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Abstract

The thesis presents two designs of miniaturized dual-mode dual-band ring
resonator bandpass filter. The first design uses a single periodic stepped-impedance
ring resonator. Based on the transmission line theory, a pole-zero design graph
consisting of the transmission zeros together with the resonant frequencies of the
resonator is plotted against the space separation angle between the input and output
ports. Based on this graph, the space angle can be determined for the dual-mode
dual-band design with designated zeros near the two passbands. Four dual-mode
dual-band bandpass filters are realized for demonstration. All circuits occupy about

60% of the area of the conventional ring resonator at the first passband frequency.



In the second part of this thesis, the ring resonator is implemented by a cascade of
several microwave C-sections. Each C-section is used to substitute a transmission line
section of designated electrical length. Through proper design of input/output
coupling configuration, two transmission zeros can also be created on both sides of
each passband. Two circuits with four and six microwave C-sections are fabricated for
demonstration. They occupy less than 30% of the area of a traditional ring resonator

filter. Measured results agree very well with their simulation counterparts.



Acknowledgement
RO

BRI R A ERm Y ARREHOEA DR EEF o REMK
oo WIREFiES E kehafofod Tandp ET O ARG R T
- T R EEFBGER A E R R Y RALE AR X
Frafitios Bpr R4 | BL LRP-ERFR{TERE K

o aa s RN RIREFT LR
BHENE T g - £ 5 Redg o SRA HHIOL F Arfod § TR0
RF AT fRox REE X EE ISR AT A fd AR

il S A A BB AR 1 R A B AT A
2

FroieSE > ZERHHTTICTETRE BATH G 4

F_&

BT v o BMHF EA & S keh L K RF S FIERR o B

—\\

SR BRI A AR A SRR F 5 AR At B ot 3R
AR 2 dd TR EE L EPIART R RES I A REFo

P -



Contents

ChiNeSe ADSTIACT .........ooieiceeec e [
ENGlISh ADSTIACT ..o i
ACKNOWIEAGEMENT.........ooiviiicce s iv
CONTENTS ...ttt Vv
LIST OF FIQUIES......ce s vi
Chapter 1
INEFOTUCTION ...ttt bbb 1
Chapter 2
Dual-Mode Dual-Band Filter With Periodic Stepped-Impedance Ring Resonator
(RS 14 e AP e S SO S eSS 4
2.1 Uniform Ring Resonator (UIR) ...t 5
2.2 Transmission Zeros of Uniform Ring Resonator-Filter ...........c.cccceevveiieenen, 6
2.3 Periodic Stepped-Impedance Ring Resonator (PSIRR).........ccccccoveveiieiieennenn, 8
2.4 Transmission Zero Design Graph ...t i 10
2.5 Simulation and MEaSUrEMENT ..........c.ccuiirieiierieie et 13
Chapter 3
New Miniaturized Dual-Mode Dual-Band Ring Resonator Bandpass Filter With
MICIOWAVE C-SECHIONS.......ueiiiieiiiiieitieie ettt 32
3.1 Analysis of the MiCrowave C-SeCHION ........ccccoeveiierenienienes e 33
3.2 Transmission Zeros and Bandwidth Control With Perturbation Patch.......... 35
3.3 Simulation and MeaSUrEMENT ..........cooueririieeriirie e 36
Chapter 4
(O00] 0] [0 [0 o USSR 45
B C (=] =] o ST 47



List of Figures

Figure 2-1 The uniform impedance microstrip ring resonator with feed line.............. 18
Figure 2-2 Simulated resonant characteristic of a UIR in Figure 2-1 forn=1105....18
Figure 2-3 Simulated response of the UIR with r,= 12.3 mm, ;= 11.7 mm and patch
area = 2x3 mm? when the space between input and output ports is 90°....19
Figure 2-4 Uniform impedance resonator using even- and odd-analysis. ................... 19
Figure 2-5 Transmission zero design graph for the UIR with Zz =70 Q, Z,= 40 Q and
Op=10° oo g QAN Il .ttt eb ettt s, 20
Figure 2-6 Four excitation schemes with improving insertion 10Ss...........c.ccccceeevenee. 20
Figure 2-7 Four UIR circuits.with line-to-ring coupling of different coupled line
lengths. (a) length =.0%.(b) length =10°.(c).length = 30°. (d) length = 50°.
All electrical lengths are at the first resonant frequency. ..........cc.ceeveveneee. 21

Figure 2-8 Simulation results of four UIR circuits with different coupled-line lengths.

Figure 2-9 The periodic stepped-impedance ring resonator with line-to-ring coupling
structures. (8) N =8. (D) V=6, wooeeieeeceeciee e 22

Figure 2-10 The periodic stepped-impedance ring resonator with N = 6 in the even-
aNd 0Ad-ANAIYSIS. .....cieeiieieiiee e 23

Figure 2-11 Resonant spectrum of the PSIRR. R=3and R’ =3.6forN=6and 4. R =
3and R’ = 1.5 for N = 8. f, is the fundamental frequency of a uniform ring.

Vi



Figure 2-12 f,.4, fup, f2If1 @nd f3/f1 versus R. N =8, R’ = 0.5R. ..ccceceviiiieieii e 24

Figure 2-13 Transmission zero design graph for the PSIRR with N=8.R=3, R’ =
0.5 R, e r e 24

Figure 2-14 Test of |S,;| responses for the ring resonator filter with N = 8. (a) f1. (b)
1S21| at fo. Z1 =80 Q, Zo = 25.3 Q) Z3 = 55.8 Q. oo 25

Figure 2-15 Transmission zero design graph for the PSIRR with N=6. R =3, R’ = 3.6.

