frequency from the 1 to 2 GHz range right up to the millimeter-wave region.

An indispensable passive device employing in the RF front-ends of
modern wireless communication systems is the bandpass filter. Various
resonators based narrowband filter were introduced in the form of parallel
coupled line resonator [32], hairpin resonator [33], and dual-behavior resonator
[34]. Among the filter designs, the narrowband filter based on the dual-mode
ring resonator is simple structure and easy to integrate with other planar
circuits. It has many attractive features, including low radiation loss, high-Q
factor, and compact size [35-41]. Two degenerated modes are excited by using
asymmetric feedlines [35] or a perturbation with different schemes [36-41].

With regard to the practical implementation for a perturbation, we

propose two new perturbation schemes based on the right- and left-handed



transmission lines with symmetrical structure for the small and high
impedance ratios, respectively. For conventional perturbation, when the small
impedance ratio is required as presented in [42], it is difficult to realize in
practice to obtain the original center frequency since it introduces an extra-
capacitance at the step transition due to the physical layout. On the other
hand, when high impedance ratio is applied in the structure, it exhibits poor
rejection performance since the structure does not provide attenuation pole on
both side of the passband. These problems can be alleviated when the
perturbation based on the proposed structure is employed in the ring
resonator.

Another important concern in designing bandpass filter is a wide
fractional passband based on ring resonator. Recently, many works have
shown that dual-mode ring resonators are not only appropriate for the design
of narrowband bandpass filters [35-42] but also for the development of
wideband filters [43-45]. However, the dual-mode filter does not provide
enough flat passband because it has only two passband resonance frequencies.
Therefore, this work investigates a triple-mode ring resonator core and its
applications to bandpass filter. This concept has been further implemented in
designing 1.0 GHz bandpass filter that helps improve a flat passband response
and sharp rejection. Some techniques are also introduced to enhance spurious
response. Analysis is verified by the comparison of simulation results to S-

parameter measurements.

1.3 Organization of Dissertation

This dissertation is concerned with improving performances of
microwave devices and ring resonator bandpass filters, in planar structure
implementation. The dissertation is divided into four main chapters as follows.

Chapter 2 presents the fundamental concepts of microwave power
divider, particularly in-phase and quadraiure—phase dividers. Some
applications for the use of power divider are explained. Furthermore, a
conventional and an equivalent T-shaped transmission lines are discussed and
compared to show the feasibility of both transmission lines. In addition, two
layouts of power dividers using the T-shaped transmission line are discussed in

detail, and their fabrication and measurement are presented.



In Chapter 3, we discuss the principal operation and arrangements of
dual-mode ring resonator. Various perturbations, at the plane of symmetry, of
ring resonators with a dual-mode characteristic for discussion are the series
stub, shunt stub, series-capacitance, and shunt-capacitance perturbations to
show the advantages and drawbacks of each approach. The practical feeding
lines including coupling and direct structures are also described to achieve low
insertion loss and constant passband characteristic. The next section presents
two kinds of an artificial transmission line to diminish the limitation of the
perturbation approach. This dual-mode ring is analyzed, demonstrated, and
verified with the measurement results that emphasize the success of the
approach for implementing the dual-mode ring bandpass either a very low or
very high characteristic impedance of the series stub.

Chapter 4 focuses on the design and implementation of triple-mode ring
resonator for wideband bandpass filter in a planar structure. The chapter
starts by a review of different configurations of dual-mode ring filters.
Subsequently, the difficulty in implementing a triple-mode ring resonator in
planar structure is explained. In addition, practical design issues in the planar
triplemode ring resonator including configuration, characteristic, analysis
method using the basic of two-port network and even- and odd-mode
excitation, graphical consideration, and physical interpretation are described
to support the triple-mode ring filter for a wideband response. Measurement
results are provided to ensure the performance of the design in overcoming the
insertion loss with flat passband and sharp rejection response. Two
techniques, the inter-digital coupled line and the T-shaped transmission line as
described in chapter 2, are applied to a cascaded single-ring resonator filter for
multi-frequency suppression.

Finally, Chapter 5 draws conclusions from the results and provides

ideas for future research which are relevant to this dissertation.



CHAPTER 2
COMPACT POWER DIvIDER WITH

HARMONIC SUPPRESSION

In this chapter, the projects motivations are briefly introduced in Section 2.1.
The material presented in Section 2.2 provides the background of 3-dB power
dividers/combiners with in-phase and quadrature-phase that is necessary to
understand the operating mechanism and characteristic, and the design of
conventional power dividers. An application example for power divider with
quadrature-phase is also illustrated in this Section. In Section 2.3, an overview
of transmission line is described and an equivalent T-shaped line used in this
dissertation is then discussed in detail. Finally, two devices such as Wilkinson
power divider (in-phase) and Quadrature hybrid coupler (quadrature-phase) in
planar structure realized on an FR-4 material are investigated in Section 2.4

and 2.5, respectively. Section 2.6 summarizes the chapter with conclusion.

2.1 Introduction

In RF and microwave communication systems, power dividers

“power combiners’ are the indispensable signal-processing

sometimes called
devices. They are passive microwave devices used for splitting and combining
of signal power. Mixers, balanced amplifiers, feedforward linear power
amplifiers, transposed gain amplifiers as an oscillation sustaining amplifier,
vector modulators, unbalanced-to-balanced converters, phase shifters, and
many other applications require dividers and combiners as a part of the whole
circuit [3, 11, 46-48]. A Wilkinson divider is one of the very first techniques
that adopts the idea of a power divider approach to solve in-phase power
divider between the output ports. When the quadrature phase (90-deg) is
required, Quadrature hybrid may be considered since its structure provides a

90-deg phase difference between two outputs. If these devices have

symmetrical layout, an equal power division ratio (3-dB) can be obtained.
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Figure 2.1 The Wilkinson power divider.

2.2 Basics of Planar Power Divider

To provide an insight into their principle operations and limitations, a
qualitative discussion on scattering parameters of the power dividers based on
the Wilkinson and Quadrature hybrid topologies is given in this section. The
quasi-static TEM mode of operation is assumed for analyzing the lossless

transmission line without discontinuity effects.

2.2.1 Wilkinson Power Divider

The Wilkinson power divider/combiner was first introduced in 1960 by
Wilkinson E. J. in 1960 [49] as a method to divide an input signal into n
equiphase equiamlitude output signals, whereas n is the number of output
ports. On the other hand, it combines theses output signals into one on the
opposite direction. For the case of an equal-splitting (3-dB), the structure is
accomplished based on the quarter-wavelength transmission line pair and only
one resistor as illustrated in Figure 2.1. These two transmission lines,
connected in parallel at the port 1 (input port), have the characteristic
impedance of Z;;, and Z;,, respectively. A resistor R is connected between
port 2 and 3 (output ports) to obtain independence and matching at theses

output ports.
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If port 1, 2, and 3 have the characteristic impedance of Z;, Z,;, and Z,,,

respectively, the characteristic impedance of each transmission line is found to

be

ZTLl = \/2ZSZL1 ) (2'1)

and

Zriy = N2ZsZ,, (2.2)

The isolation resistor is then given by
R = 2 ZLIZL2 . (2‘3)

No power is dissipated by the resistance when matched loads are connected to
the outputs, or, in other words, the input of the power divider is also matched
when the condition for isolation between outputs is satisfied.

When all ports of Figure 2.1 are terminated with the characteristic
impedance of Z,, we can define two separate mode of excitation. These are
the even-mode and odd-mode as depicted in the top and bottom rows,
respectively, of Figure 2.2(a) to calculate S);, S;; (or Sy ), and S5 (or Sy).
By using the principle of a two-port network as depicted in Figure 2.2(b), the
scattering parameters of Sy, Sy3, S35, and Ss; can be obtained. A Wilkinson
power divider of a matched three-port network with lossless and reciprocal

properties has the scattering matrix as

J J

0 o0f. (2.4)
0 0

The input port 1 would transmit half its power with equal magnitude and
phase response to port 2 and 3. The system would be reciprocal, thus, port 2
and 3 would combine equal signal at port 1 so the power adds with no losses.
The phase delay between port 1 and port 2/3 is 7 /2 radian. Therefore, this
power divider may be called as 0° or in-phase power divider. The S-parameter

magnitudes and phases are plotted in Figure 2.3(a) and (b), respectively.
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Excitation J
Zry =22 Port 2, 3
—L o
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Port 2 Port 3

ZTL = */§Zo

(b)
Figure 2.2 Analysis of the Wilkinson power divider to find (a) S,,, S, (or
Sy ), and Sy (or S;) by using even- and odd-mode excitations (b) S,,, Sy,

and S, (or Sy, ) by using the two-port network theorem.



e
o
1

1
ot
[V}

Y

"

1
[N
(S,

|
(2]
(ew]

S-parameters (dB)
o
o

[ Sy

5227533

0.0 1.0 2.0 3.0 4.0 5.0 6.0
Normalized Frequency: f, = f. / f
(a)
180 f

Phase (degree)
& o
o

[}
—
(0.o]
o

o

(e

~» /£S5 and £S5,

' A

0.0 1.0 2.0 3.0 4.0 50 - 6.0
Normalized Frequency: f, = f/ f,

(b)

12

Figure 2.3 Frequency response of 3-dB three-port Wilkinson power divider. (a)
Magnitude response of S, S,,, Sy, Sy, Sg, and Sy. (b) Phase response of

S, and S,,.
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2.2.2 Quadrature Hybrid Coupler

The 90° Hybrid coupler is a four-port device known as the quadrature
hybrid or branch line coupler. It is a directional coupler with a 90° phase
difference in the outputs of the through and coupled arms. Any form of
transmission line may be used. Figure 2.4 shows a Quadrature hybrid. It
consists of two coupling- and main-lines. The lengths of them are quarter-
wavelength transmission line section at the center frequency. The
characteristic impedance of coupling-line and of main-line are Z,,, and Z,,,
respectively. The operation of the Quadrature hybrid may be analyzed using
even-odd mode theory of Reed and Wheeler [50] similar to that used for the
Wilkinson power divider.

With reference to Figure 2.4, port 1 is an input port whereas port 2
and 3 are direct port and coupled port, respectively. Both port 2 and 3 act as
output ports. Port 4 is an isolated port. All ports are terminated with the
characteristic impedance of Z, . The basic operation of the Quadrature hybrid
is described as follows under the perfectly matched condition only at its center
frequency at which there is also complete isolation between port 1 and port 4.
This implies that no power is coupled to port 4, or vice versa. With all ports
matched, power entering at port 1 is evenly divided between port 2 and 3,
with a 90° phase shift only at center frequency between these output ports. A
Quadrature hybrid as shown in Figure 2.4 has two planes of symmetry, i.e.,
horizontal and vertical planes of symmetry.

To analyze the scattering parameters of the Quadrature hybrid, Figure
2.4 can be decomposed into the superposition of an even- and an odd-mode
excitation without any change in its operation, [see horizontal plane of
symmetry in Figure 2.5]. In the case of the even-mode excitation as indicated
in Figure 2.5(a), the symmetrical plane acts as a perfect magnetic wall and
this implies the open-circuited at the plane of symmetry. On the other hand,
the symmetrical plane acts as a perfect electric wall under the odd-mode
excitation. Thus, this plane represents the short-circuited as demonstrated in
Figure 2.5(b). By using the two-network theorem, the design equations for a

Quadrature hybrid are given as follow

1
1- (ZTLI /Zo)2 ’

C =10log (2.5)
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Figure 2.4 A schematic of Quadrature hybrid coupler.

ZTLI
\ﬁ - (ZTLI /Zo)2

Zppy = (2.6)

where C is the coupling coefficient in decibels and Z  denotes the

characteristic impedance of the connecting lines. For the 3-dB Quadrature
hybrid, Z,,, and Zp, are simplified to Z, and Z,/ V2 , respectively. Under

match condition, the scattering matrix can thus be expressed as

- O

[5)= % (27)

(B i T )
- s O .
S 0 © =
O .

This above scattering matrix was developed with a physical meaning
that any port of the Quadrature hybrid can be used as the input port. The
input and output ports are always opposite side. The isolated port will be the

same side as the input port.
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Figure 2.5 Analysis of the Quadrature hybrid along the horizontal plane of

symmetry using (a) even-mode excitation and (b) odd-mode excitation.
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The calculated frequency response of Quadrature hybrid is plotted in
Figure 2.6. As indicated in Figure 2.6(a), the magnitude response as a
function of the normalized frequency with the center frequency, i.e., f, = £/ f;
displays perfect 3-dB power division in port 2 and 3 at f, = 1, 3, and 5 by
observing the S,, and S,,. The isolation between direct port and coupled port
is indicated by observing the S,; in the figure. We also achieve perfect
isolation and reflection at port 1 and 4 by observing the S, and 5); at f, =
1. However, all of these quantities degrade rapidly as frequency is moved away
from f,. Another point of view is the phase response as indicated in Figure
2.6(b). The relation of a quadrature phase between two output ports is

satisfied only at f = 1.

2.2.3 Applications of Power Divider

The most common signal power divider application is for signal
preparation for the inputs of mixers [11] that execute frequency translation.
Mixers are used in communication transmitters and receivers. The four basic
topologies of mixer are categorized as single-ended, single-balanced, double-
balanced, and balanced quadrature types. A single-ended mixer is based on
the nonlinear properties of a single diode or transistor. It suffers insufficient
isolation between the radio frequency (RF), local oscillator (LO), and
intermediate frequency (IF) ports. This results in frequency translation of all
in-band spurious signals. A single-balanced mixer has the RF or LO divided
into a differential signal to improve isolation between RF and LO and
spurious rejection whereas a double-balanced mixer divide the RF and LO
into balanced signals to improve isolation and second-order spurious rejection.
A balanced quadrature mixer divides the RF and the LO signals are four arms
into a differential quadrature signal obtaining sideband suppression or image
rejection. The level of second-order spurious attenuation and sideband
suppression is depended on the balance of signal.

Also, the Quadrature hybrid couplers are widely used in microwave
circuits [46-47, 51] such as balanced amplifiers, balanced mixers, phase
shifters, and circularly polarized patch antennas, because of their unique
features. To introduce the application of Quadrature hybrid, the balanced

amplifier with 3-dB couplers will be discussed in the following manner [47].

76461
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Figure 2.7 Schematic diagram of the classical balanced amplifier.

Considering the classical balanced amplifier using two Quadrature
hybrid couplers and two identical single-ended amplifiers as shown in Figure
2.7. The output power of each individual amplifier is combined by an identical
Quadrature hybrid that also offsets the initial phase difference. Note that the
output power of each amplifier is added in phase thus achieving high output
power levels, which would otherwise be impossible to obtain from single
amplifier. In addition, the input and output reflection coefficients of the
balanced amplifier are also improved since the reflected signals from the
original amplifiers are added out-of-phase and in-phase at the input ports and
termination ports, respectively. This implies that the reflected powers from
individual amplifiers are absorbed in terminating resistor. This resistor must
then be selected with a proper power rating. It is important to design the

individual amplifiers as identical as possible for optimum performance.

2.3 Transmission Line Fundamentals

The following discussion provides an overview of transmission line
fundamentals. In general, circuits and networks are made up of some
components that perform operations on signals and on some others that only
carry signals from one place to another with minimum distortion on the

signals. These components that are responsible for transmission of signals are
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called a transmission line. At microwave frequencies, the characterization of
transmission lines plays a much more important role than their
characterization at low frequencies. This is because the transmission lines are
extremely short for low frequency circuits in terms of wavelength. On the
other hand, they are no longer than short as compared to the wavelength at
high frequencies. It is hence necessary to take into account of their influence
on the signals passing through them.

In the case of all planar transmission lines, they are considered as
stripline, microstrip line, coplanar waveguide, and their variants. Microstrip is
the most popular for realizing microwave circuits. Since the separation
between the conductor and ground plane in microstrip transmission line is
very small compared to the wavelength, the mode of propagation on the line
can be considered to be close to TEM mode. This mode is called a quasi-TEM
mode [51].

