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ABSTRACT 
 

 as satellite 

 of new filter 

se of design. 

dpass filters have been proposed in this thesis and their detailed analyses 

were provided.  

ontrolled just 

rs were thus 

orm of a local defect ground has 

also ground return 

currents, a novel yet simple filter has been designed and tested. 

clude the 

gle pair. The 

ered that the 

quencies were 

modes was found to be a function of the difference between the two set of lumped 

g attenuati

By combining the above ideas, a new miniaturized resonator was conceived. A 

novel Butterfly Radial Stub (BRS) was introduced to load and miniaturize the 

resonator and a Local Ground Defect (LGD) was introduced in the ground to act as 

the perturbing element. The effect of the latter was electrically modelled by a series 

 
The advancement of modern communication systems such

broadcasting and cellular phone networks has accelerated the evolution

designs as well as techniques with emphasis in compactness and ea

Several ban

A modified microstrip patch with etched away conductor in the centre was 

found to exhibit degenerate modes, and the amount of coupling can be c

by tuning the relative positions of the etched holes. Miniaturized filte

designed from this knowledge. A new idea in the f

 been investigated and by exploiting the fact that it disturbed the 

The dual mode filter has been given a new analysis treatment to in

dual-pair loading of perturbing elements as opposed to the traditional sin

former offered more flexibility in terms of design and it was discov

modified resonator frequency as well as the even and odd mode split f e

all controlled by a similar characteristic equation. The coupling between the split 

on 

r

element values. Another merit derived from such a topology is that it also allows 

bandpass filters to be designed with or without the typical accompanyin

poles.  
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inductor and a parametric equation was obtained to compute its inductance. A second 

d with its second harmonic at l

tim

troduced and 

und that the 

which it has been sandwiched. The coupling was induced by a pair of square corner 

and the amount by its size. A stripline T-junction was also utilized to form the I/O f

this filter and a X-band bandpass filter was realized. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

order bandpass filter was successfully designe east three 

es away from the filter centre frequency. 

A new and robust multilayer bandpass filter topology has been in

embedded in Low-temperature Cofired Ceramics (LTCC). It was fo

bandwidth in such a topology can be adjusted by simply adjusting the two grounds of 

or 
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CHAPTER 1 

 

INTRODUCTION 

s has dema

novel filter topologies featuring miniaturized and light-weight designs [1][2][10][32]. 

The accompanying design techniques also have to demonstrate ease of desig

Conventional fil  

9] topologies. 

ed filters [51] 

 novel filter 

topologies as well as design techniques have to be explored to cater to new demands. 

They must not only be applicable to single layer substrate, but they must also be 

compatible in multilayer packaging solutions such as one Low-Temperature Cofired 

Ceramics (LTCC) [41][50]. The suggested LTCC multilayer packaging technique 

over here is based on co-firing of pre-defined layers of “green” or raw tapes at a 

comparatively low curing temperature usually at about 850 48]. The ability to 

embed passive component such as RLCs and filters in the substrate body as well as to 

construct cavities for MMIC placement have been very much well received by the 

1.1 Objectives 

 Two objectives are set to be accomplished in this thesis. The main objective is 

to develop new novel filter topologies that are suitable for both single and multilayer 

substrate body integration. The second objective is the requirement that the design 

 

 The recent development of communication system nded a slew of 

n as well 

as fabrication so as to minimize turn-around time for these filters. ter

designs have chiefly centered on LC, interdigital as well as combline [1

Lately, high performance High Temperature Superconductors (HTS) bas

have also began their presence in cellular base stations. However, new

C° [

industry.  
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techniques must feature compact integration and layout that is simple to construct. 

The focus of this thesis is in the 2.0 GHz to 2.4 GHz communication band for the 

planar filters fabricated on top of a piece of organic substrate, with the exception of 

the embedded filter which was in the X-band. The de ail information  

bandwidth and centre frequencies are specified in the respective chapters.  

1.2 Main Contributions 

 With the two objectives in mind, five filters were designed and fabricat

altogether in this thesis. Four of them were filter topologies realized on a single lay

organic substrate, such as RT/D s Corporation.  The fifth is 

an embedded filter in LTCC with stripline I/O interface. All of these filters have been 

explored and successfully 

 

• cells has be n 

main advantage obtained in this modified patch resonator is 

 min nerate modes 

h good out-of-

band rejection f

• Chapter 3 – A new idea of a local perforated ground to perturb the ground return 

currents is investigated experimentally

ques to control th  between t e 

dual degenerate modes can be controlled and very compact filters are designed.  

• Chapter 4 – Two pairs of capacitors are incorporated into a ring resonator to 

perturb the dual generate mode frequencies. In doing so, the self resonant 

frequency can now be controlled by a single characteristic equation, and so are 

t  on the

 

ed 

er 

uroid laminates from Roger  

investigated.  They are summarized as below: 

 Chapter 2 – A new planar circular microstrip patch with etched e

proposed. The 

electric iaturization and ease of implementation. The dual dege

in this a  realize a high performance wit

ilter.  

al

resonator re exploited to

 in this filter design. Using etching 

techni e size of these perturbations, the coupling h

 2



the even- and odd-mode frequencies. The coupling coefficient of the filter can 

e difference in the capacitanc o pairs of 

. The capacitor arrangement also allows the designer to miniaturize t

• ], a Butter

e. Tw

pairs of BRS are incorporated into a ring resonator and a Local Defect Ground 

onstrated using this technique.  

• Chapter 6 – A Stacked Ring Resonator (SRR) i  the 

rner has been 

e of the degenerated dual m des. A simple stripli

input/output (I/O) scheme is deployed to connect the filter to other exposed active 

oncept. 

 

1

t of publications arising from the work reported in this thesis. 

 

1. ed Microstrip 

r,” IEEE Microwave and Wireless Comp. Lett., 

vol.12, no.7, Jul. 2002. 

 

2. B. T. Tan, J. J. Yu, S. T. Chew, M. S. Leong and B. L. Ooi, “A dual-mode 

bandpass filter on perforated ground,” Proc. Asia-Pacific Microwave Conf. 

(Korea), vol.2, pp. 797-800, Nov. 2003. 

 

be 

shown to be a function of th es of these tw

capacitors he 

ring resonator. 

 Chapter 5 – By combining the experience gained in [9] and [23 fly 

Radial Stub (BRS) is proposed as a form of miniaturization loading schem o 

(LDG) i plementation is proposed as the perturbation scheme. Quality filters 

have been dem

s proposed with intent to 

incorporate it into a multilayer LTCC substrate body. A square co

devised as the coupling schem o

m

 filter has been buil st

ne 

devices such as MMICs. A rate this ct to illu

.3 Publications Arising From Research 

Below is the lis

 B. T. Tan, S. T. Chew, M. S. Leong and B. L. Ooi, “A Modifi

Circular Patch Resonator Filte
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3 A dual-mode 

turbation,” IEEE Trans. Microwave 

Theory Tech., vol. 51, no. 8, pp. 1906-1910, Aug. 2003. 

 

4 miniaturized 

dual-mode ring bandpass filter with a new perturbation,” IEEE Trans. 

Microwave Theory Tech., vol. 53, no. 1, pp. 343-348, Jan. 2005. 

 

5. B. T. Tan, S. T. Chew, . S. Leong and B. L. Ooi, “A Dual Degenerate Mode X-

Band Bandpass Filter in LTCC," Microwave and Optical Tech. Lett., vol. 48, no. 

11, pp. 2246-2249, Nov. 2006. 

 
  

This thesis is organized into seven chapters with Chapter 1 as the introductory 

chapter. Chapters 2 to 6 describe the work done in this thesis, mainly comprising of 

s. Chapters 2 to 5 de

with single layer substrate implementation, while Chapter 6 proposes a topology th

is suitable for multilayer integration such as in LTCC. Chapter 7 summarizes the 

overall work done and concludes the thesis. Some prospective ideas are also discuss

for future development.  

 

. B. T. Tan, J. J. Yu, S. T. Chew, M. S. Leong and B. L. Ooi, “

bandpass filter with enhanced capacitive per

. B. T. Tan, J. J. Yu, S. T. Chew, M. S. Leong and B. L. Ooi, “A 

 M

1.4 Thesis ganization 

new filter topologies an  their corresponding detailed analysi al 

at 

ed 

Or

d
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CHAPTER 2 

A MODIFIED MICRO IRCULAR PATCH RESONATOR 

FILTER 

 

2.1 Introduction 

Microwave resonators are widely employed in a myriad of applications such 

 

ular stubs are 

s approach is 

filter [3][8]. In [4], it has been demonstrated that a square microstrip resonator can 

round plane 

 holes off the 

 It is 

 

compared to the conventional disk resonator of the same size. Filter response

achieved by offsetting the positions of some of these holes. The coupling level with 

respect to the amount of offset is then characterized. A commercial EM simulator 

(IE3D) [5] is used to simulate the filter response. A two-pole bandpass at 2.0 GHz 

filter with a bandwidth of 8% is designed and measured. 