Figure 2-16 Transmission zero design graph forthe PSIRRwith N=5.R=3,R’ =
(V57 SRR ~ /A" | | WA\ PR 26

Figure 2-17 The N = 4 periodic stepped-impedance ring resonator with line-to-ring
coupling structure and two 0pen StubS. ... 26

Figure 2-18 Variations of f,,, f.» and £, with respect to the open stub length. 7 =0.2

mm, Z1=91.3Q, 22 =304 Q, Z3 =25 Qi 27
Figure 2-19 Design procedure for N =5, 6, and 8.........cccccvevevieveiie i, 27
Figure 2-20 Simulation and measured of PSIRRWith N=8.......c.ccccoivviiviicince, 28
Figure 2-21 Photograph of PSIRR with N = 8 for the results in Figure 2-20............... 28

Figure 2-22 Simulated and measured results of the bandpass filter with N = 6. Circuit
parameters: Z; = 91.3 Q, Z, =304 Q, Z3 = 27.3 Q, Z, = 0.62 x 0.26 mm?,
B =27°,aN0 B = B3°. .o, 29

Figure 2-23 Photograph of PSIRR bandpass filter with N = 6 for the result in Figure

vii



222 e 29
Figure 2-24 Performances of dual-mode dual-band bandpass filter with N = 5. Circuit
parameters: Z; = 90.5 Q, Z, =30.2 Q, Z3 = 77.1 Q, Z, =0.38 x 0.27 mm?,
B1 = A0°, AN By = 0% oo 30
Figure 2-25 The dual-mode dual-band bandpass filter with NV =5 for the result in
FIQUIE 2-24. ..ottt esneenne s 30
Figure 2-26 Performances of dual-mode dual-band bandpass filter with N = 4. Circuit

parameters: Z; = 91.3Q, 2, =304 Q, Z3=25Q, / = 3.6 mm, ¢ = 40°,

AN B2 = 40%. o L e 31
Figure 2-27 Photograph of PSIRR With-IV = 4.t 31
Figure 3-1 MICrOWAVE C-SECLION. ... .uiiuiiuee it raihaseeneentbet 5o atesteeseeeensessessesbesbeseeeseeneas 39
Figure 3-2 Phase response of the microwave C-section with different Z,./Z,,............ 39

Figure 3-3 The proposed elementary two-port for substituting a transmission line
R =Tod 1 0] o TSROSO OPTRTRRRN 40
Figure 3-4 Z,., Z,, and . as fuNCions Of 7. ......ccccvvviiieieiccee e 40

Figure 3-5 Dual-mode dual-band ring resonator bandpass filter with four C-sections.

Figure 3-6 Dual-mode dual-band ring resonator bandpass filter with six C-sections. 41

Figure 3-7 |S2;| response of Figure 3-5With /.1 = .2 = 0. ceeeveeeviececeee e 42
Figure 3-8 Simulated and measured results of the ring filter with four microwave

C-SBCEIONS. ..o 42

viii



Figure 3-9 Photograph of the experimental circuit with four microwave C-sections..43
Figure 3-10 Simulated and measured results of the second dual-mode dual-band ring
filter with Six microwave C-SECtIONS. ........ccccvovviiiiniiiiee e 43

Figure 3-11 Photograph of the second dual-band filter with six microwave C-sections.



Chapter 1

Introduction

The microstrip ring resonator has been widely used to evaluate phase velocity,
dispersion characteristics, and effective dielectric constant of microstrip lines. Many
applications, such as bandpass filters, oscillators, mixers, and antennas using ring
resonators have been reported [1]. The ring resonator bandpass filter has many
attractive features such as low cost, compact size, high selectivity, and a simple design
procedure. There have been a series ‘of innovative analysis, design and realization of
the ring resonator filters [2]-[7]. These -bandpass filters built by dual-mode ring
resonators could be originally presented by Wolff [2], where two degenerate modes of
the ring are excited by asymmetrically coupling and disturbed by a notch. In [3], a
joint field/circuit model is proposed to characterize the line-to-ring coupling structures
for design and optimization of microstrip ring resonator circuits. With suitable
perturbation and input/output design, a quasi-elliptic bandpass filter is designed to
have tunable transmission zeros and keep the bandwidth constant at the same time [4].
In [5], based on transmission-line theory, the resonance frequencies of ring resonator
with a perturbation are analyzed. In [6], the periodic stepped-impedance ring
resonator is devised to design dual-mode bandpass filters with a miniaturized area and
wide upper stopband. In [7], the ring resonator using broadside-coupled section only

occupies 19.3% of the area of conventional ring resonator. Notice that all



aforementioned dual-mode ring filters involve only a single passband.

Recently, rapid development of modern wireless systems, such as GSM and
WLAN, has created a need for dual-band RF devices. So, several dual-mode
dual-band bandpass filters have been published [8]-[11]. In [8], a stacked-loop
structure is used to design dual-mode bandpass filters with a dual-band response. The
circuit consists of two dual-mode loop resonators, and each resonator controls one
passband. This idea is extended to an alternative dual-band filter excited with CPW
feed lines [9]. In [10], a loop resonator is proposed for a planar dual-band filter. The
feed lines are placed between two resonators to offer sufficient coupling for both
passbands. The dual-band filter in [11]-is designed in a-multilayer structure consisting
of dual-mode resonators in a-reflector cavity. It is noted that each selected passband in
[4]-[11] is mainly controlled by a resonator.

So far, it is still challenging to design dual-mode dual-band circuits with a single
resonating element. The circuit area, and hence the cost, can be reduced to half, if a
single resonator is used. In [12], the circuit resonator is a cross-slotted patch
combined with a square aperture. The dimensions of the slots and the aperture
determine the two frequencies. In [13], the filter has a tunable second passband. In
[14], non-degenerate dual-mode slow-wave open-loop resonators are used. It is
interesting to note that the two modes are uncoupled. In [15], the inner peripheral of
the ring resonator is tapped with a circular open stub array. The stub length is used to

control the separation of the two center frequencies.