2.3.1 Conventional Transmission Lines

2.3.1.1 Parameters of Interest

The schematic of a transmission line section along with the =
direction is shown in Figure 2.8 (top row). The parameters of interest for a
quasi-TEM mode transmission line are its characteristic impedance Z, and
propagation constant <. In the case of an infinitesimal segment 6z of this
line, its equivalent circuit can be modeled as a lumped-element network in
terms of line parameters per unit length, i.e., inductance (L), capacitance (C),
resistance (R), and conductance (G), as depicted in Figure 2.8 (bottom row).
Note that a finite length of transmission line can be indicated as a cascade of
segments of Figure 2.8 (bottom row). The characteristic impedance Z; is
defined as the ratio of voltage over current across the infinitesimal segment for

either the forward wave or reverse wave considered alone, which is given by

_y_v
T

R+ jwlL
_ ’ ’ 2.8
G + jwC 28)

where V*,V~,I*, and I~ are the magnitude of the voltage and current waves,

Zq
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Figure 2.8 Lumped model of infinitesimal transmission line segment.

and the superscripts + and — refer to the forward and reverse waves,
respectively.

For a lossy transmission line, the parameter - is a complex
propagation constant. In general, it can be decomposed into real and

imaginary parts as

v=a+jB = (R+jwL)G + jwC), (2.9)

where the real part « denotes the loss in the line called the attenuation
constant given in Nepers per meter (Np/m). The imaginary part B represents
the responsibility for phase shift calling phase constant in radians per meter
(rad/m).

For a lossless transmission line, the attenuation constant is
neglected and set to zero. The characteristic impedance and propagation

constant can be reduced to

7
7 = |2, 2.10
0 C ( )
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Figure 2.9 A transmission line terminated with a load impedance.
and

y=3B. (2.11)

These equations are for a transmission line under infinite conductivity of

conductors, zero conductivity of dielectric materials, and no polarization loss.

2.3.1.2 Terminated Lossless Transmission Line

Figure 2.9 shows a lossless transmission line (y = j8) with an
arbitrary load impedance termination Z,. The input impedance seen across a
pair of terminals located at any point along the line is dependent on the
length of the line between the terminal and the load, as well as the line

parameters and termination, which is given by

_z Z, + jZ,tan Be

" T Z,+ 72, tan B’

(2.12)

Note that this expression is periodic with ¢. Of course, this behavior is
strictly true only for lossless lines, but practical lines will behave similarly as
long as the loss is negligible. Periodicity implies that one need consider the
impedance behavior only over some finite section of line, i.e., a half
wavelength long.

Considering (2.12), this reveals that there is no reverse wave
when the load termination Z;, = Z; is terminated at the end of a finite length.
The input impedance is thus a constant which is equal to the terminating

impedance, i.e., Z,, = Z, = Z,.
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Figure 2.10 Definitions of voltages and currents for ABCD-matrix representa-

tion (a) a two-port network and (b) cascaded two-port network.

2.3.1.3 A BCD-Matrix of Transmission Line

A distinctive microwave subsystem consists of a cascade of two-
port configurations such that the output of the first network is connected to
the input of the next network. The matrix of overall cascaded network can
easily be calculated by multiplying the A BCD-matrices of individual networks.

To introduce the ABCD-matrix, a general two-port network is
depicted in Figure 2.10(a). The voltage and current at the input of the

network are related to the voltage and current at the output by the following

matrix
|4 A BV,
I =lc D Ll (2.13)
The cascaded networks according to Figure 2.10(b) is given by
Al Bt Al Bl A‘Z B2 AN BN 2 14
= X X eer X )
Ct D t Cl Dl Cz D2 CN D N ’ ( )
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Figure 2.11 The structure of (a) conventional line and (b) T-shaped line

where N is the number of cascaded networks. This property is very useful in
evaluating overall performance of the cascaded configurations.

Since the microwave circuits and subsystems employ the
transmission lines as a part of the design, the ABCD-matrix of the
transmission line will be considered. For a lossless transmission line section
with the characteristic impedance of Z; and the physical length of ¢,, the

ABCD-matrix is expressed as

cos(Be,)  jZ,sin(BL,)
M= Yy, sin(B€,)  cos(BE,) |’ (2.15)

where Y, =1/ Z,, is the characteristic admittance of the transmission line and

B =2m /X is the phase constant.

2.3.2 T-Shaped Transmission Line

In the conventional transmission line structure as shown in Figure
2.11(a), its T-shaped transmission line is illustrated in Figure 2.11(b) [31]. The
T-shaped transmission line consists of two identical series transmission lines

and a shunt open stub at the middle of two identical lines. The overall
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ABCD-matrix can be used to characterize its performance. In the case of the
series transmission line with the characteristic impedance of Z;, and the

length of £,, the ABCD-matrix can be found as

(2.16)

[Mz =

cos(B¢,) JZ4 sin(BL,)
7Yy, sin(B2,) cos(B¢,) |’

where Y, =1/Z;, is the characteristic admittance of the series line. Since a
shunt open stub has the characteristic impedance of Z, and the physical

length of £,, its ABCD-matrix of the shunt open stub also can be found as

1 0
7Yy tan(B4,) 1

[Ma] =

, (2.17)

where Y, =1/2Z,, is the characteristic admittance of the shunt stub. Note
that the T-shaped transmission line is the cascade of three two-port networks.
Therefore, the representation of ABCD-matrix for the T-shaped transmission
line can be derived by multiplying of [Mz], [Ma], and [Mz], respectively, as

follows

[MT-shaped ] = [M2] [M3] [Mz]
cos(BL,) 324 sin(BL,)
7Y sin(Be,)  cos(BL,)
cos(BL,) 324 sin(BE,)
J¥u sin(Be,)  cos(8,)

1 0
jYy tan(Be,) 1

(2.18)

The equivalent circuit of the T-shaped transmission line behaves like a series
resonance with the length of £, = )\ /4 at a particular frequency. This implies
that the utilization of T-shaped transmission line can rejected any frequency
with respect to the length of the shunt stub. For example, if £, is assigned to
be )\/8 at the fundamental frequency, two-times of fundamental frequency
(2f,) can be suppressed. At this state, the ABCD-matrix of the stub in (2.17)

can thus be reduced to
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1 0

) . 2.19
.7Y03 1 ( )

[M3]z,=,\/s =

If the T-shaped transmission line model [see Figure 2.11(b)] is equivalent to
the conventional transmission line [see Figure 2.11(a)], its ABCD-matrix will
be equal to the ABCD-matrix of the conventional transmission line at the
vicinity of center frequency. By inspecting the conventional transmission line
with the impedance of Z;, and the length of £, =\ /4, the original ABCD-

matrix as indicated in (2.15) can thus be reduced to

0 JjZy

Y 0 (2.20)

=A/4

[M, ]z, =

The analytical equations may be developed by first considering an unwanted

harmonic frequency which is related to the length of £,. The relation between
pe, and f is

e, = [1][1%—] (2.21)

where f is the frequency-suppressed location beyond the fundamental
frequency f, (i-e., f > f,). Three unknown variables, i.e., Zy,, Zy, and £,,
can be solved by equating (2.18) and (2.20). The general design equations for

Zy, and Zy in terms of Z,, £,, and £; can be expressed by
Zyy = Zy c0t(BL,), (2.22)

and

cot’(BL,) tan(8¢,)

Loy = 2,
o % 1-2sin’(B¢,)

(2.23)

It should be noted that the length of ¢, should be less than A/8 to obtain

such compact T-shaped transmission line.
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Table 2.1 Summary of T-shaped transmission line parameters at differently

attenuating frequency locations.

Normalized attenuating frequency locations:
Parameters Zy =100 Q, f¢, = m /2 rad
2.0 3.5 3.0 3.5 4.0
Zoz () 173.20
Bey (rad) w/6
Zoz () 150  108.98 86.60  72.23  62.13
Bes (rad) /4 T/5 /6 /7 /8

2.3.3 Comparative Properties of Transmission Lines

In order to show the benefits of T-shaped transmission line, let us
compare a A/4 conventional transmission line with a A/4 T-shaped
transmission line at the fundamental frequency. For the characteristic

impedance of these transmission lines at Z, =100}, five cases of T-shaped

transmission line with different attenuation are considered. Table 2.1 shows
the calculated parameters, which are obtained from the developed design
equations in (2.22) and (2.23). It should be noted that the shorter the
electrical length of the stub, the higher the attenuating frequency location.
Figure 2.12 illustrates the transmission performances in magnitude and
phase against normalized frequency (f, = f/f) response of these
transmission lines. No significant differences are observed in and around the

center frequency, i.e., f, =1.
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Figure 2.12 Simulated frequency response of T-shaped transmission line with
Z, = 100 Q for £ /f, = 2, 2.5, 3, 3.5, and 4. (a) Transmission response. (b)

Phase response.
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2.4 Compact Wilkinson Power Divider

Since a conventional Wilkinson power divider consists of two quarter-
wavelength transmission lines, it is therefore large in size when operating in
low frequency range. In addition, the spurious responses of this device at the
harmonic frequencies may introduce undesired interference in various
circumstances, which affects the performance of the circuit drastically,

especially when the divider is applied in wireless systems.

2.4.1 Wilkinson Divider Considerations

In recent years, a miniaturized power divider using lumped elements
has been proposed in [16). This technique suffers from the low-Q factor
problem. Another technique for miniaturization is to add capacitive loadings
to a conventional microstrip line [52]. It is noted that, however, the size
reduction of this design is rather limited. To eliminate the harmonic signals of
a power divider, one can use an additional bandstop filter at the output ports
to suppress the specific harmonic signals. However, this would also increase
the passband insertion loss, cost, circuit size, and circuit complexity.
Although, the defected ground structure (DGS) structure provides alternative
way for miniaturization, the lack of an easily extracted equivalent circuit
model of DGS makes this design in an unsystematic and troublesome
approach [53]. Furthermore, the DGS requires a double-side fabrication that
makes it difficult to maintain the repeatability. The slotted ground plane
structure has been further implemented to microwave circuits for harmonic
suppression. This structure, however, has a relatively limited ability to

miniaturize the circuit size.

2.4.2 Wilkinson Divider’s Planar Implementation

In this section, we will apply the T-shaped transmission line as
previously mentioned in the section 2.3.2 to the conventional Wilkinson
divider as described in section 2.2.1. The proposed Wilkinson power divider is
therefore illustrated in Figure 2.13 [54].

The schematic of the proposed 3-dB Wilkinson without discontinuity
can be shown in Figure 2.13(a). Typically, if all ports (port 1, port 2, and port

3) are matched with Z, =50 2, the characteristic impedance of transmission
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Z02)e2 Z027e2

—1 J—.g‘l |—T—0 Port 2

Port 1 O— Zo3, L3 $ 272,

Port 3 Port 2

(b)
Figure 2.13 The proposed Wilkinson power divider (a) schematic and (b)
layout.

lines are Z, = 70.7  and an isolation resistor is 100 (2. In this case, we
choose (£, = ¢, =m/6 radian at f; = 1 GHz for miniaturizing the
Wilkinson divider and suppressing third harmonic at 3 GHz, respectively.
Using the equations in (2.21) to (2.23), the calculated characteristic
impedance of Z,, and Z,, are 122.47 Q and 61.24 {1, respectively.

The FR-4 substrate, as well as many other microwave substrates, has
been selected to implement the proposed Wilkinson power divider in the
planar structure. This FR-4 substrate has the substrate thickness of 0.8 mm,
the relative dielectric constant of 4.55, the loss tangent of 0.02, and the copper

metallization thickness of 18 pm. Based on the calculated parameters of the
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Figure 2.14 Simulated performances of the proposed Wilkinson power divider.

T-shaped line, the physical parameters such as width and length, are then
synthesized by using LineCalc Tool in Agilent-ADS software. The final layout
of Figure 2.13(a) is obtained as shown in Figure 2.13(b). It is noted that the
bending form of open-stub and the curvature form of two transmission lines
are chosen to achieve a more compact layout of T-shaped line. After creating
the layout, it is then submitted for electromagnetic (EM) simulation with the
help of a full-wave software for planar circuit produced by SONNET™ Lite
[55). The 0403 SMT resistor is used as a 1002 isolation resistor. The
completed response can be obtained by using co-simulation between the data
generated by EM simulator and the circuit level of an isolation resistor.

Figure 2.14 shows the EM-simulated results of the proposed Wilkinson
divider. The simulated operating frequency is at 1.025 GHz. The simulated
insertion losses (9, and S, ) are less than -3.25 dB. An isolation between
output ports (S, ) is greater than -35.83 dB at center frequency and less than
-10 dB over 0.35 to 1.325 GHz. The reflection coefficient at the input (port 1)
is better than -49.11 dB, whereas both output reflection coefficients are kept
below -35.96 dB. Moreover, the amplitude imbalance and phase imbalance
among the outputs are well balanced at less than 0.5 dB and 1 degree,
respectively, over 0.1 to 4 GHz. The third harmonic frequency is deeply
attenuated to below -43.7 dB.
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A fairly good match between the simulated [cf. Figure 2.14] and
measured [see Figure 2.16] is observed. The results match quite well up to 4
GHz. In Figure 2.16, the measured insertion losses are less than -3.48 dB at
the operating frequency of 1.05 GHz, owing to mainly the conductor and
tangent loss. The isolation and reflection coefficients are better than -10 dB at
frequencies between 0.40 and 1.30 GHz, and better than -27.5 dB at operating
frequency. Furthermore, the third harmonic frequency at 2.97 GHz is highly
suppressed to below -31.2 dB. Note that the proposed structure provides not
only a compact Wilkinson power divider, but also a spurious response
suppression at the third harmonic frequency in the conventional Wilkinson

divider.

2.5 Compact Quadrature Hybrid Coupler

The conventional Quadrature hybrid is composed of four sections. Each
section is the quarter-wavelength transmission line with different
characteristic impedances to provide the required performance. The major
disadvantage of the Quadrature hybrid is that it occupies too large circuit
area for microwave integrated circuits (MICs) and monolithic microwave
integrated circuits (MMICs) applications. This results in a larger circuit area
and a higher cost. Recently, wireless communication systems usually require
smaller device size in order to satisfy circuit miniaturization and cost
reduction. Thus, size reduction has become major design considerations for
practical applications. Another important issue is the spurious response. This
is due to the fact that the conventional transmission line in the Quadrature

hybrid exhibits periodic response.

2.5.1 Quadrature Hybrid Considerations

Several design techniques have been reported to achieve the size
reduction [18, 25, 28]. The straight forward approach is to replace
transmission lines with lumped elements [28]. It is very effective for low
frequencies, but quite inefficient at millimeter waves range due to the fact
that capacitors are inaccurate in MMIC process and inductors are very lossy
at high frequencies. Reduced-size Quadrature hybrid couplers were first

demonstrated by Hirota et al. [18]. The technique used both lumped elements
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and short high impedance lines to form an equivalent circuit of a section of
transmission line. The coplanar waveguide (CPW) with metal-insulator-metal
(MIM) capacitors has another issue to reduce circuit size [56]. In this case, air
bridges, which are potentially expensive, are needed to eliminate slot-line
mode excitation. A quasi-lumped element in microstrip configurations is
another solution [57]. The Quadrature hybrid coupler without additional
lumped elements and process on ground plane was described by the
compensated spiral compact microstrip resonant cell (SCMRC) transmission
lines [58]. The compensated SCMRC transmission line has considerable slow-
wave effect for size reduction. The harmonic signals have been deeply
suppressed due to the stop-band effect of SCMRC and open stub microstrip
line resonator. However, this structure exhibits poor isolation performances.
This technique can be used in various hybrid microwave integrated circuits
(HMICs) and monolithic microwave integrated circuits (MMICs) without any
additional process. However, this report does not give the design equations to

achieve the desired performance.

2.5.2 Quadrature Hybrid’s Planar Implementation

Figure 2.17(a) shows a conventional Quadrature hybrid. The
characteristic impedances are Zj = 35.35Q and Zg =50 Q. The lengths of
each line, i.e., 3¢} and B£7, are all 7 /2 radian. By applying the T-shaped
transmission line, the proposed Quadrature hybrid having a compact size and
harmonic rejection is shown in Figure 2.17(b) [54]. To obtain the electrical
parameters, the ideal T-shaped transmission lines are also calculated by using
the equations in (2.21) to (2.23).