 

 

 

STRIP C

as filters, oscillators and tuned amplifiers. There is a strong interest in the wireless

communication community to miniaturize such resonators. In [1], triang

used to achieve miniaturization by exploiting the slow-wave effect. Thi

also adopted in [2] whereby slow-wave open-loop resonators are employed. It has 

been shown that a resonator with dual degenerate modes can also be designed as a 

also exhibit filter characteristics by etching periodic structures on the g

underneath with some defects. 

In the present work, a filter is designed by etching four circular

microstrip disk resonator instead. This allows ease of assembly and packaging.

also expected that the modified resonator will exhibit a lower resonant frequency, as

 is 
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2.2 Disk Resonator 

 

g a perfect magnetic wall at r = a. The 

dominant TM110 mode resonant frequency is given by: 

 

The resonant frequency of a microstrip disk resonator, as shown in Figure 

2.1(a), can be readily approximated usin  

ra
cf
επ2

841.1 0
110 =

                                                      (2.1) 

 

wh

ith a d nt

ere c0 is the speed of light. 

 

For a 2.4 GHz resonator using RT6010 w ielectric consta  rε of 10.2 

 to be 11.47 

mm. The resonator is then analyzed using an EM software (IE3D). The simulated 

resonant frequency is 2.39 GHz, showing good agreement with the closed-form 

equation. Table 2.1 is a summary of the results. 

 

 

TABLE 2.1 SUMMARY OF DESIGNED AND SIMULATED RESULTS 

 
 

 Centre Frequency Radius 

and thickness 0.635 mm, the radius a of the circular patch is computed

Designed 2.40 GHz 11.47 mm 

Simulated 2.39 GHz 11.47 mm 
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Fig. 2.1a: A microstrip disk resonator 
 
 
 

R

R

r=3.3mm 

 
 
 
 

 
 Fig. 2.1b: A modified disk resonator with 4 etched holes  
 
 



 In Figure 2.1(b), four circular holes each of radius, r, 3.3 mm were etched off 

φ o o o o  There is still 

D. 

minant mode 

y, and this is 

the dominant frequency was shifted from 2.4 GHz to 2.0 GHz as shown in Figure 2.2. 

 

 

the patch at positions R = 6.47 mm,  = 45 , 135 , 225  and 315 .

symmetry in the layout. The structure is then simulated using IE3 Through 

simulation, it has been observed that the hole-size affe

inant frequenc

due to the longer electrical path length carved out by the etched holes. In our design, 

cts the do

frequency. A larger hole-size will result in a lower dom

 

 

Fig. 2.2: Simulated results with and without etched holes 
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 A modified disk resonator is then fabricated according to the specifications 

compared against the experimental ones, 

as sho and modifi d 

on is achieved, resulti g in about 30  

savings of real estate and hence a more compact packaging in terms of lateral estate

 

 

 

 

 

 

 

measured results of the modified resonator 

 

 

2.3 Filter Design and Measurem

The unique 90° apart placement of the I/O ports induced a pair of non-coupled 

orthogonal modes of the same frequency in the resonator. If there is a perturbation 

along the symmetry such as along AA’ in Figure 2.4, the orthogonal modes will split, 

resulting in so-called degenerate modes. As the modified resonator maintains 

given above. The simulated results are then 

wn in Figure 2.3. Both sets of S21 results for the original e

resonators are in good agreement. Miniaturizati n %

.  

 

 
 
 

 

S21 

S11 

Fig. 2.3: Simulated and 

ent 
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symmetry, it is capable of supporting a pair of dual degenerate modes. Hence 

adopting the same approach in [4], the filter is designed as shown in Figure 2.4.  

 

 

 

 

 

 at r = 6.47 

mm to create a resonan

along axis AA’ will caus cited. Hence the amount 

of offset alo er mode. This 

affects the b

 

 

 

Fig. 2.4: Proposed filter with offset etched holes along AA'

 
 

There is symmetry along axis AA'. Initially, the holes are located

t structure at 2 GHz. An offset in the position of the holes 

e the other degenerate mode to be ex

ng AA' will determine the amount of coupling to the oth

andwidth as well as its passband performance. 
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To characterize this coupling between the two modes, various position offs

ode resonant 

ient of coupling [8]. Figure 

2.5 shows the coupling coefficient with respect to the position offsets. 

 

to red ur esonant frequen

of the resonator from 2.4 GHz to 2.0 GHz. If the area of the disk is used as a figure

merit to qualify the reduction, the etched holes have then achieved a 17% reduction in 

real estate.  

A filter is thus specified at 2.0 GHz with a fractional bandwidth of 12%. The 

interstage coupling coefficient of a pair resonator can be determined by using (2.3) 

ets 

along AA’ are simulated using IE3D. The two EM-simulated split m

frequencies are then noted for computation of the coeffic

 

Fig. 2.5: Simulated coupling coefficients for different offsets along AA' 

 

A disk resonator of resonance frequency of 2.4 GHz is first selected. From the 

above work, the etched holes have managed uce the nat al r cy 

 of 
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[17]. Thus k is determined to be 0.085 and an offset of 1.6 mm is selected. The design 

steps are summarized as follows: 

 

Step 1: Define and characterize a parameter which will induce split mode frequencies. 

In this ca  the position offset, s (= r-r’), from the original location of the two 

etched holes is the determining parameter.  

Step 2: Measure the split frequencies, f1 and f2, and compute the coupling coefficient 

K using the following [51] equation: 

 

se,

2
2

2
1

2
2

2
1

ff

ff
K

+

−
=                                                   (2.2) 

 

Step 3: Define the two most important parameters of the intended filter which are the 

centre frequency f and fractional bandwidthω .  

Step 4: Using a two-stage resonator [17] to model the coupling split modes, we can 

determined the coupling coefficient k using: 

 

21gg
k ω
=                                                     (2.3) 

  

where g1 and g2 are the normalized low pass prototype elements. For a two 

stage filter, g0 = g3 = 1 and g1 = g2 = 2 .  

Step 5: Equate the above two coupling coefficients, K = k, and the corresponding 

position offset s is determined.  

Step 6: Verify and optimize, if necessary, in a EM simulator like IE3D. 
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Simulation of this filter shows an insertion loss of 0.37 dB and a return loss of 

 

th sides f εr 10.2 and 

thi n  are shown in 

 the measured 

ith a return loss of 34 dB. The measured fractional 

bandwidth is about 8%. 

 

 

 

Fig. 2.  bandpass filter 

 

The out-of-band response is also measured and shown in Figure 2.7. A second 

passband was observed at 3.25 GHz and this is the next higher order resonance mode 

of this filter. It is not harmonically related to the fundamental frequency as the 

resonator structure is not shaped as a function of the half wavelength. The wideband 

27 dB at 2 GHz. Due to the symmetry along AA’, two additional zeros are observed

on bo of the passband. The filter is f  a substrate o

ck ess 0.635 mm. The simulated and measured results for S

abricated on

11 and S21

Figure 2.6. The resonant frequency is observed to be at 2.01

insertion loss is 0.614 dB w

 GHz and

S21 

S11 

 

 

 

 

 

 

 

 

 

6: Measured and Simulated S11 and S21 results of the
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simulated and measured results are shown in Figure 2.7 for comparison. Both results 

are in good agreement. 

 

nator 

in the resonant frequency whereas their 

relative position has minimal effect on it. A dual mode bandpass filter is also designed 

by taking advantage of the existing structure and offsetting the circular holes along 

the diagonal axis of symmetry. A filter designed at 2.0 GHz shows good agreement 

between simulated and measured results for both S11 and S21 parameters. 

 

 

Fig. 2.7: Out-of-band response of bandpass filter 

 

2.4 Conclusion 

Circular holes etched off the conductor surface of a microstrip disk reso

actually determines the amount of reduction 

have been shown to reduce the fundamental resonant frequency. The size of each hole 
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CHAPTER 3 

 

A DUAL-MODE BANDPASS FILTER ON PERFORATED 

GROUND 

3.1 Introduction 

 The microstrip dual mode ring bandpass filter has been studied extensively 

brication and 

een shown to 

troduction of 

The role as well as the nature of a perturbation in the bandpass filter is important as it 

f ine the 

te clude use f 

tly, photonic 

[4], the perturbation is caused by a defect [7] in the PBG cells. In [11], the excitation 

tor. However, 

placement of perturbation on conductor trace may affect overall quality factor and 

consequently change the characteristics of the filter. 