In this thesis, we propose two novel miniaturized dual-mode dual-band ring
resonator bandpass filters. In Chapter 2, we extend the use of the periodic stepped-
impedance resonator in [6] to development of dual-mode dual-band filters. While the
resonator in [6] is designed for a single passband, the resonator here is treated as a
dual-frequency element and perturbations are used to control the two resonances at
each designated frequency. A new pole-zero design graph is devised to facilitate the
circuit realization. The zero frequencies and the space angle of the input/output ports
can be easily determined by the graph. Four dual-mode dual-band filters are
fabricated and measured for validation.

In Chapter 3, we propose-a new-idea of designing dual-mode dual-band bandpass
filter implemented with the microwave-C sections, which have a nonlinear phase shift
property in frequency [16] and are suitable for developing dual-band devices [17].
Here, each microwave C-section is used to substitute a A/4- or A/6-section of a
traditional ring. Analysis will be conducted and design curves plotted for facilitating
the circuit realization. Emphasis is also put on the input/output configuration for
creating transmission zeros on both sides of each passband. The ring resonator with
microwave C-section occupies less than 30% of the area of conventional ring
resonator

Finally, conclusions will be drawn in Chapter 4.



Chapter 2

Dual-Mode Dual-Band Filter With Periodic

Stepped-Impedance Ring Resonator (PSIRR)

In this Chapter, we start with a brief analysis of uniform-impedance ring
resonator. The analysis includes the basic resonance condition of a ring resonator and
transmission zeros with different spatial angles between the input and output ports.
Then, we extend the uniform-impedance ring resonator to the periodic
stepped-impedance resonator. We. devise the pole-zero design graph consisting of
transmission zeros together with the-resonant frequencies of the resonator against the
space separation angle between the input and output ports. As a result, dual-mode
dual-band filter with designated zeros near the two passbands can be achieved. The
bandpass filter has not only good frequency selectivity but also an area of about 60%

of that of a conventional dual-mode ring resonator filter.



2.1 Uniform Ring Resonator (UIR)

The ring resonator is merely a closed circular loop formed by a transmission line.
A ring resonator filter consists of feed lines, coupling gaps and the ring, as shown in
Figure 2-1. The signal power is coupled into and out of the resonator through the feed
lines and coupling gaps. The effect of the coupling gaps on the resonant frequencies
of ring can be neglected for a large distance between the feed lines and the resonator.
This loose coupling can be equivalent to a negligibly small capacitor between feed
lines and resonator. If the feed lines are moved closer to the resonator, however, the
coupling becomes tight and the gap capacitances become appreciable. This will cause
the resonant frequencies of«the .circuit to' deviate: from the intrinsic resonant
frequencies of the ring. It is worth mentioning that the tight coupling structure can be
exploited to reduce insertion loss.in the passband for the design of the bandpass filter.

When the mean circumference ‘of the ring resonator is equal to an integer
multiple of a guided wavelength, resonances occur. At resonances, we have

2nr=nlg forn=1,2,3, ... (2.2)

where r is the mean radius that equals the average of the outer and inner radii of the
ring, 4. is the guided wavelength, and » is the mode number. This relation is valid for
loose coupling case, as the coupling gap effect is not included. For the first mode, the
maximum of field occurs at the input and output positions and the nulls occur at 90°

from the coupling gap locations. For a microstrip ring, 4, can be expressed as



(2.2)

where ¢ is the speed of light and ¢ , is the effective dielectric constant of the

eff
microstrip. From (2.1), the resonant frequencies can be written as

nc

f=——r—  forn=1,2,3, .. (2.3)
27r,)€ 5

Figure 2-2 shows the simulated resonant frequencies of some leading modes of an
uniform ring resonator using loose coupling with outer radius »,= 12.3 mm and inner
radius ;= 11.7 mm on a substrate with relative dielectric constant ¢ = 10.2. The

electromagnetic simulator IE3D [18] I1s-used for simulation.

2.2 Transmission Zeros of Uniform Ring Resonator Filter

Figure 2-3 shows the response of a traditional .dual-mode ring resonator filter
with a perturbation patch (Z,) when the space between input and output ports is 90°
[5]. These zeros are attractive for filter design since they improve the frequency
selectivity. The transmission line theory can be used to calculate these zeros. By
attaching the input and output ports directly to the ring and applying the even- and
odd-mode analysis to the symmetrical circuit as shown in Figure 2-4, the input
admittances Y;,. (PQ plane open-circuit) and Y;,, (PQ plane short-circuited) can be

derived as following:



£tan 0,+7Y, tanezT

Y, = Yy (tan -+ =) (2.4)
2 Y, ——2tan g, tan—-
2 2

Y, =—jY, (cote—ZS + cot %T) (2.5)

The transmission zeros can be obtained by solving Y;,. = Yi.,. Apparently, the roots of
Yine - Yino = 0 Will be functions of &, i.e. the spatial angle between the input and output
ports.

Figure 2-5 shows f,,, f.» and the transmission zeros f,,. as functions of 6, for
uniform ring resonator, where n and-m are positive integers. All these data can be
calculated by a root-searching program. Obviously, all £, and £,, will be independent
of &, since they are natural frequencies of the resonator and will not be affected by
any 6. For the transmission zeros, they can be adequately adjusted by tuning the 4,. It
IS interesting to note that when 6, = 90°, the first passband will be symmetric about f;
since f1. and f>, are symmetrically allocated on both sides of the passband, but the
second passband will have only one resonance because f3, eliminates the f,.