Table 2.2 shows the calculated results for the proposed Quadrature
hybrid at the center frequency in order to suppress the third harmonic
frequency. At B¢4 = ¢4 == /6 radian and B¢; = B3 = /6 radian, the
overall electrical length of each T-shaped transmission line is about 33.3 %
more compact than the conventional quarter-wavelength transmission line.
When the center frequency = 2 GHz, the simulated results of the conventional
Hybrid are shown in Figure 2.18(a). Those of the proposed Quadrature hybrid

are also demonstrated in Figure 2.18(b).
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Figure 2.17 Schematics of the (a) conventional Quadrature hybrid and (b)
proposed Quadrature hybrid couplers.

Table 2.2 Calculated results for the proposed Quadrature hybrid.

Conventional Parameters Proposed Parameters
7§ =61.23 Q
7§ = 30.62 Q

Be3 = /6 rad

Be4 =7 /6 rad

Z§ =50/42 Q

ped =m /2 rad

. Zg, = 86.60 0

Zor =50 €1 28 = 4330 Q
03 — .

ﬁEB =7 /6 rad

¢8 = 7 /2 rad
Bty / B8 = 7 /6 rad
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Figure 2.18 Simulated results based on the ideal transmission line of the (a)

conventional Quadrature hybrid and

couplers.

(b) proposed Quadrature hybrid
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Figure 2.19 Layout of the proposed Quadrature hybrid coupler.
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Figure 2.20 Simulated results based on the layout as shown in Figure 2.19.

An important characteristic between the transmission coefficients of
Figure 2.18(a) and (b) is that the inclusion of open-stub in T-shaped
transmission line can be rejected the spurious response at third harmonic
frequency with no effect on the center passband response. This thus implies
that the T-shaped line acts as bandstop characteristic located at the third
harmonic if we select B4 = B£% = 7 /6 radian, while the T-shaped line has
the same characteristics as the original line at the fundamental frequency.

To validate the design concept, the prototype of a compact Quadrature

hybrid was designed and the physical parameters were synthesized on an FR-4
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Figure 2.23 Measured results. (a) Magnitude imbalance. (b) Phase imbalance.



39

input port. The harmonic suppression is more than -36.95 dB at the third
harmonic frequency. This is a remarkable advantage of the proposed size-

reduction method.

2.5.3 Measurement Results

Figure 2.21 shows the fabricated Quadrature hybrid coupler, realized in
the microstrip transmission line, which occupies 40 mm x 30 mm of PCB area
excluding four-SMA connectors. The S-parameters are performed using an
HP8510A vector network, which is calibrated using a SOLT calibration. As
seen in Figure 2.22, the measured insertion losses (S5, and S, ) are about -3.6
and -3.8 dB, respectively, whereas both input and isolation losses (S, and
S,,) are kept below -28.5 dB at center frequency of 2.025 GHz. The measured
third harmonic is lower than -35.5 dB. The prototype hybrid exhibits good
isolation of -37 dB at 6.6 GHz, which is higher than the third harmonic due to
our fabrication. The measured amplitude imbalance [see Figure 23(a)] and
phase difference [see Figure 23(b)] between the two output ports are 0.2 dB
and 89.6° over the operating frequency. Parts of these differences are due to

the uncertainty of the fabrication process.

2.6 Chapter Summary

In this chapter, two microwave passive devices, namely the Wilkinson
power divider and Quadrature hybrid coupler have been presented based on
the T-shaped transmission line. Since the conventional passive devices employ
the quarter-wavelength transmission line in the structure, they have relatively
large size. The substitution of conventional transmission line with T-shaped
line can bé overcome this problem. This is because an open-ended stub is
properly incorporated in the T-shaped line presenting slow-wave effect for size
reduction and it acts as a series resonance at the unwanted harmonic
frequency enhancing the spurious response in the conventional passive devices.
The proposed microwave devices are very attractive to alleviate transmitter
harmonic distortions in microwave systems. The measured results prove the
validity and suitability of the technique for wireless communication

applications.



CHAPTER 3
DUAL-MODE RING FILTER USING

ARTIFICIAL LINE

The project motivations of dual-mode ring resonator and its application to
bandpass filter are briefly introduced in Section 3.1. In section 3.2, we begin
with the single-mode resonator and its perturbation schemes, i.e., series stub,
shunt stub, series-capacitance, and shunt-capacitance perturbation, to achieve
dual-mode response. However, some techniques cannot be realized in the
conventional fabrication. The feeding structures are described in Section 3.3.
The artificial transmission line with a symmetrical structure as detailed in
Section 3.4 may be considered at the center frequency of operation. Section
3.5 conducts the analysis based on lossless lumped model of transmission line
segment through the characteristic impedance and phase constant. Section 3.6
describes the design and demonstration of dual-mode ring bandpass filters in
planar structure at 2.45 GHz for industrial, scientific, and medical (ISM) radio
by using symmetrical artificial transmission line in the right- arid left-handed

forms. Section 3.7 summarizes the chapter with conclusion.

3.1 Introduction

Microwave filters play important role in many wireless communication
systems, such as satellite and mobile communication systems [59]. In such
kind of systems, many factors such as compact size, low cost, light weight,
high performance, and low loss, are of primary importance for designing
microwave filters [60-61]. The filters can be realized in different structures [47,
59-61]. By comparing the microstrip and waveguide filters, the microstrip
filters are smaller in size and lighter weight than waveguide filters. In such
applications mentioned before, they require microstrip filters.

Among various bandpass configurations, the dual-mode ring filters have
been extensively used due to their attractive features [13, 35-42, 62-69] such as

compact size, high selectivity, high-quality factor, and ease of design and
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fabrication. A ring resonator filter can be seen as an asynchronously tuned
resonant circuit [35], the two degenerated modes of which can be excited by a
perpendicular feed-line structure with different forms of perturbations [35-42,
62-69]. Since a dual-mode ring resonator operates as a doubled-tuned resonant
circuit, the filter order can be reduced to halved number of resonator
achieving compact in size when it is use to implement a bandpass filter. These

are main advantages of the dual-mode ring filter.

3.2 Dual-Mode Ring Resonator

The microstrip ring resonator was first introduced by P. Toughton in
1969 [70] for measuring the dispersive characteristic and phase velocity of a
microstrip line. The dual-mode characteristic of the ring resonator was further
intensively analyzed in 1971 by Wolff and Knoppik [71]. After the bandpass
filters based on the dual-mode ring resonator has been investigated in 1972

[35], numerous researchers have extensively proposed various configurations

for dual-mode filter [35-42, 62-69).

3.2.1 Principal Operation

Figure 3.1 shows a microstrip ring resonator weakly coupled to the feed
lines. It consists of two feed-lines, two coupling-gaps, and a ring resonator.
The ring resonator is merely a transmission line formed in a closed loop. Two
reference planes at AA’ and BB’ are included in the figure for future
reference. For a single ring resonator, the resonant frequency is established
when the mean circumference of the ring resonator is equal to an integral

multiple of the guided wavelength. This may be expressed as
£=2mr=mn), forn=1, 2, 3,... (3.1)

where ¢ represents the circumference of the ring, r is the mean radius of the
ring that equals the average of the outer and inner radii, A, Is the guided
wavelength, and 7 is the mode number.

The /\g is related to the effective dielectric constant as
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Figure 3.1 Weakly coupled microstrip ring resonator.

Ay = AN (3.2)
Eetr

where A, is the wavelength in free space and ¢,, is the effective dielectric
constant of a microstrip line. Thus, the resonant frequency f, can be

represented as

f _ nc
0 27”.\/?6;; ’ forn=1,2,3,... (3.3)

where c is the speed of light.

To understand the basic phenomena underlying the operation of the
ring resonator, it is imperative to first understand its field configuration for
the different modes. The absolute values of maximum field points for the first
four modes are depicted in Figure 3.2 [61], where the field is minimum
midway between these points. In the absence of the slits or other
discontinuities, a maximum field point occurs where the feed line excites the
resonator. This point is independent of the azimuthal position of the feed line
that extracts microwave power. This is important from the standpoint of
mode suppression. For example, it can be seen from Figure 3.2 that when the
azimuthal angle ¢ = 90°, there is a field minimum for the first and third
modes. These modes and other higher-order odd modes can be suppressed if
the feed line that extracts power is located at ¢ = 90°. In the presence of
discontinuities such as slits, the fields in the resonator readjust themselves, so

as to first satisfy the boundary conditions caused by the slits in the resonator.
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Figure 3.2 Maximum field points for the first four modes.
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Figure 3.3 Arrangements of dual-mode ring resonator (a) asymmetrical feel-

lines and (b) symmetrical feed-lines with notch perturbation.
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In other words, if there are slits, then the maximum field point is not
necessarily collinear with the feed line that excites the resonator.

A ring resonator circuit is an asymmetric structure. This is because
when bisected one-half, it is not a mirror image of the other. Asymmetries are
first introduced [35] either by skewing one of the feed lines with respect to the
other [see Figure 3.3(a)], or by the introduction of a discontinuity (notch, slit,
patch, etc.) [see Figure 3.3(b)]. This results in the generation of two split

modes.

3.2.2 Dual-Mode Ring Resonator with Different Perturbati-
on Topologies

The dual-mode ring resonators have been extensively investigated by
using orthogonal feed-lines with various perturbations on the ring [42, 65-68].
When implementing a bandpass filter based on the ring resonator, it
introduces two transmission zeros close to the passband. This implies that the
ring filter can be used to enhance interference suppression of adjacent
channels in communication systems.

General conditions to form dual-mode ring resonator are as follow:

i) The input and output ports should be spatially separated /2
radians from each other.

ii) A discontinuity or some means of generating reflected waves against
incident waves should exist within the resonator at a location that is offset
3w /4 radians from the input and output ports.

iii) A plane of symmetry'should exist in the circuit geometry.

3.2.2.1 Series Stub Perturbation [42]

Figure 3.4 shows a dual-mode resonator realized by changing
the characteristic impedance of the ring transmission line in a step manner at
certain position. The coupling strength between the orthogonal resonant
modes can be controlled by both the impedance ratio of the stepped
perturbation to the ring, and the length of the stepped transmission line. The
introduction of lower stepped impedance than the characteristic impedance of
the ring is displayed in Figure 3.4. Figure 3.5 shows the corresponding

frequency responses simulated using Agilent-ADS [72]. Typical resonance
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Figure 3.4 Structure of dual-mode filter applying an impedance step as

perturbation.
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Figure 3.5 Example of resonance characteristic of stepped impedance type

dual-mode resonator.

characteristic of the ring possess two resonance frequencies accompanied by
attenuation poles on both sides. The center passband frequency shifted down
to a lower passband frequency is observed in the figure. This is caused by the
total effective length of the ring over than that of the original ring filter
(> 27 radian at f;).
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Plane of Symmetry
Stub (or Notch)

Stub perturbation

without perturbation

[ Note: 1 = m at resonance J

(b)
Figure 3.6 Structure of dual-mode filter applying shunt stub as perturbation
at (a) 37w /4 radians, and (b) 37/4 and 7 /4 radians from input and

output ports.
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3.2.2.2 Shunt Stub Perturbation [65-67]

The basic structure of a dual-mode resonator is shown in
Figure 3.6. The coupling between two orthogonal modes can be accomplished
by introducing the shunt stub perturbation within the resonator. Since the
input and output ports are spatially separated 7 /2 radians from each other,
two possible cases may be introduced within the resonator at two locations
that are offset 3w /4 radians and/or m /4 radians from input and output
ports. The resonance and attenuation characteristics are also observed and
determined by forcing the coupling between two feed lines and ring resonator

under weak condition.

3.2.2.3 Series-Capacitance Perturbation [68]

By focusing the reference planes as previously shown in Figure
3.1 (Section 3.2.1), when a perturbation is introduced either along AA’ or
BB’ reflections are generated in the two opposing traveling waves
propagating along the ring [59]. This results in the generation of two split
modes. Depending on the magnitude of the reflected waves, it will influence
the level of coupling and bandpass response results. Perturbations in the form
of a stepped impedance [42] and shunt stub [65-67] along one of the principal
diagonals AA’ or BB’ have been reported. However, a single pair of
perturbation with the use of shunt stub along AA’, as described in [65-66], is
able to influence only the even-mode frequency. This fact is later generalized
in [62], whereby a single pair of perturbation is able to control the split
modes. Although simultaneous control of the split modes is allowed in [42], a
small impedance ratio might be difficult for a realization where a narrowband
response is required.

Figure 3.7 indicates the structure of a dual-mode ring
resonator, which is obtained from the introduction of series lumped-capacitors
at both AA’ and BB’ planes. This technique relieves the burden which relies
on high capacitance for narrowband filter design. However, for a practical
implementation, the lumped-capacitor with high capacitance exhibits a

relatively low self-resonant frequency since the extrinsic parameters associated
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Figure 3.7 Structure of dual-mode ring filter using series-capacitance

perturbation.
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Figure 3.8 Structure of dual-mode ring resonator using shunt-capacitance

perturbation.

with structure is relatively large. This technique is not suitable for high-
frequency operation. This is a major drawback of this configuration. Another
disadvantage is that the total circumference of the ring for the series
capacitance perturbation must be greater than one wavelength to satisfy the

resonant conditions.

3.2.2.4 Shunt-Capacitance Perturbation [69]

Figure 3.8 describes a dual-mode ring resonator using shunt
capacitance perturbations at the symmetry and anti-symmetry plane. The
even- and odd-mode resonances of the ring resonator, based on the even- and
odd-mode analysis, are governed independently by C, and C), respectively.
The ring resonator can be reduced significantly in size by increasing C; and C,

which depends on self-resonant frequency of their lumped-capacitors.
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Figure 3.9 Structure of the coupling feed ring bandpass filter.

Furthermore, the shunt configuration allows easier bias, making
varactor-tuned filters realizable for this type of resonator. The possibility of
tunable frequency response of this structure makes it attractive for monolithic
microwave integrated circuits (MMICs) and system-on-chip (SOC)

applications.

3.3 Dual-Mode Ring Based Bandpass Filter

When the resonator is weakly coupled, the resonator characteristics are
basically the same as the analysis based on the even- and odd-mode
excitations since the coupling capacitance affects the resonator characteristics
very little. In filter applications, a minimum insertion loss is required at the
passband characteristic, which means that the resonator is connected to the

signal path via relatively large capacitors.

3.3.1 Coupling Feed Structure

Figure 3.9 illustrates the schematic of the ring resonator used as filter,
which is similar to Figure 3.8 with the inclusion capacitance C, between two
feed-lines and ring resonator. The value of C, depends on the minimization of
the insertion loss (S, ) of the entire filter with flat response at the passband.
However, the relatively large capacitance will affect the resonance

characteristic, possibly affecting the coupling coefficient (k). The effects of the
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Figure 3.10 Structure of the direct-connected orthogonal feed ring bandpass

filter.

added capacitors C, must be taken into account for a more accurate filter

design.

3.3.2 Direct Feed Structure

A ring resonator directly connected to a pair of orthogonal feed-lines is
demonstrated in Figure 3.10 [43]. In this case, no coupling gaps are used
between the resonator and the feed lines for low insertion loss. There are no
mismatch and radiation loss between feed-lines and ring resonator. The ring
filter can thus obtain a low insertion loss. This implies that the major losses of

the filter are contributed only by dielectric and conductor losses.

3.4 Artificial Transmission Lines

A transmission line can be modeled as a distributed network circuit
consisting of a periodic structure of inductors, capacitors, and resistors. In a
lossless line, we will have only capacitors and inductors as shown in Figure
3.11. Each infinitesimal element of length Az along the line is a circuit with a
total inductance of LAz and a total capacitance of CAz. L and C are in
units of inductance and of capacitance per unit lengths, respectively. A
physical approximation to the distributed model circuit is therefore a circuit

consisting of lumped inductances and capacitances.
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Figure 3.11 Schematic of the lossless transmission line.
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Figure 3.12 Unit-cell equivalent circuit model of the right-handed transmission

line.

In exploring the properties of wave propagation in a lumped-element

transmission line, a single section of the periodic structure will be examined.

3.4.1 Right-Handed Transmission Line: RH-TL

The unit-cell equivalent circuit model for a right-handed transmission
line under lossless condition is described in Figure 3.12 [73]. Its configuration
contains a series inductor and a shunt capacitor. The transmission approach
of right-handed materials is obviously of a lowpass characteristic.