In this chapter, a perforation in the form of a circular patch being etched off 

from the ground plane [37] is introduced. From the knowledge of return current in the 

 

over the last few years [4], [9]-[11], [13] and at least two book chapters [14][15] have 

been devoted on it. The reasons for its popularity include ease of fa

design, high quality factor and compactness. The ring resonator has b

support two degenerate orthogonal modes [15] and by careful in

perturbation along the periphery of the ring, coupling between the two modes results. 

can influence the bandwidth, the location o  its poles and even determ

condition for the existence of its poles.  

Various novel perturbations have been repor d and they in o

lumped elements [9], stepped-impedance resonator [10] and rec n

bandgap [4]. The perturbations in [9]-[10] are placed on the microstrip itself while in 

e

of the split modes is caused by the etched holes on the disc resona

 15



ground plane [18], it can be argued that now the return current has to make a deto

around the perturbation as shown in Figure 3.1. 

 

ur 

 
 

 

ls a longer 

electrical path and its ctor in its path. On the 

 hand, the etched away hole causes a reduction in capacitance in its vicinity. 

Thus the overall effect is an increase in the characteristic impedance for the 

transmission line above it. This phenomenon is characterized by using a generic EM 

simulator (IE3D) and a design of a filter at 2.4 GHz is demonstrated using this 

method. 

 

 

Fig. 3.1: Proposed new dual mode resonator 

 

other

As such, it can be interpreted that the return current now trave

 effects are equivalent to a series indu

 16



 

 

3.2.1 Theory

3.2 Resonator Analysis 

  

 It can be shown (in Appendix III) analytically that by placing an equivalent 

inductor element on the microstrip ring [9] at the location above the etched away 

patches, the even and odd mode frequencies are coupled and dual mode filters can 

thus be realized.  

3.2 C

 

.2 oupling Coefficient

Figure 3.1 shows the proposed dual mode ring bandpass resona

circular patch perforations in the ground plane. The average radius of the ring 

tor with two 

resonator is chosen to be 7.62 mm with a natural resonant frequency of 2.4 GHz. The 

setup is on a Duroid/RT6010 substrate w nd dielectric 

ic impedance, 

pling between 

greater the coupling. It is also noted here that the unloaded quality factor of the ring is 

lf.  The 

the t o split mode frequencies 

(f1 and f2) was studied by using IE3D. To observe the split modes, the resonator is 

weakly coupled to a pair of orthogonal-spaced ports with a 0.254 mm gap. The 

coupling coefficient k is then computed using the relationship below [14]: 

 

ith a thickness of 0.635 mm a

constant of 10.2. 

As the function of the etched holes is to increase the characterist

it is thus expected that the size of the etched hole will influence the cou

the two degenerate modes cause by the perturbation e.g. the larger the hole size, the 

not compromised since the perturbation is not introduced on the resonator itse

effects of the etched hole size on the co een wupling betw

 17



2
2

2
1

2
2

2
1

ff
ffk

+
−

=
,                             (3.1) 

 

r than l relationsh p 

efficient k.  

 

 

 

where f1 is assumed to be greate f2. Figure 3.2 shows the graphica i

between the radius of the perforated hole and coupling co

 

 

Fig. 3.2: Coupling coefficient chart of degenerate modes 

 

3.2.3 Susceptance Slope Parameter

The susceptance slope parameter [15] is an important quantity in designing 

any filter involving the use of multiple coupled resonators. However its use requires 

the knowledge of the input susceptance Bin which may be difficult to derive at times. 

Considering a single port excitation at resonance, the equivalent circuit of the ring can 
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be represented by two transmission lines connected in parallel with their other ends 

n in Figure 3.3. From

 using: 

 

open-circuited as show  transmission line theory, the input 

admittance can be computed

θtan21 rjYYY == ,                                 (3.2a) 

 

θtan2 rinin YjjBY == ,                                (3.2b) 

where θ is the electrical angle.  

 

 

 

 

Yr

 

(a) 
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Fig. 3.3: Representation of resonator in (a) one port and (b) transmission line 

equivalent 

 

The susceptance slope parameter [15] in this case is thus computed using: 

 

 

 

 

 

 

 

 

(b) 

Open 
Circuit 

θ Y2

Yin

Zr

Y1

 

 

0∂  
02

1 ωω
ω

ω =
∂

= inB
b

 

  
002

1 θθ
θ

θ =≈
d

dBin

                                   (3.3) 

 

where θ0 = π  at resonance. 
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3.3 Filter Design and Fabrication 

e normalised 

The resonant 

 w of 10%. From 

Figure 3.4, the inter-resonator coupling is compu d via [17]: 

 

A two-stage Butterworth filter is designed with their respectiv

lowpass prototype elements as g0 = g3 = 1 and g1 = g2 = 1.414. 

frequency is chosen to be 2.4 GHz with a fractional bandwidth

te

21
12 gg

wk =
.                              (3.4) 

 

 

 

 

Fig. 3.4: A two-stage bandpass filter 

 

Using a two-stage coupled resonator model [19], the similar input and output 

coupling capacitors CC can readily be found by utilising the susceptance slope 

parameter as well as the J inverters [22] via the following expressions: 

 

 

10

0

gg
bGJ ω

=                               (3.5) 
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2

0
0 1 ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
−

=

G
J

JCC

ω
                             (3.6) 

 

where G0 is the source conductance and ω0 is the angular centre frequency. 

 

 To summarize the above design procedures, a flowchart has been devised to 

organize the sequential thought process into three stages.  

Stage A: Define the filter centre frequency, bandwidth and dimension of the 

required ring resonator. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Define Filter Centre Frequency, f 

Set dimension of filter 
resonator to one electrical 
wavelength operating at 

frequency f 

Define Filter Bandwidth, w 
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Stage B:  Selection of the physical parameter for required coupling. 

 

 

 

 

 

 

 

Stage C:  Determination of the coupling capacitance. 

 

 

 

 

 

 

 

 

The coupling capacitor has in general some effects on the resonant frequency 

f the filter, namely to negate it. A detailed derivation is shown in Appendix II. 

However for small coupling capacitance, the effects can often be neglected. Thus 

using (3.3)-(3.6), the required design parameters are determined and listed in Table 

3.I. 

 

 

Compute interstage  
upling  k12, (3.4) co ,

Select the physical para
which has rest i

coupling to 

meter 
 the nea nter-mode 

k12, Fig. 3.2 

 

Compute Susceptance Slope 
Parameter, b, (3.3) 

Compute the J-inverter  
Parameter, J, (3.5) 

Compute the Coupling  
Capacitance, CC, (3.6) 

o



 

TABLE 3.I: SUMMARY OF DESIGN PARAMETERS 

 

uency 2.4 GHz Centre Freq

w 10% 

k12 0.071 

k 0.07 @ r = 50 mils 

CC 0.7 pF 

 

 

i  Table 3.I 

designed and fabricated. The measured and simulated results are shown in Figure 3

The results also revealed a pair of attenuation poles, one of each sid  the passban

f the comparison between simulated and measured results are shown

Table 3.II. Within the errors of measurement, the simulated and measured results are 

in good agreement.  

 

TABLE 3.II: COMPARISON OF SIMULATED AND MEASURED RESULTS 

 

 Simulated Measured 

A prototype filter based on the design parameters listed n is 

.5. 

e of d. 

A summary o   in 

Centre frequency 2.40 GHz 2.39 GHz 

Left Attenuation pole 2.18 GHz 2.21 GHz 

Right Attenuation pole 2.99 GHz 3.00 GHz 
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F sured results 

 

 

3.4 Conclusion 

ode ring 

nator and its 

smission line 

elationship to 

comparison between the simulated and measured results showed good agreement. 

 

ig. 3.5: Comparison of simulated and mea

A pair of perforated holes is introduced for designing a dual m

bandpass filter. This new form of perturbation does not load the reso

effect is equivalent to an increase in characteristic impedance for the tran

above it. The size of the etched hole has also been characterised with r

the coupling of the degenerate mode frequencies. A filter has been designed and a 
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CHAPTER 4 

 

A DUAL  WITH ENHANCED 

CAPACITIVE PERTURBATION 

 

 
4.1 Introduction 

 used in the 

onstant. The 

or its simple 

communication systems [16]. Figure 4.1 shows a microstrip ring resonator weakly 

es AA' and BB' are included in the figure 

for future reference. Resonance is established when the circumference of the ring is 

equal to an integral number of the guided wavelength. The theory and application of 

various ring circuits are well documented in [14]. 