To improve high insertion loss caused by loose couplings, many new
configurations have been investigated [19]-[23]. The enhanced coupling
configurations with minimum perturbation shown in Figure 2-6a, b and c are designed
to improve the insertion loss. For filter applications, the line-to-ring structure is

usually used to obtain a better insertion loss. A ring resonator with more coupling



periphery is shown in Figure 2-6d. If the line-to-ring structure is used, the insertion
losses will be better but the resonance frequencies will also be affected. It is intuitive
that the longer the line-to-ring structure, the greater the effect on the resonance
frequencies and transmission zeros. To investigate the effect of the line-to-ring
structure on the transmission zeros of the ring resonator filter, four ring circuits
designed at a fundamental frequency of 1 GHz with different coupled line length are
simulated using IE3D [18]. The layouts of the four circuits are in Figure 2-7, and
responses are shown in Figure 2-8. For the sake of simplicity, resonant frequencies are
not plotted here. As shown in Figure 2-8; the transmission zeros of the filter with the
longest coupled line have the lowest frequencies. When coupled-line length > 50° the
|S21] deceased and the |S11| increased because the circuit is over-coupled. We conclude
that due to the line-to-ring structure when coupled-line length = 50°, the resonant
frequencies and the transmission zeros shift to lower frequencies when the length of

the coupled-line is increased.

2.3 Periodic Stepped-Impedance Ring Resonator (PSIRR)

As described in [6], the ring peripheral of a periodic stepped-impedance ring
resonator (PSIRR) consists of interlaced hi-Z and low-Z sections. Let N denote the
number of periods in the ring. Figure 2-9 shows two such rings with N = 8 and 6 of
which the hi-Z and low-Z sections have characteristic impedances Z; and Z, and

electrical lengths &, and &, respectively.



The perturbation Z; in the plane of symmetry PQ is used to split off the
degenerate modes. Two additional patches denoted by Z, are also incorporated for
perturbation. However, they are not used in analysis until the circuits are realized in
Section 2.5. The resonant condition for PSIRR can be derived by the transmission-line
theory [5]. For example, the PSIRR with N = 6 can be modeled by the
multistepped-impedance lines as shown in Figure 2-10. Its odd and even resonance
frequencies can be obtained when the PQ plane is treated as short- and open-circuited,

respectively. For the even mode,

e
Y;ven = }/leftt + )]right

‘=0 (2.6)

Z,(Z, tan 6, —=Z, cot '922) +Z,tang(Z;+ Z, cotezztan 6,)

=7, ; ; 27)
lefi Z,(Z,+Z,cot ?2 tan )~ Z, tan 6,(Z, tan 9, — Z, cot ?2)
1 -z, Z, +{Zl tan 6, 2.8)
Y e Z, +jZ, tan g,
0, 0,
Z,(Z tan6, - Z,cot—2)+Z, tan 6,(Z, + Z, cot—=tan 6,)
Z,=jZ, 2 2 (2.9)

Z,(Z,+Z, cot‘gz2 tand,) - Z, tan 6,(Z, tan 6, — Z, cot 022)

By using the approach in [6], the resonant spectrum of the resonators can be



readily obtained. Figure 2-11 plots the split up modal frequencies f,, and f,, (n = 1 ~ 3)
against & for the resonators with R = Z1/Z, =3 and R’ = Z;/Z3 = 1.2R for N =4 and 6,
and R = 3 and R’ = 0.5R for N = 5 and 8. Note that f,, and f,, are calculated by
treating the PQ plane as an electric and magnetic wall, respectively. All frequencies
are normalized with respect to the fundamental frequency of a uniform ring resonator,
fo. It is noted that the impedance junctions between the low- and high-impedance
sections are not taken into account for the sake of simplicity.

Figure 2-12 investigates the changes of f,, and f,, and of ratios f,/f1 and f3/f1 with
respect to variation of R for resonator.with ¥ = 8. The purpose of the ratio f3/f; is to
check the unwanted resonance next-to the second passband. One can see that all
resonances shift down to lower frequencies as R is increased. The ratio f,/f; moves

from 2.0 to 1.89 when R is increased from 1 to 8.

2.4 Transmission Zero Design Graph

In [5], the resonance frequencies and transmission zeros of a dual-mode ring
resonator bandpass filter are calculated by the transmission line theory. Thus, the
transmission zero design graph can be plotted against the space separation angle
between the input and output ports. The transmission zeros of the periodic
stepped-impedance resonator can be calculated as follows. Let the lengths of upper
(¢#1) and lower (¢#,) arms of the line-to-ring structure be zero, attach the input and

output ports directly to the ring, and derive the input admittances Y;,. (PQ plane open-
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circuited) and Y, (PQ plane short-circuited). Then, we can solve the nonlinear

equation Y

e

—-Y, =0 to calculate the zeros. Figure 2-13 shows the transmission
zeros for a PSIRR with N =8. Apparently, the transmission zeros are functions of &. It
can be observed that there are two zeros on both sides of the two split-up degenerate
modes. For the first passband, it suggests &s be between 65° and 115°, since the
passhand may be altered when £,.. is too close to ;. or f,,. When s < 60° and 65 >
120° f1. and f>. are close to f1, and fi,, respectively. Also, 7. and f;. have a close
proximity to f2, and f5, as 55° < 6 < 125° and & < 40° or @ > 140°. When 65 = 180°,
f1- and fa, are in near neighborhoods of f1, and f2,, respectively. It is worth mentioning
that passband response can be greatly affected if any zero gets too close to the
resonant peaks. It is interesting to note that f2. and f3.-merge together at certain &5
point, and so fz. and fs, do.