The propagation constant of the right-handed transmission line can be

determined as
Br = w\LxCp >0, (3.4)

where the subscript R designates the right-handed transmission line. The

phase response of the unit cell can be expresses as
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Figure 3.13 Unit-cell equivalent circuit model of the left-handed transmission

line.

w(Ly / Zyp + CrZyp)
2 —wL,Cp

pr = —arctan

<0, (3.5)

where the characteristic impedance of the right-handed transmission line Z,

is given as
dop = |—. (3.6)

3.4.2 Left-Handed Transmission Line: LH-TL

The transmission line approach of left-handed materials is based on the
electrical dual of the conventional transmission line, where the equivalent
circuit is shown in Figure 3.13 [73]. This circuit, obtained by interchanging
the inductance/capacitance and inverting the series/parallel arrangements in
the equivalent circuit of the conventional right-handed transmission line, is
obviously of a highpass characteristic.

Using a similar analysis, the propagation constant- of the left-handed

transmission line can be calculated from

1

ﬂLz—w_L\/R_—ER-<O’ (3.7)

where the subscript L designates the left-handed transmission line. The phase-

rotation of the unit cell is given by
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w(LL /ZOL + CLZOL) >
1-2u°L,C,

¢, = —arctan

0. (3.8)

The characteristic impedance of the left-handed transmission line Z,, is given

as follows

Zuy F (39)

Equation (3.9) shows that this left-handed transmission line can reduce the
limitation of practical concern when implementing a microstrip. The left-
handed transmission line is characterized by a negative propagation constant
and positive phase response or phase advance. These unique features may be

exploited in the design of new types of microwave circuits.

3.5 Characteristic of Stepped Impedance Ring Reson-

ator

The structure in Figure 3.4 can be analyzed using even-odd-mode
analysis [50]. For the sake of simplicity, the discontinuity between the ring
resonator and the perturbation is neglected and the lossless transmission line
is also assumed. By dividing the ring resonator along the plane of symmetry,
the resonance frequency in even-mode and odd-mode can be obtained. In
addition, the principle of a two port network must be used to calculate the

attenuation pole frequencies occurring in the ring resonator.

3.5.1 Even-Mode Analysis

Let us consider the stepped ring resonator as also shown in Figure 3.4
[42]. Z, is the characteristic impedance of the ring and Z is the characteristic
impedance of the perturbation. For the case of Z = Z,, the structure is a
simple ring resonator. It is implied that the perturbation does not exist in the
ring structure (without perturbation). At reference plane of symmetry, the

electrical length from Point C to D is 7 at the fundamental frequency of the
ring f.
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Figure 3.14 Equivalent circuits of the stepped impedance dual-mode ring

resonator under even-mode excitation.

Using ideal transmission-line model, Figure 3.14 illustrates the
equivalent circuits for even-mode excitation, where a magnetic wall is applied
along the symmetry plane of C — D, which is an open circuit at this plane.
The circuits are a cascaded connection of transmission lines. When the
electrical length of the perturbation is 20, at the fundamental frequency of
the transmission line, the electrical length 6, from Point A to the step is thus
equal to 6, =0, — 7 /4 since the electrical length from Point A (or B) to D is
7 /4 radian. The electrical length 6, from Point D to the step is 7 —6,. This
means that the electrical length 6, from Point A to C with counterclockwise is
37 /4 radian.

Also indicated in Figure 3.14 is an equivalent circuit of even-mode
excitation acting as a shunt circuit configuration. It consists of upper and

lower sections. The input admittance of upper section Y, is expressed as

upper.e

Z.+jz,,, tan.
Yupper,e = l.’ : b (310)
Zr(Zinl,e + ]Zr tan 02)
where Z,,, = —jZ,cotf, is the input impedance of perturbation with 6, for

open-ended transmission line.

The lower-half input admittance Y,,,,. . is given as
jtan(m / 4
}/;ower,e = L—Z(—/)- ¢ (3.11)

r

Therefore, the input admittance of the even-mode Y, can be determined by
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Figure 3.15 Equivalent circuits of the stepped impedance dual-mode ring

resonator under odd-mode excitation.

Y, =Y, +7Y,

e upper,e lower,e *

(3.12)

By letting Y, = 0, the even-mode resonance frequency f,, can be obtained

under the condition as follows

+ tan

K tan [01 Joe 0, (3.13)

r

b
"1

where K = Z,/Z_ is the impedance ratio of the characteristic impedance of

the perturbation to the characteristic impedance of ring resonator.

3.5.2 0Odd-Mode Analysis

Figure 3.15 depicts the equivalent circuit representation of half the ring
resonator for od'd—mode excitation, where an electric wall is applied along the
symmetry plane of C' — D, which is thus a short circuit at this plane. Similar
to the even-mode case, by inspecting the equivalent circuit as shown in the
figure, the input admittance of odd-mode is equal to zero at the resonance

frequency, which yields

Y, =Y, +Y,

[4 upper,0 lower,0 = 0 ' (314)
For the upper section of the odd-mode circuit, the input admittance in terms
of the characteristic impedance of the line and their electrical lengths can be

determined analytically as follows
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_ (Zr + jZinl,a ta‘n 0r)
W Z (2, + §2. tanb,)’

(3.15)

inlo

where Z.

inlo

= jZ,tan0, is the input impedance of perturbation with g, for
short-ended transmission line.

In addition, the lower-half input admittance Y, is further given as

ower,0

jcot(m /4
)/lower,o = —]_ZL_/——)_ * (3-16)

r

By substituting equations (3.15) and (3.16) into (3.14), the odd-mode

resonance frequency f,, can be obtained by the following relation

Il

f; J;
an|0 22|+ K tan{@ =2 0. .
tn[lf]+ tn[pr (3.17)

T T

Furthermore, the coupling constant can be expressed in terms of f, and f,

by the following relation

_ o lfoe = Joo
k=2 i (3.18)

3.5.3 Attenuation Pole Analysis

The attenuation pole frequency can be analyzed in the following
manner. Consider the stepped impedance riné resonator using a simplified
transmission line model as depicted in Figure 3.16(a). It is found that the two
sections form a parallel connection. For this parallel circuit, a transmission
line ABCD matrix is utilized to find each section parameters. The ABCD
matrix of the upper section can be computed by multiplying the matrices of

subsections mathematically given as

|M,,,..|=[M.][M,][M,], (3.19)
cosf, jZ sinb, cos20,  jZ,sin26,
where [M, ] = jY.sinf, cosd, |UPITj Y,sin26, cos26, | Y.=1/2,
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Figure 3.16 The stepped impedance ring resonator with (a) simplified

transmission line model and (b) simplified two-port network.

and Y, =1/Z, are the characteristic admittance of the ring line and of the
perturbation line. The upper-half admittance matrix [Y, .| can then be

pper
calculated from [M

wper) DY using the conversion formulas as displayed in [47].

Consider the lower-half of the ring resonator. The admittance matrix

v,

ower ]

of the two-port network in Figure 3.16(b) can be given as follows:

—jY cot(m/2) jY, csc(w/2)

jY.csc(m/2) —jY. cot(m/2)| (3.20)

[Yiouer| =

The whole admittance matrix [YT] can be easily obtained by adding the

upper- and lower-half admittance matrices, i.e., [Y;]= [Yuppe,] + [Yiouer ] » Which

follows from equations (3.19) and (3.20), respectively. The forward
transmission coefficient (S, ) can then be calculated from [Y;]. By letting
|521| = 0, the attenuation pole frequencies can be solved under the following

condition.
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Figure 3.17 Normalized Characteristic frequency of the stepped impedance
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r

{K cos’ [92 ?] + —;{—vsin2

8, f"—]} sin [29 I’L]
k. gy

20, ];—"] cos [20p {;’—] +sin [g-;—"] =0. (3.21)

r

+sin

T T

Also, by considering the admittance parameter at the upper- and lower-half of
the ring, the attenuation poles will be appeared when total forward transfer

admittance parameter is satisfied under the condition.

Y,

21,upper

+ Vottower = 0. (3.22)

Note that such an equation is equivalent to ISml: 0 for the two ports
terminated with the characteristic impedance of the system, i.e., Z, =50 Q.
With the use of equation (3.21), the dependence between normalized
pole frequencies (f,/f. ) and impedance ratio (K) can be plotted and this is
shown in Figure 3.17(a). In this case, we assume that the electrical
perturbation 26, is set as 10" at the resonance frequency. Since the
perturbation is partially short length, the large coupling coefficient cannot be
accomplished by simply changing the impedance ratio K. Note that when K =
1 (or Z, = Z,) is the case of a uniform ring resonator and there is no coupling
between the two orthogonal mode, yielding f| =f (or f./f =F£f.,/f)
Under the condition of K > 1 (or Z, > Z, ), it should be pointed out that the
attenuation pole frequencies will not be generated, due to the fact that the
perturbation in the ring doest not satisfy the condition in equation (3.21).
Therefore, we understand that the attenuation poles are dependent on the
perturbation structure, and the cases where they do not exist can be
identified. The normalized even- and odd-mode resonance frequencies based on
the equations (3.13) and (3.17) are also plotted in the figure. This can be
accomplished by setting the impedance ratio at less than unity, i.e., K = 0.5.
Figure 3.17(b) plots the relationship between the length of perturbation
20, and normalized resonance and pole frequencies based on equations (3.13),
(3.17), and (3.21). As noticed from the figure, when the perturbation length is
increased, the normalized frequency location between even- and odd-mode

frequencies will be shifted away from the normalized resonance ring frequency.
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3.6 Practical Considerations in Microstrip Ring Reso-

nator Based Bandpass Filter Design

In the microstrip bandpass filter based on dual-mode ring resonator
with stepped impedance perturbation, the wideband response can be
accomplished by selecting a high coupling coefficient k of the ring resonator.
This requires a small impedance ratio K (or Z, < Z,). When the perturbation
exists in the ring structure, the center frequency is shifted down to a lower
frequency. For practical implementation, the discontinuity at the ring and the
stepped transmission lines yielding from the layout affects the resonance
frequency since it introduces an extra-capacitance at the step transition. The
center frequency is thus additionally shifted toward a lower frequency. This
implies that the effective length of the ring resonator has more than one
guided wavelength at the fundamental frequency of the ring. Another
important issue to be considered is the large impedance ratio X (or Z, > Z).
The attenuation pole frequency, however, does not exist as mentioned earlier
in section 3.5.3.

Therefore, to achieve the requirement of bandpass characteristic with
two attenuation poles on both sides of the passband under the impedance
ratio K at higher or lower than unity, two possible configurations of
perturbation can be applied: the lumped right- and left-handed transmission

lines in the forms of symmetrical networks.

3.6.1 Capacitive Coupling Using Lumpled Components

To couple energy from the input port to the ring resonator and from
the ring to the output port, the input and output coupling capacitors Cy may
be introduced where the equation derived for capacitor coupled bandpass filter

is given by [59]

G b A
Co=—"2 |——— | 3.23
s Wy \ 9.9,Gs — b, ( )

Gy =1/Z; is the source conductance and Z; is the source impedance of the

filter. A = BW /w, is the fractional bandwidth. The g, and g, are the low-
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Figure 3.18 Dual-mode ring filter using a SRH-TL as a stepped impedance

perturbation.

pass element values, which can be obtained from the the formulas given in
[74]. In addition, the slope parameter b can be calculated under the
assumption of a one-wavelength resonator, i.e., b, =~ /Z_.

3.6.2 Dual-Mode Ring Filter’s Implementation

3.6.2.1 SRH-TL Perturbation

Here, the implementation of the dual-mode ring resonator
based bandpass filter is presented. The proposed technique trades the
implementation complexity with the insertion loss by substituting the
conventional perturbation with symmetrical right and left-handed
transmission lines.

Figure 3.18 shows the proposed circuit with symmetrical right-
haned transmission line, which improves the step discontinuity at the ring and
the perturbation. Based on the above design equations, three bandpass filters
using ring-type stepped impedance perturbation with discrete component
devices were proved and verified with simulation at the center frequency of
2.45 GHz.

In this design, the impedance ratio K was selected as 0.2
(Z2,=50Q and Z,=10Q) and the coupling length was controlled by
adjusting the length of perturbation. Let us consider the dual-mode ring filter
as a design case example. The increase of ¢, pushes the even-resonance
frequency away from the odd-resonance frequency. The center frequency of

the filter is thus decreased since the center of the resonance frequencies of the
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Table 3.1 Parameters for dual-mode ring filter using SRH-TL perturbation at
i =245 GHz and K=02 (Z, =2, =50 and Z, =10 Q2).
(a) Case A at 26, = 5°

L/2 = 0.028 nH
SRH-TL
C = 0.566 pF
Initial Final
6,= 132.5° 6,= 121.792°
Ring Parameters
6, = 90° 6, = 82.727°
C,= 0.6 pF C, = 0.58 pF
Initial Final
Simulation f=2252 GHz | f,= 2.437 GHz
FBW = 7.6 % FBW =83%

(b) Case B at 26, = 10°

L/2 = 0.056 nH
SRH-TL / i
C=1.128 pF
Initial Final
6,= 130° 0,= 114.771°
Ring Parameters :
6,= 90° 6, = 79.457°
C,=0.92 pF C, = 0.89 pF
Initial Final
Simulation fy=2163 GHz | f, = 2.421 GHz
FBW =134 % FBW =17 %

(c) Case C at 26, = 20°

L/2 =0.111 nH
SRH-TL
C = 2.225 pF
Initial Final
6, = 125° 6,= 105.15°
Ring Parameters
6, = 90° 6, = 75.71°
C,= 145 pF C,= 1.40 pF
Initial Final
Simulation fy=2.061 GHz | f, = 2.401 GHz
FBW = 28.6 % FBW =33 %
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Figure 3.19 Simulated frequency responses for dual-mode ring filter under K =
0.2 using SRH-TL as a stepped impedance perturbation.

even- and odd-modes is due to the inter-stage coupling at the input and
output. The adjustment of the resonator length is possible to obtain the
desired center frequency. The electrical parameters before and after fine
tuning with the help of ADS circuit simulator [72] are summarized in Table
3.1. The detailed physical dimensions w and £ are then synthesized using
LineCalc tool in ADS software. For a small impedance ratio, it was found that
the change of the width becomes significant and the effects of the parasitic
capacitance at the step transition can no longer be neglected. The right-
handed transmission line is thus required. Nevertheless, this artificial
transmission line has a limitation at a particular frequency range of 1-2 GHz.
Since the lumped inductors and capacitor which form a perturbation line at
higher frequencies are very small and hence this line is impractical for
implementation. In this SRH-TL perturbation case, only simulation will be
presented for the sake of understanding the bandpass filter based on the dual-
mode ring resonator. Figure 3.19 plots the filter performance over the
frequency range of 4 GHz. As noticed from the figure, when ¢, is increased,
the bandwidth is also increased. For a fixed specification at the desired
bandwidth, the passband characteristic can be controlled while the
attenuation response will change in accordance with the discontinuity

structure.



64

Zr)92 2C 2C Zr192
—— +— {1
L
o—4 B—o
GND

Zpym [2

Figure 3.20 Dual-mode ring filter using a SLH-TL as a stepped impedance

perturbation.

3.6.2.2 SLH-TL Perturbation

Figure 3.20 illustrates a new symmetrical left-handed
transmission line (SLH-TL) [75] to serve as a perturbed line. With reference to
Table 3.1, the calculated of SLH-TL using equations (3.7) to (3.9) are listed in
Table 3.2. Figure 3.21 shows the simulated frequency response of the SLH-TL
based dual-mode bandpass filter. Unlike the response in Figure 3.19, the
attenuation poles do not exist in the Figure 3.21. This is because the equation
(3.22) is not valid due to the difference in the perturbation scheme. However,
the equation (3.22) is valid only when the impedance ratio is greater than
unity, i.e., K > 1.

Let us consider the dual-mode ring filter with SLH-TL as the
design case at K > 1. Listed in Table 3.3 are the electrical parameters of the
ring filter operating at f, = 2.45 GHz with an impedance ratio K = 4.4 and
the perturbation length 26, of 5°, 10°, and 20°. After adjusting the length, the
detailed electrical parameters are also included in Table 3.3. Figure 3.22 shows
the simulated performances of the dual-mode ring bandpass filter based on an
ideal transmission line model. With the use of the SLH-TL, the equation
(3.22) is valid when the impedance ratio is greater than unity. This enables
two attenuation poles at the lower and higher the passband frequency as
depicted in Figure 3.22(a) and hence an improved rejection performance in the
bandpass filter. As observed in the figure, two resonant peaks emerge at the
very low frequency beyond the center frequency of the filter. However, this is
not a practical concern since the filter is implemented in lossy material.
Another important characteristic for the filter is the reflection coefficient. This
dual-mode filters with the difference of perturbation lengths in SLH-TL

exhibit perfect match in all cases as illustrated in Figure 3.22(b).
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Table 3.2 Parameters for dual-mode ring filter using SLH-TL perturbation at
fy,=245GHzand K=0.2(Z, =2,=500 and Z, =100).