 

 

 

 

 

 

 

 

-MODE BANDPASS FILTER

The microstrip ring resonator has been extensively used in the design of 

filters, mixers and couplers in microwave engineering. It has also been

measurement of dispersion, phase velocity and effective dielectric c

microstrip ring bandpass filter [12] has received much attention f

implementation and robustness, which is highly sought after in mobile and satellite 

coupled to the feedlines. Two reference plan
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Fig. 4.1: A weakly coupled microstrip ring resonator 

 

It is well known that the ring resonator can support two resonan

modes. When a perturbation is introduced either along AA’ or BB’, r r

his

results in the generation of two split modes. Depending on the m

d waves, it will influence the level of coupling and bandpass res ts. 

ce orthogonal 

eflections a e 

generated in the two opposing travelling waves propagating along the ring [15]. T  

 the 

ponse resul

Perturbations in the form of a stub [20] and impedance-step [10] along one of the 

principal diagonals AA’ or BB’ have been reported. However in [20], a single pair of 

perturbations along AA’ is able to influence the even-mode frequency only. This is 

also shown in [9] whereby a single pair of perturbations is only able to control either 

agnitude of

reflecte



one of the split modes. Although simultaneous control of the split modes is allowed in 

[10], we observed that sm . 

. Instead of 

apacitances

this is able to 

r 

sections. It offers total control of the split mode frequencies, resulting in a mo

 

or narrow-

uency and is 

ring reson r is 

 

 

 

 

 

all impedance ratio might be difficult to realize

In this chapter, we proposed a new perturbation topology

perturbing in only one of the principal diagonals, we introduced series c  at 

both AA’ and BB’ planes, as shown in Figure 4.2. An arrangement like 

control both split mode frequencies independently, and this will be proven in late

re 

robust design. The coupling coefficient can also be shown to be a function of the

difference of capacitances C1 and C2. In [9], it is a function of the magnitude of the 

reactive element. This will relieve the burden to rely on high capacitance f

band filter design. High capacitance capacitor has low self-resonant freq

not suited for high frequency operation. Due to the symmetry of the newly proposed 

ator, it will also be shown later that the design of the bandpass filte

governed simply by the characteristic equation of the ring. 
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ode ring resonator topology 

 

4.2 Reso

symmetry in all diagonals [20]. Thus 

the opposite capacitors are chosen to be the same, namely, C1 and C2, as shown in 

nator with its weakly coupled input a

output ports separated spatially by 90°. The structure in Figure 4.3 can be analysed by 

adopting the even-odd mode analysis [15]. From conventional resonator theory, the 

ring is resonant when its input admittance is zero. For both even and odd modes, their 

respective resonant conditions are shown as [18]: 

 

Fig. 4.2: Proposed dual m

 

 nator Analysis 

For dual mode operation, there must be 

Figure 4.2. Figure 4.3 shows the proposed reso nd 
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0

,
2

evenoddY,
1

=
+= evenodd

in YY
       (4.1) 

where Y1 and Y2 are the upper and lower arm input admittance respectively. 

 

 

 

 

 

 

Fig. 4.3: Newly proposed dual mode resonator 
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4.2.1 Odd Mode

Fig. 4.4 shows the equivalent circuit re  the ring resonator 

when an electric wall is applied along AA’ (see gure  the ca d

mode. From the geometry of th onator, the value of a is actua he 

ring circumferen

presentation of half

s isFi  4.1), a se for the o d 

e ring res lly 1/8 of t

ce and x1 and x2 are defined as the normalised reactance of the 

perturbation elements. 

 

 

 

 

 

 

 

 
 
 
 
 
 

Fig. 4.4: Odd mode equivalent circuit of ring resonator 

 

 

 

 

 

 

 

 

a 2a -j0.5x2 -jx1 

Y2 

Y1 

-j0.5x2 a 
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The odd-mode input admittance  of the upper and lower arms 

respectively have been derived as shown: 

  

 oY1  and oY2

( ) ( )[ ]
( ) ( ) ( ) θθθ

θantan2 θθ
tan2tan22tan22
t222tan2

22121

21212
1 xxxxx

xxxxx
jY o

+−−++
−++++

=
       (4.2a) 

 

θ
θ

tan2
tan2

2

2
2 −

+
=

x
xjY o

     (4.2b) 

 

wh ant. 

  

Hence the odd-mode resonant frequency is given as: 

 

ere θ =βoa and βo is the odd-mode phase const

02)2tan(
2

=+
x

aoβ
     (4.3) 
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4.2.2 Even Mode

Figure 4.5 shows the equivalent circui

ong A ’ s the case for 

ode. 

 

 

 
 
 

 

Fig. 4.5: Even mode equivalent circuit of ring resonator 

 

 

 

 

 

 

 

 

 

 

t representation of half the ring 

resonator when a magnetic wall is applied (Figure 4.3), as i

the even m

al A  

 
 
 
 
 
 
 
 
 
 
 

 

a 2a 

a 

-jx1 

Y2 

Y1 
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Similar to the odd-mode case, the even-mode input admittance and of 

the upper and lower arms respectively are: 

 

 

eY1
eY2

θθθ
θθθθ

tan2tan12tan
tantan2tan2tan

1

1
1 −+

++
=

x
xjY e                             (4.4a) 

 

                                                  (4.4b) 

 

where e e

 

The even-mode resonant frequency is given as: 

 

2 jY e = θtan

θ =β a and β  is the even-mode phase constant. 

02)2tan(

 

Two important observations were made by the authors from the

odd mode analysis of this resonator. The first observation is that th

frequencies can be controlled independently. The odd-mode frequency

by C , while the even-mode frequency is controlled by C . The second observation is 

mathematical form. If we r

1

=+
x

aeβ
                                              (4.5) 

 above even-

e split-mode 

 is controlled 

2 1

that both resonant conditions, as shown in (4.3) and (4.5), have the same 

eplaced all four capacitors by a common capacitance value, 

it will reduce to a single equation depicting the resonant frequency of the natural state 

of the modified semi-lumped ring. Hence, the modified semi-lumped ring’s natural 

frequency as well as its even- and odd-mode frequencies all share the same 

characteristic equation as shown: 
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( )[ ]Rr
reff

r CZf
r
cf ππ
επ

4tan 1
2

0 −−=
                                (4.6) 

be the even-mode, odd-mode or modified semi-lumped ring's natural  

r: average radius of ring, 

C: capacitance of the four common capacitors and 

 the ring. 

 

The centre frequency fc of a bandpass filter can be approximated from the 

average of the even- and odd-mode frequencies as given below: 

 

 

 

where, 

fr: can 

frequency, 

ZR: characteristic impedance of

4.3 Bandpass Filter Analysis 

( )

⎥
⎦

⎤
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+−=

+=

−−

2

1

1

1 2tan2tan
2
11

4

2
1

xxa
c

fff

reff

oec

πε
.   (4.7) 
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The coupling between the two degenerate modes is characterised by the 

puted from the knowledge of even- and 

odd-mode frequencies as shown: 

 

coupling coefficient k [21], which can be com

.
2tan2tan

2
11

2tan 12tan1

   

2
   

2

1

1

1

21

1

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+−

−
=

+

−
=

∆
=

−−

−

xx

x

ff

ff

f
fk

eo

eo

c

π

π

   (4.8a) 

From (4.8a), we see that k can be made numerically small, which is needed in 

t 

weak coupling can be realised easily with large x (or low capacitance) as compared in 

the case of Type 2 in [9], which required a high capacitance value. In order to gain 

further insight into the coupling, (4.8a) can be further approximated for positive we

coupling. It is assumed that 

−

x

 

 

narrowband filter design. Due to the differential term in the numerator, it is noted tha

ak 

π
111

21

<<+
xx

. Then, (4.8a) is reduced to: 

 

( )21

21

21

4   

22
2
11

221

CCfZ

xx

xx
k

cR −≈

⎟⎟
⎠

⎞
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⎛
+−

⎟⎟
⎠
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⎝

⎛
−

≈

π

π

    (4.8b) 
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From (4.8b), we can see that the coupling coefficient is now linearly 

s, such filters 

ctor and self-

rom circuit simulation, it was 

also . 