Figure 2-14 plots the simulated |S2| responses in the first and the second bands
using the software package IE3D [18], for a PSIRR filter with N =8, 7, =80 Q, Z, =
25.3Qand Z3 =55.8 Qand ¢ = ¢ = 0 for & = 90° 112.5° and 135°. The substrate
has & = 10.2 and thickness = 1.27 mm. The feed lines are separated from the ring by a
small gap. When 65 = 90°, the two peaks in the first band have a similar |Sy| level. It
will lead to a symmetric passband. In the second band, however, only one peak exists
since f25 is suppressed by fs, as validated by Figure 2-13. When the separation angle
0s = 135°, the two peaks in the second band have a similar |S,4| level, but there is no

transmission zero near the passband. When & = 112.5° the level differences between

11



the two peaks in both bands are less than 7 dB. Note that in this case each lower peak
is neighboring with a transmission zero. Thus, both passbands may have an
asymmetric response when the two peaks have identical input and output coupling
[6].

Figure 2-15 and Figure 2-16 show the resonances f,, and f,, and zeros f,,. against
6 for the resonator with N = 6 and N = 5. Note that f3, is not shown since it is far
away from f3, for N = 6 (See also Figure 2-11).

Figure 2-11 shows the second resonances of PSIRR with N = 4 are not
degenerate, and f, is far away from f25 This introduces a challenge to synthesis of the
second passband. To tackle this problem, extra open stubs (width 7 and length ¢) are
incorporated into the design. Figure 2-17 draws the circuit layout, showing that the
stubs are attached to the middle of the Z;-section and have a space angle of 45° away
from the plane PQ. Consider the lower-right quarter of the ring. The resonances f2,
and £, are the natural frequencies of a stepped-impedance (Z,-Z1-Z,) section when the
centers of the Z, sections are short-circuited and open circuit, respectively. Thus, the
center of Z; is a virtual ground point at f2,, and an open circuit point at f,,. Attaching
any stub to this point will not alter 72, but will bring £, down to lower frequencies,
depending on the lengths of the stubs [24]-[25]. Here, two stubs, rather than four for
all the centers of the Z;-sections, are sufficient for the frequency tuning purpose.

Figure 2-18 plots the resonant peaks f,.,, f.» and transmission zeros f,,. versus the

normalized length ¢/(A./4), where A, is the guided wavelength of a uniform ring

12



resonator with line impedance Z; at f;. Here, the s = 90° is used. It is worth
mentioning that these results are obtained by direct computation based on the
transmission-line theory, as those in Figures 2-12, 13, 15 and 16. One can see that f2,
and f3, shift down rapidly to lower frequencies as ¢/(11/4) is increased. This is because
at the f, and f3;, resonances the open stubs are attached to the positions where
maximal voltages occur. Note that 75, does not change when ¢/(A1/4) is changed, and
that f2, is collocated with f3. since € = 90° is used. It is worth mentioning that the two
resonances and the two zeros of the first passband decrease slowly and simultaneously
when /7 is increased, and that f. > fa;-when ¢/(A1/4) < 0.08 or ¢/(A/4) > 0.375. The

01(\1/4) here is selected as 0.4 to synthesis the dual-mode dual-band bandpass filter.

2.5 Simulation and Measurement

Four dual-mode dual-band PSIRR bandpass filters are fabricated on a substrate
with & = 10.2 and thickness = 1.27 mm. The design procedure for N =5, 6, and 8 is
shown in Figure 2-19.

Figure 2-20 plots the simulated and measured results of the N = 8 dual-mode
dual-band filter with &s = 112.5° It is designed to have f; = 2.5 GHz and £, = 4.72
GHz and fractional bandwidths A; = 6.04% and A, = 5.51%. The circuit parameters
are the same as those used in Figure 2-14. The corresponding line widths for the
sections Z1, Z, and Zs, are 0.36, 3.80 and 0.93 mm, respectively. The outer radius of

the ring is 5.78 mm and the area occupied by the circuit is only 58.3% of a
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conventional dual-mode ring filter operating at fi. The gap size between the
line-to-ring coupler and the ring resonator is 0.15 mm, and ¢ = 51° and ¢ = 39°. The
line-to-ring coupler has to support the two passbands simultaneously.

The patches Z, are used to trim the bandwidths. As shown in Figure 2-14, the
distance between the two peaks at f; is larger than that at 1, so it needs more coupling.
In this case, however, stronger coupling with larger ¢, and ¢, will cause the response
at f1 to be over-coupled. Thus, the patches are added at virtual short-circuited
positions for the even mode resonance at />, leading to a shorter distance between the
two peaks so that the required coupling level needs no more increment. At the same
time these positions are the open circuit points for the resonances at f;. The patches
bring both resonances at £ -t0 shift down together, but-the change of bandwidth is
negligible. The size of Z, is 0.5x0.37 mm?®.

In Figure 2-20, the measured insertion losses are 1.9 dB and 1.5 dB and return
losses are better than 18 dB and 15 dB at f; and f,, respectively. The four transmission
zeros are at 2.42 GHz, 3.5 GHz, 4.55 GHz and 5.85 GHz, offering good transition
responses. The first spurious in the upper rejection band occurs at 6.3 GHz, which is
close to the theoretical value (point 4) in Figure 2-12. Figure 2-21 shows the
photograph of the experimental circuit.

A similar design procedure can be applied to the PSIRRs with N = 5 and 6. A
study of the PSIRRs with N = 5 and 6 similar to that in Figure 2-12 shows that the

frequency ratio f>/f1 is between 1.8 and 2.0. As shown in Figure 2-11 for N = 6, the
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resonant frequency fs, is much larger than f3;, a wider upper stopband can be achieved
if the resonance at f3, can be suppressed. This can be done by allocating the zero fs,
very close to it, leading to the separation between the input and output & = 62.5° as
shown by the dashed line in Figure 2-15.