2, = 5°
L = 7.453 nH
SLH-TL
2C = 149.068 pF
6,= 137.5°
Ring Parameters 6, = 90°
C,= 0.6 pF
26, =10°
L =3.740 nH
SLH-TL
9C = 74.810 pF
0,— 140°
Ring Parameters 6,= 90°
C = 0.92 pF
20, = 20°
L =1.896 nH
SLH-TL
9C = 37.921 pF
6, = 145°
Ring Parameters 6, = 90°

Insertion Loss (dB)
o
[ew]

-45F

....... Perturbation length of 26, = 5°

Perturbation length of 26, = 10°
Perturbation length of 20‘;, = 20°

00 0 20

Frequency (GHz)

o

3.0 4.0
Figure 3.21 Simulated frequency responses for dual-mode ring filter under K =

0.2 using SLH-TL as a stepped impedance perturbation.
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Table 3.3 Parameters for dual-mode ring filter using SLH-TL perturbation at
fi=245GHz and K =44 (2, =27,=500 and Z, =22002).
(a) Case A at 20, =5°

L = 163.975 nH
SLH-TL §
2C = 6.775 pF
Initial Final
) 6,= 137.5° 6,= 132.168°
Ring Parameters
6, = 90° 6, = 86.51°
C,= 0.53 pF C,=0.5pF
Initial Final
Simulation fy, = 2.355 GHz fy = 2.45 GHz
FBW =6.2 % FBW =6 %

(b) Case B at 20, = 10°

L = 82.292 nH
SLH-TL
2C=34pF
Initial Final
6, = 140° 6, = 133.886°
Ring Parameters
6, = 90° 6, = 86.069°
C, = 0.77 pF C,= 0.73 pF
Initial Final
Simulation fy=2343 GHz | f, = 2.447 GHz
FBW =11.7% | FBW =113 %

(c) Case A at 26, =20°

L =41.713 nH
SLH-TL
2C = 1.723 pF
Initial Final
6, = 145° 6,= 138.253°
Ring Parameters
6,= 90° 6, = 85.812°
C,=1.12pF C, = 1.07 pF
Initial Final
Simulation fy=2.336 GHz | f, = 2.445 GHz
FBW =20.7% | FBW =19.7%
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Figure 3.22 Simulated frequency responses for dual-mode ring filter under K =

4.4 at different perturbation length of SLH-TL. (a) Insertion loss. (b)

Reflection coefficient.
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The simulated performances of the proposed bandpass filter are shown
in Figure. 3.24(a). As shown in the figure, the simulated insertion loss is less
than -1.1 dB at a center frequency of 2.43 GHz, while both input and output
reflection coefficients are better than -20 dB. Moreover, the prototype
bandpass filter enables two attenuation pole frequencies at 1.98 GHz and 2.82
GHz on either side of the center frequency.

Figure 3.24(b) shows the measured results. The center frequency of the
filter is at 2.48 GHz with a 3-dB fractional bandwidth of 16.2 %. The filter
exhibits an insertion loss better than -1.5 dB at 2.48 GHz, which is mainly
due to the conductor loss of copper and two SMA connectors. In addition, the
input/output reflection coefficients are lower than -20 dB within 2.37-2.59
GHz. The attenuation poles are at 1.97 and 2.91 GHz. Furthermore, the
insertion loss from 0.1 GHz to 1.97 GHz is suppressed by more than -16.2 dB.

Good agreement between simulated and measured results is observed.

3.7 Chapter Summary

It has been clearly demonstrated through simulations that symmetrical
right- and left-handed transmission lines can be employed in the
implementation of the dual-mode stepped impedance ring resonator for
microstrip bandpass filter applications with small and high impedance ratios.
At the same length of perturbation, the dual-mode ring filter based on a
symmetrical left-handed transmission line perturbation exhibits attenuation
slope better than a right-handed line perturbation. The existence of
attenuation poles, at lower and higher the passband frequencies, depends on
the structure of perturbation, i.e., SRH-TL and SLH-TL. The SRH-TL
perturbation structure may be applied for K < 1. On the other hand, the
SLH-TL may be employed for K > 1. Note that when employed in the dual-

mode filter, they are attractive because of their simplicity and practicality.



CHAPTER 4
TRIPLE-MODE RING RESONATOR FOR

WIDEBAND BANDPASS FILTER

In the past, the bandpass filters based on triple-mode resonator have been
reported using dielectric filled waveguide resonators of rectangular [76] and
cylindrical shape [77]. Most of all, triple-mode operation is achieved by a
dielectric filled structure inside a resonant metal cavity [78-79]. Mode
degeneracy occurs when different cavity modes resonate at the same
frequency. In this circumstance, it is essential for each mode to produce a
distinct field pattern. This allows the coupling elements to interfere with the
field paths differently from mode to mode and produce a split in the resonant
frequencies.

A triple-mode resonator is difficult to realize in planar form. This is
due to all of the inherent 3-D requirements. For the most part, the tuning and
coupling elements such as screws or metal rods [76] are thus required to exist
at angles for modal coupling, which perturb the modes in all three dimensions.
For this reason, triple-mode filters have only been accomplished in the
waveguide structure. A multilayer approach reported in [80-81] is the first
effort to implement in the planar configuration for making a triple-mode
resonator where the performance of waveguide filter in terms of loss is
concerned. It also has a rather large amount of weights comparable to the
standard planar filters.

In this chapter, the project motivations and goals of implementing
tripleemode planar filters are briefly introduced in Section 4.1. Section 4.2
describes the proposed configuration of a triple-mode ring resonator and its
characteristic response. In Section 4.3, the method to obtain the attenuation
pole associated in the ring is presented. Section 4.4 illustrates the method to
find the resonance frequencies. The graphical representations of the
attenuation poles and resonance frequencies, as a function of the characteristic
impedance that employed in the triple-mode ring structure, are explained in

Section 4.5. To understand the operation mechanism of triple-mode ring
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resonator, the physical interpretation is then described in Section 4.6. In
Section 4.7, the design example of the triple-mode ring for wideband bandpass
filter is presented as a proof of concept to the ring structure presented in
Section 4.2. To achieve a higher out-of-band rejection and wide stopband
attenuation, the multi-frequency suppression is also presented in a cascaded

single-ring version. Section 4.8 summarizes the chapter with conclusion.

4.1 Introduction

Microwave bandpass filters commonly utilize a ring resonator with the
benefit of small circuit size and sharp rejection response [60-61]. The ring
resonator originally proposed by I. Woff and N. Knoppik was introduced for
microwave substrate measurement [71]. Subsequently, with the use of
asymmetrical coupling or asymmetrical perturbation, the dual-mode ring
bandpass filter was initially reported in [35]. Soon afterward, the ring
resonator was established as one of the main structures for planar microwave
bandpass filter implementations [36-37, 40-42, 64, 67, 82-83]. Many research
works on the miniaturization were conducted with different perturbation
schemes [36-37, 41-42, 64, 67] in the symmetrical plane. In addition, the
insertion loss associated with the ring is another improvement by putting the
lumped capacitor [42], the edged coupling [13, 40] or the inter-digital side-
coupling [41, 83] between two feed lines and the ring resonator. These
structures do not, however, lend themselves to closed-form analysis and
straightforward filter design. They thus require the design iterations with the
help of eléctromagnetic simulation.

The dual-mode ring resonators, which enable closed-form analysis and
systematic design methodology, were reported in [65-66, 68-69]. Various
parameters useful for filter design were investigated and derived, including the
resonance frequencies, attenuation poles, and coupling constant, etc. The dual-
mode bandpass filter in [42] made use of the series-stub and that in [66] made
use of the shunt-stub perturbations. To achieve better control of the coupling
constant and, hence, the odd/even resonance frequency locations, the dual-
mode bandpass filter in [68] utilized lumped capacitors for series perturbation.

The same benefit was obtained for the shunt perturbation using lumped
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capacitors in [69], with the additional advantage of electronic tunability due
to the use of grounded elements.

With the emerging broadband communication systems [84], the
demand on the bandwidth in microwave bandpass filters has been
unprecedentedly increasing. To accomplish such a wideband characteristic in
the ring-based bandpass filters, the dual-mode square-ring bandpass filters and
its performance enhancement were investigated [43, 85-86]. In [43, 85], the
filter employed two tuning open stubs for conversion from a bandstop to a
bandpass characteristic with direct-orthogonal feed lines for low insertion loss.
With the addition of the four open-loop arms [85], or the patterned ground
plane sometimes referred to as a defected ground structures [86], the spurious
responses, particularly in the stopband, in the ring filter can be alleviated.
Another wideband ring bandpass filter in [87] was obtained by applying two
short outer-tuning stubs and a resistor at the symmetrical plane of the ring.
However, the need for outer-tuning stubs entails a major drawback in terms of
compactness, particularly when connected in cascade to form a higher-order
bandpass filter.

To achieve further improvement in the passband flatness and sharp
rejection in the bandpass filter characteristic, the quadruple-mode [88] and
quintuple-mode [89-90] ring bandpass filters were developed in microstrip
forms. In fact, the quintuple-mode bandpass filter in [89-90] essentially relies
upon the triple-mode resonator core using two equal [89] and unequal [90]
stub perturbation lengths, with lumped capacitors feed lines. Though the
triple-mode resonator resulted in lower énsertion loss and better flatness in the
passband response than the dual-mode counterparts, the improvements
concerning sharp rejection and out-of-band attenuation were rather modest.
As presented in [89-90], by replacing the lumped feed lines with the inter-
digital coupled lines, two additional resonances were created close to the
original attenuation poles on both sides of the edges of the passband, thus
yielding sharper rejection and high stopband attenuation quintuple-mode
bandpass filter. It is the use of the inter-digital coupling, however, that makes
it difficult for a systematic filter design. As evident in [89-90], whereas the
analytical treatment could be developed for the triple-mode resonator core,

design iterations based on extensive electromagnetic simulations must be



74

carried out to find appropriate parameters of the inter-digital feed lines in the
quintuple-mode filter.

In this chapter, we present the design and analysis of a triple-mode ring
resonator core [91] that enables inherent sharp rejection with excellent gain
flatness and good insertion loss in the passband, while offering a systematic

analytical design.

4.2 Triple-Mode Ring Resonator

This section provides a brief introduction to a triple-mode ring
resonator followed by a description of the configuration and its characteristic,

and the physical interpretation is also described this last section.

4.2.1 Triple-Mode Configuration

Figure 4.1(a) shows the primitive single-mode ring resonator in the
form of a square ring transmission line at one wavelength A . It provides the
resonance frequencies at nf,, where n is an integer number; f, =¢/ )\g\/af?
is the center frequency of the resonator; ¢ and ¢, are the velocity of light in
free space and the effective dielectric constant, respectively. Note that the
term c/ \/Ee; is the guided-wave’s velocity along the medium that forms the
transmission lines. Based on the primitive structure, Figure 4.1(b) shows the
proposed ring resonator [91] where one-half of the transmission line’s square
ring (lower half in the figure) is replaced by a pair of )\g/ 4 open-ended
coupled lines connected in cascade with a A /4 shunt open stub inserted in

between. The length of the transmission line in the other half of the ring is at

a half wavelength )\ /2.

4.2.2 Triple-Mode Characteristic

Using ideal transmission line models, Figure 4.2 depicts typical
resonance characteristics of the proposed resonator structure under weak
coupling condition. Let us first consider the case without the shunt stub
(dashed response). As shown in the dashed response of Figure 4.2, the
resonator without the shunt stub exhibits one resonance at the center

frequency f ,; the other two resonances are at f,, and f ,, located away

0
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Plane of Symmetry

(a)

Plane of Symmetry

(b)

Figure 4.1 Configuration of (a) the preliminary single-mode ring and (b) the

proposed triple-mode ring resonator.

0.0 : ] ¥ L] v ¥ v T L] ] Ll

1
o]
(%3]

Transmission (dB)
9
S

— with stub
«=w=w without stub

0.4 0.6 0.8 1.0 1.2 1.4 1.6
Frequency (GHz)

Figure 4.2 Characteristic of the proposed triple-mode ring resonator in Figure

4.1(b) with shunt stub (solid response) and without stub (dash response).
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from f,, at the far left and right regions of the response. On both sides of the
center frequency f,,, there are two attenuation poles at f, and f,. Consider
now the case with the inclusion of the shunt stub. It is seen from the solid
response in Figure 4.2 that the resonance characteristic, particularly around
f.,, is degenerated. In particular, there are two more resonance frequencies at
f.. and f,,, near the original resonance at f ,. Also shown in the solid
response is that each side of f,, and f,, is accompanied by an additional
attenuation pole, which appears very close to the resonance frequency (f,
close to f,,, and f,; close to f,,). It should be noted that, as will be shown
in the analysis of Section 4.3 and 4.4, the resonance frequencies f,, f,,, and
f., correspond to odd-mode excitation, where f, and f, correspond to
even-mode excitation.

It is the locations of the resonance and attenuation pole frequencies at
the central frequency region in Figure 4.2 that underlies the major advantages
of the proposed resonator of Figure 4.1(b). Since there are as many as three
passband resonance frequencies (f.,, f,,, and f,,), the bandpass filter based
on the resonator exhibits a triple-mode response with a broad bandwidth
while still maintaining a good flatness within the passband. In addition, the
presence of the attenuation poles f, and f;, adjacent to f,. and f,,,
respectively, provides a highly steep transition characteristic. This practically
yields the edges of the passband of the filter at f,, and f,,. Thus, the
bandwidth of the bandpass filter can be approximated from f,, to f,.,
whereas the center frequency is located at about f,.

It is important to note that the typically high loss associated with the
coupled lines in most practical realizations has practically no impact on the
passband insertion loss of the filter based on the proposed resonator. This is
because the shunt open stub inserted between the cascaded coupled lines acts
as a series resonance to ground at the center frequency f , of the passband;
this introduces a total reflection and, hence, a transmission notch of the
incident wave along the coupled lines’ path. As a consequence, the wave
applied at the input port is effectively forced to travel mainly through the
transmission line over the passband frequency; the loss incurred by the wave

traveling via the coupled lines is, therefore, minimized. This, combined with
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the direct feed structure of the proposed resonator, results in a low insertion

loss filter.

4.3 Two-Port Network Method

In this section, we present the analysis method of the proposed
resonator in Figure 4.1(b) by using the two-port network theorem for
computing the attenuation pole frequencies. Subsequently, the even- and odd-
mode analysis will be performed to determine the resonance frequencies. For
simplicity, the quasi-static TEM-mode of operation is assumed [51]. Also, the
losses and discontinuity effects of the transmission lines and coupled lines are
not taken into account.

The circuit model corresponding to the proposed triple- mode ring
resonator in Figure 4.1(b) is shown in Figure 4.3(a). A simplified two-port
network, depicted in Figure 4.3(b), comprises the upper and lower halves of
the model. The upper half is formed by the transmission line with the
characteristic impedance of Z,,, and the electrical length of 6,. For the lower
half, there are two identical open-ended coupled lines in cascade and a shunt
open stub connected in between. The even- and odd-mode impedances of the
coupled lines are represented by Z,, and Z,, , respectively. Also, the even- and
-odd mode electrical lengths are given by 6, and 8,, respectively. The shunt

stub has the characteristic impedance of Z,, and the electrical length of 6,.