cribed by its 

characteristic equation. Therefore, it is intuitive to present a graphical plot, as shown 

in Figure 4.6, displaying the relationship between various resonant frequencies and 

the perturbation capacitors. The width of the ring resonator is chosen to be 1.524 mm, 

e dielectric constant 

proportional to the difference of the perturbation capacitor values. Thu

can take advantage of low capacitor value which has better quality fa

resonant frequency for the required weak coupling. F

 noted that the condition for the existence of attenuation poles is 1C >

The main features of the proposed ring resonator can be des

resulting in an effectiv

2C

reffε  of 7.5 and ZR of 29.4 Ω. The 

resonator is fabricated on RT6010 with a thickness of 0.635 mm and a relative 

dielectric constant of 10.2. 
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Fig. 4.6: Graphical representation of the characteristic equation 

bandwidth 

 

4.4 Filter Design and Measurements 

A bandpass filter of centre frequency 1.9 GHz with a fractional ω  

of 4% will be designed and simulated using the proposed ring resonator outlined in 

the previous section. A two-stage Butterworth filter [17] has been selected with its 

low pass prototype elements as: g0 = 3 = 1.0. The 

inte tage coupling of the filter can be determined by using: 

 

 

1.0, g1 = 1.4142, g2 = 1.4142 and g

r-s

21gg
k ω
=      (4.9) 
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By equating (4.9) and (4.8a), two perturbation capacitors C1 and C2 were chosen to 

provide the necessary coupling from Figure 4.6. 

The Quality factor in the context of a resonator [21] is a figure-of-merit that 

indicates how lossy the device is. This is also known as the unloaded Q-factor. When 

the resonator is coupled or connected p ource, another 

L he modified 

ring is computed from the 3-dB bandwidth using a general circuit simulator such as 

Agilent's Advanced Design System™. The unloaded Q-Factor QO can then be 

estimated using [14]:  

 

 

 to external eripherals such as a s

Q-factor called the loaded Q-factor is defined. The loaded Q-factor Q  of t

20101
L

L
O

QQ −
−

= ,    (4.10) 

 

The external Q-Factor QE, which reveal the quality of the coupling between 

the resonator and the external circuitry, is then computed using (11) and a plot of 

against the coupling capacitance is shown in Figure 4.7. 

 

where L is the insertion loss in dB. 

QE 

Lo

oL
E QQ

QQQ
−

=
2

     (4.11) 
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Fig. 4.7: External Q-Factor QE against coupling capacitance 

 

Assuming the same input and output impedance, the required external Q-

Factor can be estimated [17] as: 

 

 

 

ω
10 ggQE =

.     (4.12) 

 

 The external Q-Factor was computed to be 35 and with the aid of Figure 4.7, 

the required coupling capacitance was found to be 2.25 pF. However a capacitor 
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exactly of this value may not be commercially available. Therefore the near

which is 2.2 pF is selected instead.  

 The above design have been summarized via the following: 

Stage A: Define the filter centre frequency, bandwidth and dimension of the 

required ring resonator. 

 

 

 

 

 

 

 

 

 

 

 

Stage B:  Selection of 

 

 

 

 

 

 

est value 

 Define Filter centre frequency 
and bandwidth, f and w 

 

Selection of equivalent two 
stage lowpass prototype 

g0 = g3 = 1.0, g1 = g2 = 1.4142 
C1 and C2. 

 

Set dimension of filter 
resonator to one electrical 
wavelength operating at 

frequency f 

Compute interstage  
coupling, k, (4.9) 

Equate k with (4.8a) and  
solve for C1 and C2  

41



 

Stage C:  Determination of the coupling capacitance CC. 

 

 

 

 

 

 

 

 

 

 

 

  

 

The design and computed parameters

shown below. 

 

 

 

 

 

 

 

 

 

 

 

Determine
comparing w

Simulate loaded Q-factor, QL 

Compute unloaded  
Q-factor, QO, (4.10) 

Compute external  
Q-factor  

QE, (4.11) 

insufficient 
values 

s

 

sufficient value
42

 of the filter are tabulated in Table 4.I as 

 CC via  
ith (4.12) 



TABLE 4.I: SUMMARY OF DESIGN PARAMETERS 

 

Centre Frequency 1.90 GHz 

Fractional Bandwidth ω  0.04 

Coupling Coefficient k 0.0283 

QE 35 

fo 1.93 GHz 

fe 1.87 GHz 

C1 2.1 pF 

C2 1.7 pF 

CC 2.2 pF 

 

 

Two similar filters based on the above specifications have been fabricated and 

tive dielectric 

con and measured 

out 2.8% with 

a easurement in 

Figure 4.8b revealed a bandwidth of 2.5% and a minimum insertion loss of 2.5 dB. It 

is noted here that the condition for the existence of attenuation poles is C1 greater th

C2. It was also observed from Figure 4.8 that the insertion loss in the passband is

higher for the simulated results. This is because of the finite quality factor as well as 

the equivalent series resistance of the capacitors used. Table 4.II and 4.III capture the 

summary of the above measurements against simulated results. 

 

 

measured using RT6010 with a thickness of 0.635mm and a rela

stant of 10.2. Figure 4.8a shows the comparison between simulated 

results for the case of C1 greater than C2. The measured bandwidth is ab

 minimum insertion loss of 2.1 dB in the centre of the passband. The m

an 
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TABLE 4.II: COMPARISON OF SIMULATED AND MEASURED RESULTS FOR C1>C2 

 

 Simulated Measured 

Centre frequency f 1.9 GHz 1.88 GHz 

Bandwidth ω  4% 2.8% 

Insertion loss at f 1.2 dB 2.1 dB 

Left Attenuation pole 1.71 GHz 1.72 GHz 

Right Attenuation pole 2.02 GHz 2.01 GHz 

 

 

 

TABLE 4.III: COMPARISON OF SIMULATED AND MEASURED RESULTS FOR C2>C1 

 

 Simulated Measured 

Centre frequency f 1.9 GHz 1.9 GHz 

Bandwidth ω  4% 2.5% 

Insertion loss at f 1.5 dB 2.5 dB 
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(a) 
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(b) 

 

Fig. 4.8: Response of the designed filter at 1.9 GHz for the case of (a) C1 > C2 and ( ) 

C2 > C1. 

 

 

 

 

 

 

 

 

 

b
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4.5 Conclusion 

l as the even- 

 equation. By 

 filter can be 

ted with this new 

perturbation. The simulated and measured results showed good agreement. 

A new coupling method using two sets of orthogonal positioned capacitors in 

a ring resonator has been described. The self-resonant frequency as wel

and odd-mode frequencies can be described by a single characteristic

making use of the difference of the capacitances, a narrow-band bandpass

designed with such topology. A filter has been demonstra
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CHAPTER 5 

 

A MINIAT G BANDPASS FILTER 

WITH A NEW PERTURBATION 

 

 
5.1 Introduction 

 The microstrip ring resonator [28] has been a popular choice for filter 

implem  modes in a 

 by 50  for another 

 widesp

ity actor

and ease of design [26][27]. These inherent properties of the ring resona

 suppo dual orthogonal 

mo meter of the 

h exploited to 

r [33][42].  

Besides the attractive cost saving and ease of design features in the ring 

microstrip radial stub has been a popular transmission line for harmonic filtering in 

DC lines where low impedance locations are highly desirable. In a previous work 

[34], the Butterfly Radial Stub (BRS) has been successfully implemented as an 

electromagnetic bandgap structure for broadband rejection. However in this chapter, 

URIZED DUAL-MODE RIN

entation. The main reason being that it houses two frequency

single resonator [31][32], effectively saving the PCB space %

resonator. The read use  ring resonator can also be attributed to some of 

its desirable properties such as low radiation loss [23], high qual  f  [24][25] 

tor have 

resulted in a host of applications especially involving bandpass filter design [13], [20], 

[29]. The physics behind this lies in the ability of the ring to rt 

 of the

iniaturizatio

des, and by clever introduction of perturbations along the peri

resonator, split modes result. This dual-mode degeneracy has been muc

design bandpass filter with a saving of 50% in space for another resonato

bandpass filter, m n is also a highly sought after property especially in 

wireless telecommunication systems [15][35][45] so as to reduce payload. The 
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we utilize the shunt capacitive property associated with it to realize capacitive loadi

shown in Figure 5.1(a), the modified ring reson as displayed 

loading. The 

nd unaffected 

fectively further distanced 

itself from the fundamental mode which is a desirable feature.   

 is introduced 

ound [36]. As 

nd plane and 

 reflections in 

e splitting of 

the orthogonal modes. By careful characterization of this LGD effect, an equivalent 

be readily imported to a CAD package for 

further analysis, thus able to obtain a more accurate design. A bandpass filter has be

designed based on this principle and it shows good agreement between simu

measured results. 