For the resonant spectrum of N = 5 as shown in Figure 2-11, the resonant
frequencies f3,and f3, are higher than £,, and f2,, and a desirable upper stopband can
be realized easily. Here, we have a degree of freedom to select & for the transmission
zeros, so that a wide stopband can also be achieved at the same time.

Figure 2-22 presents the simulated-and measured results of the PSIRR bandpass
filter with N = 6. Both the line:width-and gap size of line-to-ring structure are 0.2 mm.
The radius of the ring is 5.67.mm, and its normalized area is 57.2%. The circuit has f;
= 2.49 GHz and f; = 4.77 GHz with fractional bandwidths A; = 8.11% and A, = 4.54%.
The measured |Sz;| at f1 and f; are 2:39/dB and 2.2 dB, respectively, and |Sy1| at both
frequencies are better than 15 dB. The two pairs of zeros located at both sides of
passbands are 1.93 GHz, 2.57 GHz, 4.35 GHz and 5.49 GHz. Since f3, is totally
suppressed by fs., the circuit demonstrates an improved upper stopband performance
as compared with the previous filter with N = 8. Again, two Z, patches are
incorporated into the circuit for tuning the passbands. The measured data show
reasonably good agreement with the simulation. Figure 2-23 shows the photograph of
the measured circuit.

Figure 2-24 shows the simulated and measured results of the experiment filter
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with N = 5. The circuit has f; = 248 GHz and f, = 4.55 GHz with fractional
bandwidths A; = 4.03% and A, = 3.77%. Figure 2-25 is the photo of PSIRR bandpass
filter with N = 5. The radius of the resonator is 6.04 mm, and it occupies about 65% of
the area of a conventional ring resonator at the first frequency. The circuit also
demonstrates an improved upper stopband performance. In the case, we have the
freedom in choosing the position of transmission zeros as compared with the PSIRR
filter with N = 6. The four transmission zeros located at both sides of passbands are
2.37 GHz, 3.27 GHz, 4.42 GHz and 6.71 GHz. The measured result has good
agreement with the simulation.

Figure 2-26 plots the simulated-and measured results of the filter with N = 4. The
value of ¢/(\1/4) is selected as 0.4. Note that f1, and f1, support the first passband and
f2a and fg, establish the second one. The latter two resonances are non-degenerate
modes, like the design in [14]. The circuit has f1 = 2.47 GHz and f; = (f2, + fas)/2 =
5.83 GHz with A; = 5.39% and A, = 7.07%, respectively. Note that the ratio fo/f; =
2.36 > 2. The measured |S11| and |S2;| are —=10.2 dB and -1.6 dB at f; and -31.1 dB
and -2.18 dB at f,. The |Sz| glitch around 4 GHz confirms the fact that £, is
suppressed by f3,. The peak at 6.75 GHz is f3,, which is 2.8 f; and has about 7% error
compared with the curve shown in Figure 2-17. The deviation could be due to the
parasitic effects of the impedance junctions which are not taken into the account in the
transmission line theory. The measured passband responses have good agreement with

the simulation. The circuit uses 62% of the area of a conventional ring filter at f3.
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Figure 2-27 shows the photograph of the test circuit.
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Figure 2-1 The uniform impedance microstrip ring resonator with feed line
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Figure 2-2 Simulated resonant characteristic of a UIR in Figure 2-1 for n = 1 to 5.
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Figure 2-3 Simulated response of the-UIR with r,= 12.3 mm, »;= 11.7 mm and patch

area = 2x3 mm? when the space between input and output ports is 90°.
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Figure 2-4 Uniform impedance resonator using even- and odd-analysis.
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Figure 2-5 Transmission zero-design-graph for the UIR with Zzx= 70 Q, Zp= 40 Q and
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Figure 2-6 Four excitation schemes with lower insertion loss.
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() (d)
Figure 2-7 Four UIR circuits with line-to-ring coupling of different coupled line

lengths. (a) length = 0°. (b) length = 10° (c) length = 30°. (d) length = 50°. All

electrical lengths are at the first resonant frequency.
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Figure 2-8 Simulation results of four UIR circuits with different coupled-line lengths.

Figure 2-9 The periodic stepped-impedance ring resonator with line-to-ring coupling

structures. (a) N=8. (b) N=6.
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Figure 2-10 The periodic stepped-impedance ring resonator with N = 6 in the even-

and odd-analysis.
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Figure 2-13 Transmission zero design graph for the PSIRR with N=8. R =3, R’ =

0.5R.
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Figure 2-14 Test of |S»| responses for the ring resonator filter with N = 8. (a) f1. (b)
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Figure 2-15 Transmission zero design graph for the PSIRR with N=6. R =3, R’ =

3.6.
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Figure 2-17 The N = 4 periodic stepped-impedance ring resonator with line-to-ring

coupling structure and two open stubs.
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Figure 2-19 Design procedure for N =5, 6, and 8.
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Figure 2-20 Simulation and measured-of PSIRR with N.= 8.
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Figure 2-21 Photograph of PSIRR with N = 8 for the results in Figure 2-20.
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Figure 2-23 Photograph of PSIRR bandpass filter with N = 6 for the result in Figure
2-22.
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Figure 2-25 The dual-mode dual-band bandpass filter with N = 5 for the result in

Figure 2-24.
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Figure 2-26 Performances of dual-mode dual-band bandpass filter with N = 4. Circuit

parameters: Z; = 91.3 Q, Z, =30.4 Q, Z3 = 25.Q, /= 3.6.mm, ¢ = 40°, and ¢, = 40°.
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Figure 2-27 Photograph of PSIRR with N = 4.
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Chapter 3