4.3.1 Attenuation Pole Location

From the transmission line in the upper half of the circuit model in

Figure 4.3(a), the admittance matrix [Y, of the two-port network in Figure

1pper ]

4.3(b) can be written as follows

v = —3Y, cot(6,) 7Yy, csc(6,) (1)
wpper i¥n 030(91) —7Yn cot(f;) ’ .

where Y,, =1/Z,, is the characteristic admittance of the transmission line.
Considering the lower half in Figure 4.3(a), the ABCD matrix of the

open-ended coupled line is given as follows [92]



Figure 4.3 Model of Figure 4.1(b) for analyzing attenuation poles.
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For the shunt open stub, the ABCD matrix is given by

1 0

(M) = jYy, tanf, 1

, (4.4)

where Y;, =1/Z,, is the characteristic admittance of the shunt stub. With
reference to Figure 4.3(a), the overall ABCD matrix of the lower half can be
calculated by multiplying [MCI],[MZ], and [MCI], respectively, as follows

[Mlower] = [Mm][Mz][Mm]- (4.5)

The admittance matrix of the lower half [Y,,.] can then be calculated by

ower

performing a conversion of the ABCD matrix [M,,.] in equation (4.5) to

ower

[Yiower ]

Based on the reciprocal property of the passive network, the
attenuation pole is located at the frequency where the eigenimpedances of

both the even- and odd-mode are equal [65]. Thus, the attenuation pole

frequencies can be obtained under the condition ~
21,upper + }/21,lower = 0 (4.6)

It should be noted that such a condition is equivalent to ISZII =0 for the two
ports terminated with 50 ohm. Under the assigned characteristic impedances
and electrical lengths in Figure 4.3(a), and based on the condition in equation
(4.6), we then obtain four attenuation pole frequencies at f,, f,,, f,; and f,.
With reference to the response in Figure 4.2 where f, < f, < f,; <f,,, these

attenuation poles are given in the following

-1 V2 G, — Fn(ZOe - 200)2

. 2f, tan {(Z()e — Zo,,)\/ E, +2F, } (4.7)
a G, +F (Z Z,, )

2](;0 tan™ {( ()e Z()a) \/ 2F } (48)

fpz = b

T
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fpa =2fy— P2
27rf0 _2f0 tan_l \/i \/Gﬂ + F;I(ZOe - Zoo).2
_ ’ ’ (ZOe - ZOo) Ed - QF; (4'9)
= - ,
fp4 =2f0 — fpl
27l'f ___2f tan-l \/i Gn —Fn(ZOe —Z00)2
" " (ZOe - ZOo) Ed + 2F:1 (4'10)
= - ,
where
E, =Y. (%, + ZOo){YT2(ZOe + Zy,) + 2} + 4, (4.11a)
E=F,
= \/{YTx(ZOe + ZOO)}2 + 4Y7, {ZOe(2YT‘2Z00 + 1) + ZOO} +4, (4'11b)
and

Gn = YT] (de + Zgo) + 2(YT!YT2Z0eZ00 + 1) (de + Zgo) (4 )
dlc
+ {7YT1 (Z0¢ + Zo:;) + 4(YT1YT2Z0cZ00 - 1)} Z0¢Zop-

Note that the subscripts n and d represent the nominator and

denominator in equations (4.7)-(4.11), respectively.

4.4 Even- and odd-mode Methods

To determine the resonance frequencies of the ring resonator, we use
the circuit model in Figure 4.3(a) and apply the even- and odd-mode analysis
methods along the symmetry plane. At the resonance frequencies, the input
admittance of each mode will be equal to zero when the resonator is assumed
lossless. Hence, the input admittance of the even-mode Y, is given by

)/e = )/uppcr,c + Ylower,e = 0 (4.12)
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Figure 4.4 Even-mode equivalent circuit of the proposed ring resonator in

Figure 4.3(a).

4.4.1 Even-Mode

By exciting the equivalent circuit in the even-mode, it appears that the
symmetry plane acts as a perfect magnetic-wall so that this plane represents
the open circuit as shown in Figure 4.4. This divides the length of the upper
transmission line with Z. into one-half, i.e., § =6, /2. The width of the
shunt stub Z, in the lower half is also separated into one-half, yielding twice
in the equivalent characteristic impedance, i.e., 2Z,,. The upper-half input

calculated from [Y,_ ], is then given by

admittance Y, \pper

upper,e ?

Y ppere = 3¥p tant = jYp, tan(6, /2). (4.13)
A convenient method to determine the lower input admittance Y,,,., is

to consider the cascading ABCD matrices of the coupler in equations (4.2)

and (4.3), and the shunt stub 2Z.,. The ABCD matrix of this stub is

cos 6, Jj2Zr,siné,

M| = . . 4.14
[My,) j Y, S21n 0, cos6, (4.14)

The resulting ABCD matrix in the lower half can be obtained from

[Mlower,e] = [Mm ] [Mrz]

A'lower,e B lower e
C D

lower e lower,e

(4.15)
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Subsequently, the lower-half input admittance Y. is calculated from
[Mlower,e] as
P
}/lower,e = _Q—’ (4.16)
where

47.,.,cos8,sinb,sinf, + Z, sinb, cosf, sinf,
P=2j

J +2Z,,sinf, cosf, sinf, ] (4.17a)

and

22,,2,, sin b,(cosf, cosd, +1)
Q =|+4Z,, cosb,(Z,, cos,sinb, + Z,, cosf,sinb,)|. (4.17b)
—sind, sinf,sin6,(Z2, + Z2))

Therefore, the resonance frequencies [see Figure 4.2] can be solved by
substituting equations (4.13), (4.16), and (4.17) into (4.12). After
rearrangement, the first even-mode frequency f,, can be given by the

relationship

ﬁl,e — 2fr.'0 tan—l '\/SZTIZTQ + 4Z0eZ00 + 2(ZT1 + 2ZT2)(Z0e + ZOo) , (418)
w (Zoe = Z,)

and the second even-mode frequency f,, can be given by

frz,e =2f0— fr1,e . (4.19)
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Figure 4.5 Odd-mode equivalent circuit of the proposed ring resonator in

Figure 4.3(a).

4.4.2 0Odd-Mode

The odd-mode analysis is considered to have a perfect electric-wall
along the plane of symmetry, so that the electrical equivalent circuit at this
plane behaves as a short circuit as shown in Figure 4.5. Hence, the input

admittance in this mode at resonance frequency can be expressed as

Y = Y + Ylower,o = 0 (420)

[4 upper,o

With reference to Figure 4.5, the input admittances of the short-circuited

transmission line in the upper-half Y, also calculated from [Y, ], and

upper,o ?

that of the coupled line in the lower-half Y,

lower,0 ?

pper

based on the calculation

similar to Y,

lower,e ?

are given by

Y = —jY, cot§ = —35Y;, cot(6,/2), (4.21)

upper,o0
and

§(Z,, cotB, + Z,, cotb,)

Yiwero = .
%(ZOE cscl, + Z,, csch,)’ — %(Zo.: cotd, + Z,, cot,)?

lower 0

(4.22)

By using equations (4.20)-(4.22), the odd-mode resonance frequencies can be
derived in a similar fashion. There are three odd-mode resonance frequencies
as indicated in Figure 4.2. The first two resonances are addressed in the far

left and right regions at f, , and f,,, respectively. These are given by
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YA
2f,tan™'{2 9e_Oo
f _ ’ [ \/(ZOe - ZOa)2 + 2ZTI(ZOe - ZOo)] (423)
froo T )

™

and

frr,a = 2frO - f;r,o

YA
2mf., — 2f, tan™ {2 000 (4.24)
fo fro [ \/(ZOC _Z00)2 +2ZT1(Z0e —.ZOO)]

™

Another resonance is located at f,, which is the resonance of the basic
ring resonator f,, ie., f,=f,. As indicated by the attenuation poles in
equations (4.7)-(4.11) and resonances in equations (4.18) and (4.19), we have
four unknown parameters. These are Z;,, Z;,, Z,,, and Z, . The equations
require the pre-assigned locations of the attenuation poles and resonances to
solve these parameters, which can be obtained from the specified stopband

characteristics and the edges of the passband.

4.5 Graphical Considerations

The effects of the shunt stub impedance and even- and odd-mode
impedances on the resonance and attenuation pole frequencies are investigated
as follows. In this study, the transmission line in the upper half ring is

considered as a constant parameter where Z,, = 50 {}.

Figure 4.6(a) shows the calculated location of the poles and resonance
frequencies normalized with f , versus the normalized impedance of the shunt

stub Z,, with Z, under the condition Z, =150 Q and Z,, =50 Q2. As shown

!
ro

, and f' are

™o

in Figure 4.6(a), the normalized odd-mode frequencies f, ,,
independent on Z,.,, as the shunt stub does not exist in the equivalent circuit
due to odd-mode excitation [cf. Figure 4.5]. Similarly, the other two
attenuation poles at fp'l and fp'“ only slightly varies with Z,,. On the other
hand, the shunt stub impedance affects the normalized even-mode frequencies
fi. and f5.. In particular, when Z7, is increased, the two attenuation poles

at f,,,'2 and f); move closer to the low and the high edges of the resonances at
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Figure 4.6 Normalized attenuation pole and resonance frequencies of the
triple-mode ring resonator as a function of the normalized (a) shunt stub
impedance Zh, = Zp,/Z,, (b) even-mode impedance Zg, = Z, /Z,, and (c)
odd-mode impedance Z;, = Z,, / Z,.
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f. and fr'u, respectively. A sharp transition band can be thus achieved.

rle

Eventually, these poles and resonances converge to f, = f; =1 for a very
large Z;,. It is thus evident that these attenuation poles and resonances of the
proposed resonator have symmetrical properties around fr'o .

Figure 4.6(b) and (c) show the normalized attenuation pole and
resonance characteristics in relation to the even- and odd-mode impedances,

respectively. As illustrated in Figure 4.6(b) under the condition of Z,, = 50 {2
and Z,, =10 Q, the normalized resonance frequencies f,., and f,, are

practically constant against Z,,. On the other hand, the other resonances ( f;’le

!

’,.) and the attenuation poles frequencies (f,,, f,, fjs, and f),) move

r,e

and
apart from the center frequency f/, when Z,, increases. For Figure 4.6(c)

under the condition of Z, =150 and Z,, =10, the resonance and

!
r,o

attenuation pole frequencies move closer to when Z/ increases. It is

!

3 are always in

noticed that the frequencies f;, and f),, as well as fs. and
close proximity in all the plots. Therefore, the sharp transition band should be

maintained against the impedance parameter selections.
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4.6 Physical Interpretation

The resonances can be physically explained by virtue of the equivalent
models for the even- and odd-mode in Figure 4.4 and 4.5. Consider first the
odd-mode model in Figure 4.5. It is essentially a parallel of the shorted
transmission line and open-ended coupled line, both at the length of A, /4
(with reference to the center frequency f,). At frequencies around f, ,, the
transmission line behaves like a lumped inductor (L), whereas the coupled line
behaves like a lumped capacitor (C). This as a consequence forms a parallel
LC resonator that gives rise to the resonance at f,, in the proposed ring

structure. At frequencies around f,,, the behaviors of the A /4 shorted

00
transmission line and coupled line are in dual fashion. Whereas the
transmission line behaves like a capacitor, the coupled line behaves like an
inductor. This thus forms a parallel LC resonator that gives rise to the
resonance at f, ,. At around the center frequencies f ,, however, both the
transmission line and the coupled line exhibit selfresonance where the electric
and magnetic energies are equal within their own structures. This thereby
gives rise to the resonance frequency of the ring at f .

Now consider the even-mode model in Figure 4.4. It is essentially a
parallel of the open transmission line and open-ended coupled line at A /4.
At frequencies around f,,, the transmission line behaves like a capacitor
whereas the coupled line behaves like an inductor, giving rise to the resonance
at f,,. At frequencies around f,., the transmission line and coupled line
behaves in dual fashion, yielding the resonance at f,,.

The physical mechanism that is attributed to the attenuation poles at
fy and [, is based upon the output cancellation of the signals propagating
along the upper transmission line path and the lower open-ended coupled line
path. For the attenuation poles at f, and f,, they are attributed to the
input/output characteristics of the cascaded coupled lines with A, /4 shunt

open stub which is effectively shorted to ground at fp2 and f.
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4.7 Design Examples: Wideband Bandpass Filter

This section describes the design evolution of the triple ring resonator
based bandpass filter. First, triple-mode ring bandpass filter has been designed
at 1 GHz center frequency and a 30 % fractional bandwidth and fabricated on
a low cost FR-4 PCB. Next, the cascade of single ring filter is further
illustrated to improve the stopband attenuation level. Finally, the techniques
used to minimize the effect of coupled microstip line in the structure that

produces the spurious response will be described.

4.7.1 Single Ring Resonator Filter

To validate the feasibility of the proposed ring resonator, a single ring

bandpass filter with a system impedance of Z, =50 )} was designed and
fabricated on an FR-4 substrate (&, = 4.55, h = 0.8 mm, and tané = 0.02)
at f, =1 GHz center frequency, with a 30 % fractional bandwidth.

Based on the theoretical analysis in Section 4.3 and 4.4, and the
required specification, we may first assume that the low edge of the

resonances is at f,, = 0.85 GHz, and the high edge of the resonances is at
f2e =2f, — £, = 1.15 GHz . The attenuation pole f,, is selected at 0.82 GHz

to obtain a sharp rejection response, whereas the lower pole f, is at 0.7 GHz.
This subsequently yields f; =1.18 GHz and f,=1.3 GHz. Applying these
frequencies f,; or f,, into equation (4.7) or (4.10), f,, or f, into equation
(4.8) or (4.9), f,, into equation (4.18), and f,, into equation (4.19), the
characteristic impedances of the ring resonator are, thus obtained. In this
design, a commercial software was employed to automatically solve in
equations (4.7) through (4.11), (4.18), (4.19), (4.23), and (4.24) for the
characteristic impedances of 7., Z.,, Z,. , and Z,, (only values amenable to
practical realization were selected): Z,, =1056Q, Z,,=132Q, Z, =
133.27 Q, and Z,, = 59.7 Q. With the center frequency of the passband at 1
GHz, the simulated insertion loss, S, of the proposed resonator based
bandpass filter, is shown in Figure 4. 7. As observed in the figure, four

attenuation poles can be found at 0.7, 0.82, 1.18, and 1.3 GHz, respectively.
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Figure 4.7 Simulated insertion loss of the ring bandpass filter designed at 1

GHz center frequency.

The attenuation level between f, and f,, and/or f; and f,, is more than -15
dB.

Subsequently, the initial characteristic impedances were then refined to
obtain realistic filter dimensions. This was based on a practical FR-4 substrate
with the help of Agilent-ADS [72]. Figure 4.8(a) shows the layout of a single
square-ring bandpass filter. The dimensions (in millimeters) are summarized
as follows: w, = 0.3, ¢, = 85.3, w, = 5.4, £, = 382, w, = 0.3, {;= 43.2,
and s = 0.25. A photograph of the filter is shown in Figure 4.8(b). The
dimensions, excluding two SMA connectors are approximately 67 mm x 78
mm. The measurement was performed with an Agilent N5230A vector
network analyzer test system, which utilized the SOLT (Short-Open-Load-
Thru) calibration.
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With reference to Figure 4.12(a), each T-shaped transmission line is
designed with the length £,;. of )\ /6; where two shunt open stubs with the
length £,;, and ¢,;, are selected for suppression at frequencies lower and
higher than second harmonic, respectively. The characteristic impedance of
the transmission line is calculated at 86.6 (! and the shunt stub at 75 (.
Subsequently, the physical dimensions were further synthesized on an FR-4
substrate with the width w,;, = 0.47 mm and the length ¢,, = 28.5 mm.
Also, £,,, = 18.37 mm, {,,, = 26.25 mm, and w,, = w,,, = 0.67 mm. The
parameters used in an inter-digital coupled line (in millimeters) are also given
in Figure 4.12(a). The photograph of Figure 4.12(a) is shown in Figure
4.12(b), with the size of 67 mm x 208 mm.

Figure 4.13 shows the simulated and measured performances of the
designed double ring bandpass filter in Figure 4.12(a) and (b), over a wider
frequency range from 0.5 to 3 GHz. Notice that the measured magnitude
responses of S, and S,, are practically preserved, as in the case of the double
ring filter with the normal transmission line. An exception is that the second-
harmonic frequency at 2f; = 2 GHz of the proposed double rinz filter is
improved, i.e., at less than -33.75 dB (over 30.63 dB improvement). Moreover,
the upper stopband is also suppressed by more than -23.75 dB over the
frequency range from 1.18 GHz to 2.75 GHz. A -2.1 dB measured insertion

loss is obtained at the center frequency of the passband, where the reflection

coefficient within the passband is kept below -11.9 dB.