 

 

 

 

 

 

 

 

ng 

and miniaturization. By loading the (BRS) periodically along the peripheral of the 

ring, as ator h

miniaturization as the effect of the BRS is equivalent to capacitive 

second-order resonant frequency is however observed to be invariable a

as it is a simple short circuit at the stub locations. This ef

A new perturbation in the form of a Local Ground Defect (LGD)

here by etching two 180˚-spaced narrow rectangular slots from the gr

the name implies, its presence is to create a localized defect in the grou

perturb the ground currents beneath the ring resonator. The LGD causes

the incident and reflected currents, of which this interaction results in th

circuit model has been derived which can 

en 

lated and 
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(a) 
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(b) 

 

Fig. 5.1: Structure of (a) modified ring resonator and (b) dual degenerate mode 

resonator 
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5.2 Resonator Analysis and Design 

5.2.1 Butterfly Radial Stub

 By considering only a quarter section of the structure in Figure

sis s of a single BRS element, the isolated circuit can be represente

Figure 5.2(a). A single element of the BRS str cture can be characterize er 

and outer radii as well as the fan angle [38]. Figure 5.2(b) shows an equivalent circuit 

 5.1(a) which 

con t  d as shown in 

u d by its inn

representation of Figure 5.2(a) consisting of a shunt capacitor C which is actually the 

sum is capacitor is 

ds as well s 

to extract the 

. Simulation 

studies have been carried out to see the influence of the outer radius r2 as well as t

fan angle α on the equivalent capacitance. A pair of BRS structure is investigated on 

RT4003 with a thickness of 0.51 mm and dielectric constant 

 of two ca ormed by the “wings” of the BRS structure. Th

also flanked by an eighth of the ring transmission line on either side. 

In order to investigate the total effects due to the fringing fiel a

dynamic permittivities, an electromagnetic approach has been adopted 

value of the shunt capacitor using the commercial EM software, IE3D

he 

pacitors f

rε  of 3.38. The results 

are shown in Figure 5.3. 
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(b) 

 

Fig. 5.2: (a) A quarter section of the modified ring resonator and (b) its equivalent 

circuit  

 

 

 

 

 

 

 

 

 

 

  

C 

θ θ 

Zr
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(a) 
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(b) 

 

Fig. 5.3: Effects of varying (a) fan angle α and (b) outer radius r2 on the effective 

capacitance of the BRS 
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5.2.2 Modified Ring Resonance Frequency

The modified ring resonator consists of four orthogonally spaced BRS 

structures on the peripheral of the classical ring resonator. However 

condition has not changed o

the resonance 

wing to the symmetry of the layout. It is hereby expressed 

in terms of phase angle, as shown: 

 

ππβ 2)2( =avr         (5.1) 

where  

n of  as shown 

. This insight 

will simplify the derivation of the modified resonant frequency. From Figure 5.2(b), 

the equivalent circuit can be represented by using the chain matrix normalized to the 

characteristic admittance of the ring Yr as shown:  

 

 

   (5.2) 

 

 

 

 

 

 

 

 

 

 

β is the propagation constant and rav is the average radius. 

 From (5.1), it is revealed that for a quarter sectio the ring in 

Figure 5.2(b), it has a phase angle of π/2 between its ends at resonance
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2
'Bwhere A = D = cos2θ - sin2θ,  

 

 B = j( sin2θ  - 

 

'B sin2θ ), 

 

 C = j( sin2θ + 

 

'B cos2θ ) and   

 

'B  = 0

r

C
Y
ω .  

 

 

Using matrix conversion, the transmission parameter S21 and its phase φ21 can then 

be computed using the below expressions: 

 

 

DCBA
S

+++
=

2
21 ,                (5.3a) 

 

       

22tan'
'2tan2

21 tan 1

−
+

= −

θ
θφ

B
B .           (5.3b) 

 

By setting (5.3b) to π/2, the required loading capacitance as well as design 

equations for the modified ring r s the following 

equations: 

 

esonator can now be expressed u ing 

'
22tan
B

=θ
,                                                           (5.4a) 
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1

tan
2

mrfπr

mr r

YC
f fπ

−
⎡ ⎤⎛ ⎞

= ⎢ ⎥⎜ ⎟
⎝ ⎠⎣ ⎦ ,    (5.4b) 

 

  

0

2 r reff

ca
fπ ε

=
,                                      (5.4c) 

where a is the average radius of the ring, f  is the unloaded resonant frequency of the 

ic admittance 

is observed in 

an  the required 

mputed. The corresponding radius for the specified 

unloaded resonant frequency can then be computed from (5.4c). Hence the design for 

the modified ring resonator is completed. 

actor

 

r

ring, fmr is the modified resonant frequency of the ring, Yr is characterist

of the microstrip ring and C is the required loading capacitance. Thus it 

(5.4b) that by specifying only the unloaded d loaded frequencies,

loading capacitance C can be co

 

5.2.3 Loading F

 A loading factor is also defined to serve as a figure of merit to capture the 

amount of miniaturization produced by the loading of the BRS structures. This 

expression is given as: 

 

r

mrr

f
ff

LF
−

= x 100%                                             (5.5) 
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5.2.4 Modified Resonator Design

 A modified ring resonator is specified and designed on RT4003 with a 

thickness of 0.51 mm and dielectric constant rε  of 3.38. The modified resonant 

frequency as well as the unloaded resonant frequency is chosen to be 1

2.64 GHz respectively. The characteristic impedance of the ring is spec

Ω. Thus using (5.4b), the required shunt capacitance to achieve th

α

.55 GHz and 

ified to be 50 

is loading is 

computed to be 3.1 pF. From Figure 5.3, a BRS with a fan angle  of 90° and outer 

radius o 

 as compared 

ong side and 

 that the measured results correlate well 

with our theory. The various dimensions of the modified ring resonator are 

summarized in Table 5.I. A summary of the design flow of the modified resonator is 

also provided as below:  

 

 

 

 

 

 

 

 

 

 

r2 of 5.08 mm is selected. Using (5.4c), the average radius of the ring is als

computed to be 11.11 mm.  

A measurement has been carried out to verify the miniaturization

to the case of the unloaded ring. Both sets of results are juxtaposed al

shown in Figure 5.4. Hence it is seen here
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Design flow: Define the resonator frequency fr as well as the desired resonant  

frequency fmr of the loaded modified resonator. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Set dimension of filter 
resonator to one electrical 
wavelength operating at 

frequency fr 

Define modified resonator 
resonant frequency, fmr

 

 

 

Compute the required loading 
capacitance C, (5.4b)

Select the two parameters, fan 
angle α and outer radius r2, 
from the charts in Fig. 5.3 

 Define resonator frequency, fr 
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TABLE 5.I: SUMMARY OF DESIGN DIMENSIONS OF MODIFIED RING RESONATOR 

 

quency fr 2.6 GHz Unloaded ring resonant fre

Modified ring resonant frequency fmr 1.5 GHz 

Effective capacitance C 3.1 pF 

Inner radius r1 0.81 mm 

Outer radius r2 5.08 mm 

Fan angle α 90° 

Loading factor 41% 
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S11 

Modified 

Unmodified 

S21 

Fig. 5.4 Simulated and measured results of the unloaded and modified ring resonant 

in the ring resonator. As one can see in Figure 5.5, the current path now has to make a 

 extra electri

in place. As the extracted inductance is expected to be small and so is its reactance 

compared to that of the loading shunt capacitor, we can isolate this series inductor and 

characterise it on its own.  An equivalent circuit model is thus proposed in IE3D 

without the BRS structure to characterize this effect as shown in Figure 5.6(a) and the

frequencies 

 

 

5.3 Investigation of Dual Mode Degeneracy 

 A pair of LGD was introduced in the ground plane to disturb the current paths 

detour about the LGD so as to flow to the other side. This results in an cal 

length being traversed and thus can be interpreted as the effect of a series inductance 
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knowledge of this inductance L is extracted from the equivalent circuit as shown in 

Figure 5.6(b). 