New Miniaturized Dual-Mode Dual-Band Ring

Resonator Bandpass Filter With Microwave C-Sections

In this Chapter, a brief introduction of the microwave C-section is firstly given.
The microwave C-section has nonlinear phase shift property in frequency and is
suitable for development of dual-band devices [17]. In [17], the microwave C-section
together with two transmission line sections is used to design to possess phase
changes of 90° and 270° at the first and-second frequencies, respectively. Here, each
C-section is used to substitute ‘a transmission line section of designated electrical
length. By proper design of input/output coupling configuration, two transmission
zeros can be created on both_sides of each passband. The proposed dual-mode
dual-band bandpass filter has an area reduction of better than 70% as compared with a
conventional dual-mode ring filter. Measurement results of two fabricated circuits

validate the analysis and theoretical prediction.
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3.1 Analysis of the Microwave C-Section

Figure 3-1 shows the microwave C-section [16]. It consists of two
parallel-coupled lines of equal length connected at one end. Ideally the connection is
of zero length. By applying the even- and odd-mode analysis to the circuit, the
reflection coefficients 7;,. (PQ plane open-circuit) and 7;,, (PQ plane short-circuit)

can be derived as follows:

—~jZ,,cotl, - Z
I". — .] oeCO 90 o

3.1
" —jz,cotl +Z, 3.4

_jZ,tanb. -7,
"Gz tand 4 Z,

(3.2)

The S7; and phase differencé between ports 1 and 2, ¢, can be expressed in terms of
the even- and odd-mode characteristic impedances.of the coupled line and electrical

length as follows:

(Z, cotd.+Z, tan6,)

_ (3.3)
# 7z cotf.—Z tan@. +2j\Z,.7,,
Zoe _tan? 0.
Z
COS¢p = Z— (3.4)
% t+tan’ @,

00

The ¢ of such a coupled-line element is plotted versus .. Figure 3-2 shows the
phase response of the microwave C-section for three values of the Z,./Z,,. It can be
seen that the more nonlinear response can be obtained by using a larger coupling.

Figure 3-3 is the proposed elementary two-port for constructing the dual-mode
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dual-band ring resonator filter. It consists of two transmission line sections of length
61 and characteristic impedances Z; with a microwave C-section of electric length 6.
in between. In our approach, a ring resonator is treated as a cascade of N identical
sections and each of them will be implemented by the network in Figure 3-3. Then, let
the two designated frequencies be f; and f; = nf1, and the characteristic impedance of

the ring peripheral be Z,. For simplicity, Z, = Z, =\/Z ,Z,, is chosen, where Z,, and

Z,, are the even- and odd-mode characteristic impedances of the coupled-line. By
enforcing the ABCD matrix of the two-port to be equal to those of a uniform section
of 6, = 27N and 26, at f1 and f,, respectively, the following four equations can be

readily derived:

F(6.)c0s26; + 27315In26, = E(6.)c0s6), (3.53)
F(6,)sin26, — 2Z,c0s26, = E(6,)sing, (3.5b)
F(n6.)cos2n6 + 27Z:5in2n 6, = E(n6.)cos26, (3.5¢)
F(n6,)sin2n6, — 2Z,c082n 6, = E(n6.)sin26, (3.5d)
where
E(p)=-Z,.cot p—Z,,tan ¢ (3.6a)
F(p)=-Z,.cot p+ Z,,tan ¢ (3.6b)

Based on (3.5) and (3.6), Figure 3-4 plots z,., z,, and &. as functions of » for 6, =

60° with @, = 14° and 6, = 90° with &, = 24°. Here, Z; = 85 Q is chosen and z,, and z,,
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are respectively Z,. and Z,, normalized with respect to Z, = 50 Q, the reference port
impedance. Such a high Z; is chosen since narrow lines are capable of providing
sufficient large coupling to our dual-band design. In Figure 3-4, z,. and z,, gradually
decrease and increase, respectively, when = is increased from 1.5 to 2. It is noted that
when n = 2, the C-section has z,. = z,,. This means that the two-port becomes a folded
uncoupled section at f, = 2f1, which in turn implies that our structure is limited to »

<2

3.2 Transmission Zeros and Bandwidth-Control With Perturbation Patch

Figure 3-5 and Figure 3-6.depict the layout of the filter with four C-sections and
six C-sections, respectively,-on a substrate with & = 10.2 and thickness = 1.27 mm.
The perturbation patches 4,; and 4, are used to split off the degenerate modes at the
two designated frequencies (f1 = 2.44 ' GHz and f, = 4.49 GHz). Figure 3-7 plots the
simulated results with /., = /., = 0 for testing the electrical length & (evaluated at 17),
where the circuit is weakly coupled by the feed lines. One can see that all |Sy| curves
possess a dual-resonance response at f1 and £, with two transmission zeros on both the
upper and lower sides. Note that only one resonant peak exists and no zero around £,
when @ = 90° since one of the two degenerate modes has null voltage at the
excitation position and it is not activated. Herein, & = 60° rather than 45° is used
since enough space should be saved for 7,;.

Table 1 lists the resonant frequencies when the patches are changed, showing the
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control of the two bandwidths. The patches are placed at the two symmetric planes of
the resonant modes. At fi, 4,1 can change the even mode frequency but has no
influence on the odd mode, where the voltage is zero. This is exactly the same as the
function of the perturbation patch in design of the traditional ring resonator filter [4].
The impact of the changes of 4,, on the resonance modes at f; and f> can be explained
in a similar way.