4.8 Chapter Summary

A triple-mode ring resonator core and its applications to bandpass
filters have been proposed and successfully fabricated in a microstrip
technology. The introduction of a pair of identical open-ended coupled lines
with a shunt open stub, into a transmission line branch of a conventional ring
resonator, has led to the triple-mode operation. When the triple-mode
resonator is employed to implement a bandpass filter, the triple passband
resonance frequencies along with the two attenuation poles close to the edges
of the passband on either side, essentially give rise to a flat passband and
sharp rejection response. The direct feed structure with T-shaped transmission

line, and the fact that the signal mainly propagates along the transmission
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line path of the triple-mode resonator over the passband frequencies, also yield
a low insertion loss. Detailed analysis of the resonator, including the
attenuation pole and resonance frequencies, has been studied to enable
analytical and systematic designs, with minimum design iterations using
electromé,gnetic simulation. Design examples and implementations of three
prototype filters have been verified through simulations and measurements.
To further improve out-of-band performance, the use of an inter-digital
coupled line and two T-shaped transmission lines, particularly in the cascaded

filter prototype, was also successfully introduced.



CHAPTER 5
CONCLUSIONS

This chapter summarizes this work in Section 5.1 and then point out possible

directions for future work in Section 5.2.

5.1 Summary

This research has focus on the analysis, and design of passive devices
and filters in microwave frequency region. The emphasis of two passive
devices, Wilkinson divider and Hybrid coupler, is placed on analyzing divider
with harmonic suppression. In this dissertation, an equivalent T-shaped
transmission line with its compact size is substituted for a conventional
transmission line of such devices to create the attenuation pole at the
undesired frequency while the performances at operating frequency are
maintained. The T-shaped technique can also be applied to other passive
devices for harmonic suppression with simultaneously compact size. This
technique is a direct extension of [31].

This dissertation also includes the design and implementation of two
ring resonator bandpass filters. These ring filters are based on the dual-mode
and triple-mode resonators, respectively. For dual-mode ring filter, it is one of
the bandpass filter implementations with the benefit of a narrowband
response. With the use of an artificial transmission line, the limitation of series
stub perturbation due to the requirement of a very low or high characteristic
impedance, at the symmetrical plane of the ring that is difficult to realize in
the conventional microstrip line, is alleviated.

In the past, when the bandpass filter with wideband response was
required, many filter design approaches were suggested [43-45, 89-90] and
implemented in several communication systems. The triple-mode ring
resonator core is first developed based on the planar ring resonator and is
newly proposed in this dissertation as a better solution for enabling inherently
sharp rejection and constant passband characteristic with low insertion loss.
The analysis of the ring is based on the principle of two-port network and the

even- and odd-mode excitation. The mathematical results presented in this
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dissertation and employed in the design of bandpass ring filter are useful in
achieving performances, which are close to the design specifications.

This dissertation also includes the implementation of the wideband
bandpass filter. Since spurious response is attributed to the proposed triple-
mode ring incorporating two coupled lines, some techniques have been added
in the cascaded single-ring filter for multi-spurious suppression to suppress the
effect of the difference between the modal phase velocities.

Therefore, this dissertation provides good practical techniques for
power dividers and ring filters in microwave and millimeter-wave

communication applications.

5.2 Future Work

There are various challenging issues that need exploration in future
research work. Miniaturization and spurious frequency suppression have been
an active research topic over the past few decades with applications in
microwave and millimeter-wave communication systems. The following
suggestions thus propose future research work based upon the contribution of

this dissertation.

5.2.1 Wide Stopband Characteristic in Passive Device

After the miniature Wilkinson divider and Quadrature hybrid coupler
with harmonic suppression were investigated in [54] by using T-shaped
transmission line as discussed in Chapter 2, some research works [93-94] have
been extensively analyzed for Wilkinson divider [93] and Quadrature hybrid
[94], respectively, at the unwanted frequencies.

Figﬁre 5.1 shows an equivalent E-shaped transmission line which is a
cascaded configuration of two 7 -shaped transmission lines. The n-th harmonic
frequency will be suppressed by employing the open stub with the length of
A/4n where n is the number of harmonic at the undesired frequency. In
addition, n» can be positive real number which is greater than unity. As we
notice in the figure, a new E-shaped transmission line has three shunt open
stubs. This implies that this E-shaped transmission line will provide three
attenuation poles at the undesired frequencies. By substituting Figure 5.1 for

an E-shaped line in the classical Quadrature hybrid, the possible configuration
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Figure 5.1 An equivalent E-shaped transmission line.
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Figure 5.2 A possible configuration for Quadrature hybrid coupler.
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of Quadrature hybrid coupler with simultaneously wide stopband characteris-
tic and compact size can be displayed in Figure 5.2. By using the principle of

even- and odd-mode analysis, a set of S-parameters will be obtained.

5.2.2 Quadruple- and Quintuple-Mode Ring Filters
As discussed in Chapter 3, the dual-mode ring bandpass filter is

achieved by introducing the perturbation at the symmetrical plane of the ring.
Since the symmetrical left-handed transmission line based perturbation
presents highpass characteristic, the proposed filter exhibits poor out-of-band
rejection. In addition, the structure needs coupling feed capacitors between
two feed lines and a ring resonator for isolating the signal and any DC voltage
source. Due to the limitation of self-resonant frequency of their capacitors,
hence, this filter should be designed for the operating frequency only at a few
gigahertz. The introduction of the inter-digital coupled line with two finger
pairs [89-90] may be applied at the input and output ports. It will exhibit two
extra resonant frequencies at the lower and the upper resonance in the original
resonant frequency of dual-mode response. This result is called the quadruple-
mode ring filter. Moreover, this line enables attenuation pole around twice of
the fundamental frequency. This results in the rejection improvement and also
suppression of spurious response, respectively.

When the inter-digital coupled lines in [89-90] are introduced at the
input and output of the triple-mode ring resonator as presented in Chapter 4,
the quintuple-mode ring can be achieved. Moreover, since two extra resonances
are much closed to the original attenuation poles in the triple-mode ring, a
highly steep transition characteristic will be further enhanced over the original

triple-mode ring that is proposed in this dissertation [91].
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Design of Triple-Mode Ring Resonator for Wideband
Microstrip Bandpass Filters

Kunnthphong Srisathit, Student Member, IEEE, Apisak Worapishet, Senior Member, IEEE, and
Wanlop Surakampontorn, Senior Member, IEEE

Abstract—A triple-mode microstrip ring resonator core for the
jesign of bandpass filters is proposed in this paper. Itisa modifica-
ion of the conventional single-mode ring resonator with a pair of
ypen-ended coupled lines and a shunt open stub for a transmis-
jon-line path of the ring substituted to form a triple-mode res-
ynator. Since the triple-mode resonator possesses three resonances,
e at the center frequency and the other two near the edges of the
sassband, a flat passband response can be achieved when it is em-
sloyed to implement a bandpass filter. The resonator also exhibits
attenuation poles close to the edges of the passband, thereby of-
ering sharp rejection in the bandpass filter response. Moreover,
since the signal applied at the input port is effectively forced to
ravel mainly through the transmission line path over the passband
requency, the loss incurred by the coupled lines is minimized. Ex-
tensive theoretical analysis of the triple-mode ring and design ex-
ample of the bandpass filter prototypes based on the ring structure
are given. The prototype filters’s performance is validated through
hoth simulations and experiments, where good agreement with the
theoretical prediction is observed.

Index Terms—Bandpass filter, harmonic suppression, ring res-
onator, sharp rejection, triple-mode, wideband response.

1. INTRODUCTION

ICROWAVE bandpass filters commonly utilize a ring
M resonator with the benefit of small circuit size and sharp
rejection response [1], [2]. The ring resonator originally pro-
posed by Woff and Knoppik was introduced for microwave sub-
strate measurement [3]. Subsequently, with the use of asym-
metrical coupling or asymmetrical perturbation, the dual-mode
ring bandpass filter was initially reported in [4]. Soon afterward,
the ring resonator was established as one of the main structures
for planar microwave bandpass filter implementations [5]-[14].
Many research works on the miniaturization were conducted
with different perturbation schemes [6]-{11] in the symmetrical
plane. In addition, the insertion loss associated with the ring is
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another improvement by putting the lumped capacitor [11], the
edged coupling [12], [13] or the inter-digital side-coupling [10],
[14] between two feed lines and the ring resonator. These struc-
tures do not, however, lend themselves to closed-form analysis
and straightforward filter design. They thus require the design
iterations with the help of electromagnetic simulation.

The dual-mode ring resonators, which enable closed-form
analysis and systematic design methodology, were reported in
[15)-[18]. Various parameters useful for filter design were in-
vestigated and derived, including the resonance frequencies, at-
tenuation poles, and coupling constant. The dual-mode band-
pass filter in [15] made use of the shunt-stub and that in [16]
made use of the series-stub perturbations. To achieve better con-
trol of the coupling constant and, hence, the odd/even resonance
frequency locations, the dual-mode bandpass filter in [17] uti-
lized lumped capacitors for series perturbation. The same ben-
efit was obtained for the shunt perturbation using lumped ca-
pacitors in [18], with the additional advantage of electronic tun-
ability due to the use of grounded elements.

With the emerging broadband communication systems [19],
the demand on the bandwidth in microwave bandpass filters has
been unprecedentedly increasing. To accomplish such a wide-
band characteristic in the ring-based bandpass filters, the dual-
mode square-ring bandpass filters and its performance enhance-
ment were investigated [20]-[22]. In [20] and [21], the filter em-
ployed two tuning open stubs for conversion from a bandstop to
a bandpass characteristic with direct-orthogonal feed lines for
low insertion loss. With the addition of the four open-loop arms
[21] or the patterned ground plane sometimes referred to as a
defected ground structure [22], the spurious responses, partic-
ularly in the stopband, in the ring filter can be alleviated. An-
other wideband ring bandpass filter in [23] was obtained by ap-
plying two short outer-tuning stubs and a resistor at the sym-
metrical plane of the ring. However, the need for outer-tuning
stubs entails a major drawback in terms of compactness, partic-
ularly when connected in cascade to form a higher order band-
pass filter.

To achieve further improvement in the passband flatness
and sharp rejection in the bandpass filter characteristic, the
quadruple-mode [24] and quintuple-mode [25], [26] ring band-
pass filters were developed in microstrip forms. In fact, the
quintuple-mode bandpass filter in [25] and [26] essentially
relies upon the triple-mode resonator core using two equal [25]
and unequal [26] stub perturbation lengths, with lumped capac-
itors feed lines. Though the triple-mode resonator resulted in
lower insertion loss and better flatness in the passband response
than the dual-mode counterparts, the improvements concerning
sharp rejection and out-of-band attenuation were rather modest.

0018-9480/$26.00 © 2010 IEEE
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As proposed in [25] and [26], by replacing the lumped feed
lines with the inter-digital coupled lines, two additional reso-
nances were created close to the original attenuation poles on
both sides of the edges of the passband, thus yielding sharper
rejection and high-stopband-attenuation quintuple-mode band-
pass filter. It is the use of the inter-digital coupling, however,
that makes it difficult for a systematic filter design. As evident
in [25] and [26], whereas the analytical treatment could be
developed for the triple-mode resonator core, design iterations
based on extensive electromagnetic simulations must be carried
out to find appropriate parameters of the inter-digital feed lines
in the quintuple-mode filter.

In this paper, we present the design and analysis of a triple-
mode ring resonator core that enables inherent sharp rejection
with excellent gain flatness and good insertion loss in the pass-
band, while offering a systematic analytical design. The ring
structure relies upon the use of cascaded coupled lines with a
shunt open stub in between to form half of the total ring path,
with the direct feed lines as in [20]. The shunt stub, along the
coupled lines’ path, generates triple passband resonance fre-
quencies which results in a good passband flatness. The struc-
ture also introduces two attenuation poles close to the two res-
onances located on both sides of the edges of the passband,
thereby achieving inherent sharp rejection. The shunt stub also
forces the signal to propagate along the transmission line path

| of the ring within the passband frequencies, thus minimizing the
insertion loss along the coupled lines. Finally, the direct feed
structure further maintains a low insertion loss.

This paper starts with a detailed description of the proposed

ring resonator to understand the phenomenon of its structure.
Extensive analysis of a simplified circuit model of the ring res-
onator is then derived to use for subsequent filter designs. This
includes the resonance frequencies, attenuation poles, and cou-
pling constants. To verify the design equations, systematic de-
sign examples and practical implementations of the bandpass
filters using the single-ring and cascaded-ring resonators are in-
troduced. Following that, to demonstrate its feasibility, a simu-
lation and measurement of single and cascaded bandpass filter
implementations centered at 1.0 GHz, along with techniques for

‘spurious suppression using two T-shaped transmission lines at

 the input and output ports and an inter-digital coupled line be-
tween identical ring resonators, are also demonstrated.

II. PROPOSED TRIPLE-MODE RING RESONATOR

Fig. 1(a) shows the primitive single-mode ring resonator in
the form of a square ring transmission line at one wavelength
A,. It provides the resonance frequencies at 7. f,.9, Where n is an
integer number; fo0 = ¢/A;+/€eq is the center frequency of the
resonator, where ¢ and e are the velocity of light in free space
and the effective dielectric constant, respectively. Note that the
term ¢//ex is the guided wave’s velocity along the medium
that forms the transmission lines. Based on the primitive struc-
ture, Fig. 1(b) shows the proposed ring resonator where one half
of the transmission line’s square ring (lower half of the figure) is
replaced by a pair of A4 /4 open-ended coupled lines connected
in cascade with a A, /4 shunt open stub inserted in between. The
length of the transmission line in the other half of the ring is at
a half wavelength A, /2.
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Fig. 1. Configuration of: (a) the preliminary single-mode ring and (b) the pro-
posed triple-mode ring resonator.
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Fig. 2. Characteristic of the proposed triple-mode ring resonator in Fig. 1(b)
with shunt stub (solid response) and without stub (dashed response).

Using ideal transmission-line models, Fig. 2 depicts typical
resonance characteristics of the proposed resonator structure
under weak coupling condition. Let us first consider the case
without the shunt stub (dashed response). As shown in the
dashed response of Fig. 2, the resonator without the shunt stub
exhibits one resonance at the center frequency fro; the other
two resonances are at f¢, o and f,.o, located away from f,,
at the far left and right regions of the response. On both sides
of the center frequency fr o, there are two attenuation poles at
fp1 and fpq. Consider now the case with the inclusion of the
shunt stub. It is seen from the solid response in Fig. 2 that the
resonance characteristic, particularly around f, o, is degener-
ated. In particular, there are two more resonance frequencies at
fr1,e and fro.., near the original resonance at fr0- Also shown
in the solid response is that each side of fr1. and fr2.¢ is
accompanied by an additional attenuation pole, which appears
very close to the resonance frequency (fp2 close to fri ., and
fp3 close to fr2,c). It should be noted that, as will be shown in
the analysis of Section III, the resonance frequencies fro: fer,00
and f.r, correspond to odd-mode excitation, and fr1. and
fr2.e correspond to even-mode excitation.

It is the locations of the resonance and attenuation pole fre-
quencies at the central frequency region in Fig. 2 that underly
the major advantages of the proposed resonator of Fig. 1(b).
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Since there are as many as three passband resonance frequen-
ieS (fr.0x fr1,6, and fr2,c), the bandpass filter based on the res-
ynator exhibits a triple-mode response with a broad bandwidth
while still maintaining a good flatness within the passband. In
ddition, the presence of the attenuation poles fp2 and fy3, ad-
acent to fr1,. and fy2 ., respectively, provides a highly steep
ransition characteristic. This practically yields the edges of the
passband of the filter at fy1 . and fr2.. Thus, the bandwidth
of the bandpass filter can be approximated from fr1.c to fr2.e,
whereas the center frequency is located at about f, ..

It is important to note that the typically high loss associated
with the coupled lines in most practical realizations has practi-
cally no impact on the passband insertion loss of the filter based
on the proposed resonator. This is because the shunt open stub
inserted between the cascaded coupled lines acts as a series res-
onance to ground at the center frequency f-o of the passband;
this introduces a total reflection and, hence, a transmission notch
of the incident wave along the coupled lines’ path. As a conse-
quence, the wave applied at the input port is effectively forced
to travel mainly through the transmission line over the passband
frequency; the loss incurred by the wave traveling via the cou-
pled lines is, therefore, minimized. This, combined with the di-
rect feed structure of the proposed resonator, results in a low-in-
sertion-loss filter.