 

   

 

Fig. 5.5 Detouring ground current 
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(a) 

 

 

 

(b) 
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Fig. 5.6: A section of LGD (a) underneath the microstrip and its (b) equivalent circuit 

 

  

 

 



A series of simulations has been carried out to extract the inductance from a 

 1 

of the inductance L as a function of frequency 

length s. This expression is given as: 

 

length s of 8.64 mm to 12.7 mm in steps of 0.51 mm for the frequency span from

GHz to 2 GHz. An empirical expression based on linear regression methods has been 

proposed to give a prediction f and slot 

( ) 0.0378179 0.0929756 0.0728129 0.0110865L nH s f sf= + − +      (5.6) 

 

wh z. The above 

An estimate of the inter-stage coupling k as well as the centre frequency fo for 

a two-stage dual mode bandpass filter can be computed from the following equations 

[9]: 

 

ere s is the slot length in mm and f is the operating frequency in GH

expression is only applicable when s < 15 mm and 1 GHz < f  < 2 GHz.  

 

( )1

1

2 tan 0.5
tan (0.5 )

x
k

xπ

−

−=
−              (5.7a) 

 

,           

111 tan (0.5 )o mrf f x
π

−⎛ ⎞= −⎜ ⎟
⎝ ⎠ ,       (5.7b) 

 

where 
0Z
Lx ω

=  is the normalized reactance. 
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However as in any dual mode filter design, the expressions in (5.7) can only 

idual entities. 

y caused by 

cal design to 

it simulator, 

e.g., Agilent’s Advanced Design System (ADS) to correct for the aforementioned 

inary design stage 

after which the design can be imported into a CAD package for more detailed analysis 

 A two-stage Butterworth bandpass filter with a centre frequency fo of 1.45 

ω of 10% is designed. The respective normalized low 

pass prototype elements are: g0 = g3 = 1 and g1 = g2 = 1.414. The parameters of the 

resonator used are given in Table 5.II and the inter-resonator coupling is determined 

via [15]: 

 

serve as an estimate for initial design. One reason is the inherent difficulty in 

separating and treating the two orthogonal frequency modes as two indiv

Another reason is the inevitable displacement of the centre frequenc

loading effects of the coupling capacitors. Hence for any prac

materialize, it is always desirable to have a work model in a typical circu

inadequacies. Thus (5.4) through (5.7) can be used in the prelim

ti

and optimization. 

 

5.4 Filter Design and Measurement 

GHz and relative bandwidth 

12
1 2

k
g g
ω

=
       (5.8) 
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Using a two-stage coupled resonator model, the input/output coupling 

ing the susceptance slope parameter b as 

well as the J inverter via the following [11]: 

 

capacitor CC can be readily estimated utilis

rYb π=      (5.9a) 

 

10

0

gg
bGJ ω

=           (5.9b) 

 

2

0
0 1 ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
−

=

G
J

JCc

ω
              (5.9c) 

 

where G0 is the source conductance and ω0 is the centre angular frequency. Using the 

data in Table 5.II, (5.7), (5.8) and (5.9), the required design parameters are computed 

and tabulated in Table 5.II. 
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The above design steps have been summarized in the following: 

Stage A: Define the filter centre frequency, bandwidth and the modified ring 

resonance frequency. 

 

 

 

 

 

 

 

 

 

 

 

Stage B:  Computation

 

 

 

 

 

 

 

 

D

d

 Define Filter centre frequency 
and bandwidth, f0 and ω  
Selection of equivalent two 
stage lowpass prototype 

g0 = g3 = 1.0, g1 = g2 = 1.4142 
69

 of L and s.  

 

s is determined from (5.6) 

L is determined from (5.7b) 

imension of the modified ring 
resonator is determined as 

escribed in the previous section 

Select the modified ring 
resonance frequency fmr 
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Stage C:  Determination of the coupling capacitance CC. 

 

 

  

 

The design and computed parameters of the filter are tabulated in Table 5.II as 

shown below. 

 

Determine CC via computing (5.9) 



TABLE 5.II: SUMMARY OF FILTER PARAMETERS 

 

uency 1.45 GHz Filter centre freq

Relative bandwidth w 10% 

k12 0.071 

k 0.069 

Cc 1.0 pF 

Slot length s 11.2 mm 

 

u  the design

or analysis 

to verify the design. Figures 5.7(a) and 5.7(b) show the ADS definition for the secti

of the modified ring resonator whereby it consists of the BRS structure only and the 

LGD underneath the BRS structure respectively. 

 

 

 

 

 

 

 

 

 

 

 A prototype is sim lated using IE3D and fabricated according to

parameters. An equivalent transmission line model is also created in ADS f

ed 

on 
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(a) 

 

LGD underneath BRS 

 

 

 

 

 

 

 

C

L

C/2 C/2

 

(b) 

 

Fig. 5.7: ADS definition for the section of arm comprising of (a) BRS only and (b) 
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The simulated and measured results are shown in Figure 5.8. In Figure 5.8(a), 

 contrast, the 

tructures and 

t shift in the 

imulator and 

measurement but we note that this difference is well within a 2% margin. However on 

the m  the circu sfully 

n. 

e observe that 

mental centre 

 

measurement bandwidth exceeds the characteristic band (1 GHz to 2 GHz) of the 

LGD, Eq. 5.6 will not be able to pred ies well. Th

ulator computed a second harmonic resonant frequency at H

instead of 5.4 GHz. Table 5.III is a summary of the comparison between experimental 

and measured results. It can be concluded that the measured and simulated results are 

in good correlation and met the required specifications. A photograph of the prototype 

is shown in Figure 5.9. 

it was observed that the ADS simulated bandwidth is wider than the measured one 

and this is because of the ideal capacitors and inductors used in ADS. In

distributed capacitance and inductance effects produced by the BRS s

LGD varied with frequency in practice. Consequently, there was a sligh

location of the low-side attenuation pole between the circuit s

ore important note of the role of it simulator, it succes

demonstrates the viability of a CAD package for a dual mode filter desig

A broadband measurement is  also presented in Figure 5.8(b). W

the next higher order mode is more than 3.5 times away from the funda

frequency which is a highly desirable feature in any filter design. However, as the

ict the inductance at high frequenc us 

the circuit sim 4.5 G z 
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TABLE 5.III COMPARISON OF SIMULATED AND MEASURED RESULTS 

 

 Simulated (IE3D) Simulated (ADS) Measured 

Centre frequency 1.45 GHz 1.45 GHz 1.45 GHz 

Bandwidth 9% 7% 8% 

Left Attenuation pole 1.35 GHz 1.28 GHz 1.31 GHz 

Right Attenuation pole 1.68 GHz 1.66 GHz 1.66 GHz 
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(a) 

 

 75



 

 

(b) 

 

Fig. 5.8: Simulated and measured results for (a) narrow band and (b) wide band 

performance 
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Fig. 5.9 Photograph of the designed filter 
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5.5 Conclusion 

the periphery. 

fect (LGD) to 

rated. It do s 

 and 

instead disturbed the ground currents by introducing etched-away slots.  

ftware to 

ter exhibits a 

f attenuation 

er has greatly 

 

41% has been achieved and the second-order mode is more than 3.5 times away from 

the fundamental resonant frequency. The measured and simulated results are in good 

correlation.

In this chapter, a miniaturized dual mode ring bandpass filter is designed using 

the Butterfly Radial Stub (BRS) structure as a form of loading around 

A new perturbation scheme in the form of a pair of Local Ground De

generate the orthogonal modes in a ring resonator is also first demonst e

away with tradition where perturbations are inevitably placed on the resonator,

A prototype is simulated and optimized using commercial CAD so

reduce the inadequacies of the design equations. The fabricated fil

maximum insertion loss of 1.4 dB in the passband as well as a pair o

poles, one on each side of the passband. The sharp roll-off from the latt

improved the selectivity and out-of-band rejection of the filter. A loading factor of
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CHAPTER 6 

 

A DUAL DEGENERATE MODE X-BAND B ASS FILTER IN 

LOW TEMPERATURE COFIRED CERAMICS (LTCC) 

 

 

s a promising 

g rec nt in the last 

m the industry 

as well as benefiting from a better fabricati he most direct 

applications of LTCC will be to embed both the active and passive components 

[47][50] in a single common substrate body such as that shown in Figure 6.1, which is 

not an uncommon layout in typical T/R modules. 

 

 

 

 

 

ANDP

6.1 Introduction 

Low Temperature Cofired Ceramics (LTCC) has been hailed a

candidate for multilayer modular packagin  ently. This is evide

several years where the technology is gaining a wider endorsement fro

on process [39][48]. One of t
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Embedded bandpass filters in various configurations have been reported in the 

p lizing on the advantages of LTCC multilayer packaging which has 

the e Th ble feature in 

 des  models [5 ] 

A topology utilizing the dual degenerate modes [36][10] has been adopted in 

this design to demonstrate a wideband [46] embedded bandpass filter in the X-band. 