The interdigital structure (/.1 = 0) is used to provide coupling from the feed line
to the circuit. It is found that the first band needs more coupling to establish the
passband. Increasing /.1, however, will decrease the bandwidth at f,. We had such
experience in developing the-multi-mode filter in [26]. Then, 4,, are increased to
compensate this effect. This-will decrease the bandwidth-at f1; this in turn contributes

a positive factor for establishing a passband with satisfactory return loss.

3.3 Simulation and Measurement

Two dual-mode dual-band bandpass filters are fabricated on a substrate with & =
10.2 and thickness = 1.27 mm. The structure parameters are listed in Table II. Figure
3-8 plots the simulated and measured results of the experimental circuit with four
C-sections. The fractional bandwidths A; and A; at f; and f; are 3.03% and 6.97%. The
measurement shows that the insertion losses are 2.56 dB and 1.45 dB, and return
losses 23.5 dB and 26.4 dB in the first and the second passbands, respectively. The

two pairs of zeros located at both sides of passbands are 2.03 GHz, 2.6 GHz, 4.25
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GHz and 5.53 GHz. The circuit occupies only 27.3% of the area of a traditional ring

resonator filter designed at f;. Figure 3-9 shows the photograph of the test circuit.

Figure 3-10 shows the simulated and measured results. The circuit is designed to

have f1 = 2.42 GHz and 1, = 4.61 GHz with A; = 3.5% and A, = 6.24%, respectively.

At f1 and f, the measured |S2;| are 2.39 dB and 1.56 dB, respectively, and the in-band

return losses are better than 15 dB. The transmission zeros are at 1.93 GHz, 2.57 GHz,

4.35 GHz and 5.49 GHz. Figure 3-11 shows the photograph of the second dual-mode

dual-band bandpass filter with six microwave C-sections. The circuit has 29.1% of the

area of a traditional ring filter. Good -agreement between simulated and measured

results can be observed.

TABLE |

CONTROL OF TwWo BANDWIDTHS WITH A p1 AND Ap)

f1(GHz) f2 (GHz)

Ay (Mm?) | 4,7 (mm? BW (% BW (%

o ) | Az () even | odd | f; ) even | odd | f> ()
1.2x0.418 | 0.715x0.4 | 2.53 | 2.56 | 2.55 1.18 453 | 468 | 461 | 3.25
1.7x0.418 | 0.715%0.4 | 2.50 | 2.56 | 2.53 2.37 440 | 468 | 454 | 6.17
2.3x0.418 | 0.715%x0.4 | 2.45 | 2.56 | 251 | 4.38 425 | 468 | 447 | 9.62
1.7x0.418 | 0.6x0.4 | 2,50 | 2.57 | 2.54 2.76 444 | 468 | 456 | 5.26
1.7x0.418 | 0.8x0.4 | 250 | 2.54 | 2.52 1.58 435 | 468 | 4.52 7.3
1.7x0.418 1x0.4 | 250|250 | 25 0 423 | 4.68 | 4.46 10.9
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TABLE |1

CIRCUIT DIMENSIONS FOR THE TWO FILTERS (CIRCUIT DIMENSIONS IN MM)

Filter S | S Se w | W, | We | 4 O | by | Lo Ap; Ap>
Four 0.16 | 0.15]| 019 | 0.15 | 0.25]0.15|3.81|3.23 157 | 1.5 1.7x 0.715x%
C-sections 0.42mm? | 0.4mm?
Six 0.16 1 0.15] 015 | 0.15 | 0.25|0.15| 251|201 (194 | 1.44 1.1x 0.9x
C-sections 0.7mm? | 0.47mm?
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Figure 3-2 Phase response of the microwave C-section with different Z,./Z,,.
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Figure 3-8 Simulated and measured results of the ring filter with four microwave

C-sections.
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Figure 3-10 Simulated and measured results of the second dual-mode dual-band ring

filter with six microwave C-sections.

43



Figure 3-11 Photograph of the-se nith six microwave C-sections.
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Chapter 4

Conclusion

This thesis presents two miniaturized ring resonators for design of dual-mode
dual-band bandpass filter: one is the periodic stepped-impedance ring resonator
(PSIRR) and the other is ring resonator with microwave C-sections. For the PSIRR,
the resonant properties of the resonators for use in dual-band design are investigated.
A transmission zero design graph is proposed to facilitate filter synthesis and
realization. With the aids of this graph, each-of the two passbands of the filter can be
designed to possess two tuned transmission zeros on both sides. It is believed that all
designs of ring resonator bandpass filters-can be benefited by this graph, which can be
easily established by the transmission line theory.-Four filters are realized and their
performances are compared with the simulation. The filter with & = 8 demonstrates
sharp transition and good rejection performances between the two passbands. The
circuits carried out with N =5 and N = 6 show an improved circuit performance in the
upper stopband.

In the design with N = 4, extra open stubs are incorporated to achieve the
dual-mode property in the two passbands. The major drawback of rings with N =5, 6
and 8 for design of dual-band circuit is the narrow ratio range of the second to the first
operation frequency. However, it can be significantly extended by using the shunt

open stubs, as shown for the case with N = 4. The PSIRR with N = 4 can operate at
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2.4/5.8 GHz, which is very suitable for WLAN applications. All the realized circuits
occupy only about 60% of area a traditional ring filter at the first frequency. The
measured responses show good agreement with the simulated results.

The second miniaturized dual-mode dual-band ring resonator bandpass filters are
developed by cascading the microwave C-sections to constitute ring resonators. The
circuits use less than one-third of the area of a conventional ring resonator bandpass
filter designed at the first frequency. The two experimental circuits demonstrate good
inband insertion losses and return losses. In addition, two transmission zeros are
created on both sides of each passband: The shortcoming of this circuit structure is the
limited tuning range of the second; frequency. The measured results agree very well

with their simulation counterparts.
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