III. ANALYSIS OF THE PROPOSED RING RESONATOR

Here, we present the analysis method of the proposed res-
onator in Fig. 1(b) by using the two-port network theorem for
computing the attenuation pole frequencies. Subsequently, the
even- and odd-mode analyses will be performed to determine
the resonance frequencies and coupling constants. For sim-
plicity, the quasi-static TEM mode of operation is assumed.
Also, the losses and discontinuity effects of the transmission
lines and coupled lines are not taken into account.

A. Attenuation Pole Frequencies

The circuit model corresponding to the proposed triple-mode
ring resonator in Fig. 1(b) is shown in Fig. 3(a). A simplified
two-port network, depicted in Fig. 3(b), comprises the upper
and lower halves of the model. The upper half is formed by the
transmission line with the characteristic impedance of Zr; and
the electrical length of #;. For the lower half, there are two iden-
tical open-ended coupled lines in cascade and a shunt open stub
connected in between. The even- and odd-mode impedances of
the coupled lines are represented by Zo. and Zgo, respectively.
Also, the even- and odd-mode electrical lengths are given by
6. and d,, respectively. The shunt stub has the characteristic
impedance of Zr2 and the electrical length of 0.

From the transmission line in the upper half of the circuit
model in Fig. 3(a), the admittance matrix [Yupper) of the two-
port network in Fig. 3(b) can be written as follows:

[Yapper] = —jYricot(8y)  jYricsc(61) )
upper jYT] CSC(gl) _jYTl C()t(()l)
where Y71 = 1/Zr is the characteristic admittance of the

transmission line.
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Fig. 3. Model of Fig. 1(b) for analyzing attenuation poles. (a) Circuit detail.
(b) Simplified two-port network.

Considering the lower half in Fig. 3(a), the ABC D matrix of
the open-ended coupled line is given as follows [27}:

Acy DBe
Merl = 2
[ Cl] [ CCl DCl ( )
where
Zoe COt B + Zo, cOt B,
a Zoe tse B, — Zoo csc b,y Den (3a)
Bt = Jf zZ3, + 22, —2Z0e Zoolcot 8. cot 8,-+cscd, csc o)
1= 3 Zoe cs¢ 8 — Zgo cscl,
(3b)
2j
Ccy = .
¢l Zoe €5¢ 0 — Zoocsc B,
(30)
For the shunt open stub, the ABC D matrix is given by
1 0
[M2] - [jYTg tan 6, 1] “4)

where Yr2 = 1/Z7, is the characteristic admittance of the
shunt stub. With reference to Fig. 3(a), the overall ABCD
matrix of the lower half can be calculated by multiplying
[Mc1), [M], and [Mc1), respectively, as follows:

[BlIlo\\'cr] = [A/ICI][A’I2HMC1] (5)

The admittance matrix of the lower half [Yiower} can then be
calculated by performing a conversion of the ABC D matrix
[Miower] in (5) to [Yiower].

Based on the reciprocal property of the passive network, the
attenuation pole is located at the frequency where the eigen-
impedances of both the even- and odd-mode are equal [16].
Thus, the attenuation pole frequencies can be obtained under
the condition

(6)

"Zl.upper + Y2],luwer =(.
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t should be noted that such a condition is equivalent to |Sa;| =
) for the two ports terminated with 50 €1. Under the assigned
characteristic 1mpedances and electrical lengths in Fig. 3(a), and
hased on the condition in (6), we then obtain four attenuation
hole frequencies at fp1, fp2, fp3, and fpa. With reference to the
esponse in Fig. 2, where fp1 < fp2 < fpa < fpa, these atten-
nation poles are given as follows:

Gn-Fn(Zm—ZMi}

« an—1 \/i
2frotan {(ZOQ—ZOA Eat2Fq

1 nt Fnl(Zoe— Zpa)?
2frotan {(z—.,.szv T E.-2F; }

™

= ')

fp2 = 8)

fp3 = 2frO - fp2

-1 G1I+Fv»(ZO¢_‘ZOa
27|'fr0 - zf"o tan { ZO¢—Zoo) \/ E4—-2Fy }

)
'fp‘l = 2fr0 - fp.l
27 fro — 2fro tan™! {rzo:{ono) G"_%ffg}zz%ﬁ}
= iy
(10)
where
| Eq = Yr1(Zoe + Z00){Y12(Z0e + Z0o) + 2} +4 (11a)

F:l = Fn
= VI¥11@oc + Zoo} 2 +4YT1{Z0(2YT2 Z00 +1) + Zoo}+4
l (11b)
Gn=Ym (23, + 25,) + 2(Yr1Yr2ZoeZoo + 1) (Z02c+Z30)

+ {7Y11(Zoe + Zoo) +4(Y11Yr2Z00Z00 — 1)} Z0c Z00-
(11c)

Note that the subscripts n and d represent the nominator and
denominator in (7)-(11), respectively.

B. Even-Mode Analysis

To determine the resonance frequencies of the ring resonator,

we use the circuit model in Fig. 3(a) and apply the even- and
odd-mode analysis methods along the symmetry plane. At the
resonance frequencies, the input admittance of each mode will
be equal to zero when the resonator is assumed lossless. Hence,
the input admittance of the even-mode Y, is given by

Y, = },upper.e + Ylmver,v = (. (12)

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 58, NO. 11, NO\I%BER 2010

By exciting the equivalent circuit in the even-mode, it appears
that the symmetry plane acts as a perfect magnetic wall so that
this plane represents the open circuit, as shown in Fig. 4. This
divides the length of the upper transmission line with Zry into
one half, i.e., # = 6;/2. The width of the shunt stub Z77 in
the lower half is also separated into one half, yielding twice in
the equivalent characteristic impedance, i.e., 2Z72. The upper-
half input admittance Yypper,e, calculated from [Yupper), is then
given by
Yupper.e = j¥T1lant = jY1 tan({6,/2). (13)
A convenient method to determine the lower input admittance
Yiowere is to consider the cascading ABCD matrices of the
coupler in (2) and (3) and the shunt stub 2Zr2. The ABCD
matrix of this stub is

- cos 92 j2ZT2 sin 02
[(Mr2] [] Yrasindy 0562 . (14)

The resulting ABCD matrix in the lower half can be obtained
from

[Miower.e] = [Mc1][Mr2)
—_ [Alower.e Blower,e]

v
(’lower,c Dlowcr,c

(15)

Subsequently, the lower-half input admittance Yiower,c is calcu-
lated from [IWlowcr,c] as

P
},lowcr.c = 'Q" (16)

where
P =2 [4ZT7 ¢0s 0, sin 8, sin 8, + Zo, sin 2 cos b sin b, ]
+ Zyo sin 2 cos 6, sin 8,
(17a)
2Z0c Zoo Sin f2(cos 8. cos 6, + 1)
+4Z79 €0s 82( Zge €08 0, sin B, + Zpo €08 8, sin.@.)
—sin 8, sin b, sin 8, (23, + Z3,)

Q=
(17b)

Therefore, the resonance frequencies (see Fig. 2) can be
solved by substituting (13), (16), and (17) into (12). After
rearrangement, the first even-mode frequency fr1,c can be
given by (18), shown at the bottom of this page, and the second
even-mode frequency f,2 . can be given by

fr‘_’.c-. = 2fv'0 - frl,c- (19)

_ .ffO

1 V82112712 + 420c 200 + 2(Z11 + 2Z12)(Z0c + Zoo)

frie= = tan

8
Zow = Zoy) (18)
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Zr,0 =6 /2

2Z79,6,

Z(lm Z()n

Fig.4. Even-mode equivalent circuit of the proposed ring resonator in Fig. 3(a).

Z. Odd-Mode Analysis

The odd-mode analysis is considered to have a perfect electric
wall along the plane of symmetry, so that the electrical equiva-
.ent circuit at this plane behaves as a short circuit as shown in
7ig. 5. Hence, the inpur admittance in this mode at resonance
requency can be expressed as

]

Y, = YuPPer,o + Yiower.o = 0. (20
With reference to Fig. 5, the inpur admittances of the short-cir-
cuited transmission line in the upper half Yy,per.0, also calcu-
lated from {Yypper|, and that of the coupled line in the lower half
Yiower.o, based on the calculation similar to Yjgwer.c, are given

oy

—jY7r cot @ = —jYry cot(6:/2) 21

Yuppcr,o =
and (22), shown at the bottom of this page. By using (20)—(22),
the odd-mode resonance frequencies can be derived in a similar
fashion. There are three odd-mode resonance frequencies as in-
dicated in Fig. 2. The first two resonances are addressed in the
far left and right regions at fg,., and fr.r o, respectively. These
are given by

b -1 Z LZ o
2fr0tdn {2\/(Zo¢—zoo)2‘:2zil(zm"ZOD)}
T

(23)

rro = 2fr0 - ffr.n

It

(24)

Another resonance is located at f,. ,, which is the resonance of
the basic ring resonator f,g, i.e., fr.o = fro. As indicated by the
attenuation poles in (7)—(11) and resonances in (18) and (19), we
have four unknown parameters. These are Z71, Z12, Zo., and
Zoo. The equations require the preassigned locations of the at-
tenuation poles and resonances to solve these parameters, which

-1
2 fro — 2fro tan { \/(Zo.-—zno)‘+2zr1(ZUz—Zno) }

121 2871

Zr,8 = 6, /2

anlu:r.o GND

Y lowero

GND

Zl)r.r Z()n

Fig.5. Odd-mode equivalent circuit of the proposed ring resonator in Fig. 3(a).

can be obtained from the specified stopband characteristics and
the edges of the passband.

The effects of the shunt stub impedance and even- and odd-
mode impedances on the resonance and attenuation pole fre-
quencies are investigated as follows. In this study, the transmis-
sion line in the upper half ring is considered as a constant pa-
rameter, where Zr; = 50 Q.

Fig. 6(a) shows the calculated location of the poles and res-
onance frequencies normalized with f,. , versus the normalized
impedance of the shunt stub Zr, with Zy under the condition
Zoe. = 150 @ and Zy, = 50 2. As shown in Fig. 6(a), the
normalized odd-mode frequencies f, . f; .. and f;,. , are in-
dependent of Z7.,, as the shunt stub does not exist in the equiv-
alent circuit due to odd-mode excitation [see Fig. 5]. Similarly,
the other two attenuation poles at f,; and f,4 only slightly vary
with Z%.,. On the other hand, the shunt-stub impedance affects
the normalized even-mode frequencies f., . and f/, .. In partic-
ular, when Zz., is increased, the two attenuation poles at f,, and
f;,;, move closer to the low and high edges of the resonances at
fr1.. and fl, ., respectively. A sharp transition band can be thus
achieved. Eventually, these poles and resonances converge to

! o = fio = 1foraverylarge Zr,. It is thus evident that these
attenuation poles and resonances of the proposed resonator have
symmetrical properties around f; .

Fig. 6(b) and (c) shows the normalized attenuation pole and
resonance characteristics in relation to the even- and odd-mode
impedances, respectively. As illustrated in Fig. 6(b), under the
condition of Zgo = 50 Q and Z12 = 10 2, the normalized
resonance frequencies f;,., and f;, , are practically constant
against Z},. On the other hand, the other resonances (f;; . and

’5.c) and the attenuation pole frequencies (f}1, fp2: fp3, and
fp4) move apart from the center frequency f; , when Zg, in-
creases. For Fig. 6(c), under the condition of Zg. = 150 §2 and
Zry = 10 £, the resonance and attenuation pole frequencies
move closer to f/, when Zg, increases. It is noticed that the
frequencies f/, . and f,,, as well as f,, , and fs, are always
in close proximity in all of the plots. Therefore, the sharp tran-
sition band should be maintained against the impedance param-
cter selections.

J(Zpe cotb,. + Zp,cot b,)

(22)

},Iower,o =

1 Zoc cscOc + Zoo cs06,)2 —

%(Zoc cot gc + Z()o cot 00)2
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D. Physical Interpretation

The resonances can be physically explained by virtue of the
equivalent models for the even- and odd-mode models in Figs. 4
and 5. Consider first the odd-mode model in Fig. 5. It is essen-
tially a parallel of the shorted transmission line and open-ended
coupled line, both at the length of A, /4 (with reference to the
center frequency f..). At frequencies around fe, o, the trans-
mission line behaves like a lumped inductor (L), whereas the
coupled line behaves like a lumped capacitor (C). As a conse-
quence, this forms a parallel LC resonator that gives rise to the
resonance at f¢,,, in the proposed ring structure. At frequencies
around f,r ., the behaviors of the A, /4 shorted transmission line
and coupled line are in dual fashion. Whereas the transmission
line behaves like a capacitor, the coupled line behaves like an
inductor. Thus, this forms a parallel LC resonator that gives rise
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to the resonance at f,.» . At around the center frequencies fr o,
however, both the transmission line and the coupled line ex-
hibit self-resonance, where the electric and magnetic energies
are equal within their own structures. This thereby gives rise to
the resonance frequency of the ring at f;. ,.

Now consider the even-mode model in Fig. 4. It is essentially
a parallel of the open transmission line and open-ended coupled
line at A, /4. At frequencies around f,1,c, the transmission line
behaves like a capacitor, whereas the coupled line behaves like
an inductor, giving rise to the resonance at f1 .. At frequencies
around fr2 ., the transmission line and coupled line behaves in
dual fashion, yielding the resonance at fro.c.

The physical mechanism that is attributed to the attenuation
poles at fy1 and f,q is based upon the output cancellation of
the signals propagating along the upper transmission-line path
and the lower open-ended coupled-line path. For the attenuation
polesat fp2 and fp3, they are attributed to the input/output char-
acteristics of the cascaded coupled lines with A, /4 shunt open
stub, which is effectively shorted to ground at fp2 and f,3.

IV. DESIGN EXAMPLES AND DISCUSSIONS

A. Single Ring Resonator Filter

To validate the feasibility of the proposed ring resonator, a
single ring bandpass filter with a system impedance of Zg =
50 §2 was designed and fabricated on an FR-4 substrate (¢, =
4.55,h = 0.8 mm, and tané =0.02) at fo = 1 GHz center
frequency, with a 30% fractional bandwidth.

Based on the theoretical analysis in Section III and the re-
quired specification, we may first assume that the low edge of
the resonances is at fr; . = 0.85 GHz, and the high edge of the
resonances is at fra . = 2fo — fr1.e = 1.15 GHz. The attenu-
ation pole f;2 is selected at 0.82 GHz to obtain a sharp rejec-
tion response, whereas the lower pole fp is at 0.7 GHz. This
subsequently yields f,3 = 1.18 GHz and fp4 = 1.3 GHz. Ap-
plying these frequencies f1 or fp4 into (7) or (10), fp2 or fu3
into (8) or (9), fr1.. into (18), and f,2 . into (19), the character-
istic impedances of the ring resonator are thus obtained. In this
design, a commercial software was employed to automatically
solve in (7)-(11), (18), (19), (23), and (24) for the characteristic
impedances of Zr1. Zr2, Zy., and Zy, (only values amenable
to practical realization were selected): Z; = 105.6 Q, Zry =
13.2 Q. Zy. = 133.27 Q, and Zp, = 59.7 2. With the center
frequency of the passband at 1 GHz, the simulated insertion loss
S of the proposed resonator-based bandpass filter is shown in
Fig. 7. As observed in the figure, four attenuation poles can be
found at 0.7, 0.82, 1.18, and 1.3 GHz, respectively. The attenu-
ation level between f,,; and fp,2 and/or f,3 and fp4 is more than
15 dB.

Subsequently, the initial characteristic impedances
were then refined to obtain realistic filter dimensions.
This was based on a practical FR-4 substrate with the
help of Agilent-ADS [28]. Fig. 8(a) shows the layout
of a single square-ring bandpass filter. The dimensions
(in millimeters) are summarized as follows: w; = 0.3,
£, = 85.3,wy = 5.4,f, = 38.2,wc = 0.3,fc = 43.2, and
s = 0.25. A photograph of the filter is shown in Fig. 8(b). The
dimensions, excluding two SMA connectors, are approximately
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filter design. The measured results prove the technique
validity and suitability for communication applications.
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