The filter has been systematically designed, fabricated and measured. The theoretical 

and experimental results are in good agreement. 

 

 

 

Fig. 6.1: Typical LTCC module layout 

 

literature [40][41][43]. In this present work, the authors proposed a new resonator 

configuration ca ita

 ability to achieve high coupling capacitanc . is could be a desira

wideband high frequency filter igns where lumped or quasi-lumped 1

could be inadequate [44]. 
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6.2 Resonator Design and Analysis 

 invoked by introducing perturbation(s) 

lected due to 

le for mass 

esign and selection of filter topologies in this case must 

also be r

A pair of square Stacked-Ring Resonator (SRR) with a stepped impedance 

 more tolera

, as compared 

stripline T-probe is then inserted into the SRR to form the 

I/O and provide external coupling to it. The amount of coupling is controlled by h 

which is the thickness of the SRR. 

 

 

 

 

The dual degeneracy in a resonator is

in the symmetry of the I/O lines. The stepped impedance [49] has been se

its robustness against LTCC process variations, effectively suitab

production. In retrospect, the d

elatively simple in structure.  

etry of the I/O line is conceived and proposed in this design (see 

igure 6.2). A square ring has been chosen as it has been observed to be nt 

in practice against lateral substrate shrinkage during the firing process

with  the circular ring. A 

along the symm

F
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(a) 
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(b) 

 

Fig. 6.2: Stripline SRR configuration in (a) perspective view, and (b) side view 
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The SRR can be analyzed by utilizing its odd- and even-mode equivalent 

its (see Figure 6.3). The respective characteristic equations are thus derived, as in 

(6.1). 

 

 

circu

 

 

Fig. 6.3: Odd and even mode equivalent circuits 
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( ) ( ) ( ) ( ) 0tantantan2tan 1
22

1 =−+ nonoSnoSno ffRfRf θθθθ                   (6.1a) 

 

( ) ( ) ( ) ( ) 0tantantan2tan 1
2

1
2 =−+ neneSneSne fffRfR θθθθ                   (6.1b) 

n-mod  = π-2θS, θS is 

 

where fno and fne are the normalized odd- and eve e frequencies, θ1

the electrical length of the stepped transmission line, and 
r

s

Z
R =  is th ce 

Hence, it can be shown (i

Z e impedan

ratio. (6.1) can be further reduced to (6.2) if one considers a case of a small step. 

n Appendix II) that the deviation from the normalized 

natural resonant frequency of the ring is approximately a linear function of the step 

angle for a given impedance ratio.  

 

)1(
2

1 Rf S
no −+=

π
θ

                                 (6.2a) 

 

        

)1(
2

1 R
R

fne −−=
π
θ

                                        (6.2b) 

 

S

The perturbation element of the SRR is a square corner and therefore further 

characterization is needed to ascertain the characteristic impedance as well as the 

stepped angle in terms of the dimension of the square d as shown in Figure 6.4. 
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The characteristic impedance of the step can be computed via the conventional 

way by assuming a uniform line submerged in a uniform di iron

, t es ding electrical 

ined by characterizing the relationship between the side length of 

the step d and impedance ratio R as well as the step electrical length θS  Hence, these 

two parameters were determined in terms of d and they are shown in (6.3a) and (6.3b) 

respectively for R and θS.  

 

 

 

 

 

 

Fig. 6.4: A square perturbation with side d 

  

electric env ment and 

subsequently the ratio R is determined. On the other hand he corr pon

length can be determ
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2935.0367.11 ddR +−=                                              (6.3a) 

 

dS 381.0=θ                                            (6.3b) 

where d is in mm.  

6.3 Filter Design 

turn sandw  d termining the 

aded and unloaded Q-factor, Ql and Qul respectively, the external Q-factor Qe, as 

shown in (6.4), is determined as a function of h, as shown in the variation of Figure 

6.5. 

 

 

 

The effect of the coupling is governed by the thickness h of the SRR, which in 

iched the stripline T-probe  of e

lo

.  Using the method [14]

20101
L

lQ
ulQ

−
−

=                              (6.4a) 

 

lQulQ
ulQlQ

eQ
−

=
2

                                    (6.4b) 
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Fig. 6.5: External Q-factor Qe as a function of h 

 T rcial available 

oft HFSS v 9.1) [6] for verification. A two-stage 

Butterworth filter has been selected with its low pass prototype elements given as: g0 

= g3 = 1.0 and g1 = g2 

 

A bandpass filter based on the above topology is therefore specified in Table 

6.I and designed. he filter response is also simulated using a comme

EM software package (Ans   

= 2 . The inter-stage coupling k and external Q-factor Qe of the 

filter can thus be determined by using (6.5) as shown below. 
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21gg
k ω
=                                      (6.5a) 

 

ω
10 gg

Qe =                                     (6.5b) 

 

 

TABLE 6.I: FILTER SPECIFICATIONS AND PARAMETERS 

 

Filter centre frequency f0 9.0 GHz 

Relative bandwidth w 20% 

Normalized Odd mode frequency fno 1.1 

Normalized Even mode frequency fne 0.9 

Impedance ratio R 0.55 

Step electrical length θS 0.2 rad 

Width of SRR w 0.23 mm 

Height from ground plane h 0.19 mm 
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The center frequency fc of the filter is 9.0 GHz with a 20% bandwidth. The 

0.55 and 0.2 

. The coupling coefficient k’ between the  SRR is th

 distance from ground h of the SRR are 

subsequently selected to be 0.23 mm and 0.19 mm. 

 

normalized odd- and even-mode frequencies fno and fne are selected to be 1.1 and 0.9 

respectively. Using (6.2) and (6.3), R and θS are computed to be 

respectively split modes of the en 

determined via (6.6). The width w and

22

22
'

nefnof
nefnof

k
+

−
=                             (6.6) 
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A summary of the design flow is as shown: 

Step 1: Define filter centre frequency fc and fractional bandwidth w 

Step 2: Select the normalized odd and even mode frequencies fno and fne such that they 

also satisfy the bandwidth and centre frequency requirement. They are 

explicitly given as: 

 

02
f

ff
f neno

c
+

=                                                    (6.7) 

 

( )
none

none

ff
ff

w
+
−

=
2                                                     (6.8) 

  

where f0 is the natural frequency of the SRR. 

 

Step 3: Compute k and Qe from (6.5a) and (6.5b) respectively 

Step 4: Select h from Figure 6.5 

Ste  

A 6-layer substrate prototype based on the above was therefore fabricated and 

measured. The process is based on the Ferro-A6M LTCC Tape System with an all-

s tape is 5.9.

measurement was taken and compared against the simulated result as shown in Figure 

6.6. One observation is that the filtering band has shifted slightly to the left and this 

could be attributed to the minute substrate shrinkage during the firing process. 

Otherwise, the simulated and measured results are satisfactory and in good agreement. 

p 5: Optimize d to give R and θS, which in turn must also satisfy (6.3).

Step 6: Filter parameters are defined. 

 

gold FX 30-025 as the conductor system. The dielectric constant of thi  A 
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Fig. 6.6: Comparison between measured and simulated r

 

6.4 Conclusion 

In this chapter, we have demonstrated a wideband bandpass filter

esults 

 embedded in 

LTCC in the X-band, utilizing a new Stacked-Ring Resonator (SRR) which has be

proposed for a more robust design. The full design methodology has been described, 

and a prototype has been built and validated. The simulated and measured results are 

in good agreement. 

en 
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Chapter 7 

 

CONCLUSION 

 emphasis on 

light weight and compactness. Several novel planar filter topologies were introduc

and their detailed analysis as well as experimental results were presented and 

hese filters were exploited to

ndpass filters, o resonators being 

 patch and

was observed to decrease its resonant frequencies, thereby effectively achievi

miniaturiza  the etched 

r can thus be 

 was explored by disturbing the ground 

currents were observed to create a split in the otherwise orthogonal mode frequencies, 

 g diagonal pairs of passive 

components such as capacitors onto a regular microstrip ring resonator. It was 

observed that the resonant frequency as well as the even and odd mode frequencies 

can be controlled explicitly. By adjusting the relative values of these capacitors, 

bandpass filters can be designed, with or without attenuation poles.  

 

 In this thesis, work has been done on filter miniaturization with

ed 

discussed in length. The dual degenerate modes in t  

realize second-order ba  effectively emulating tw

coupled together but occupying only the space and volume of one. 

 A simple modification was investigated on a circular microstrip  it 

ng 

tion for the same size. By adjusting the relative positions of

holes on this patch, one can perturb the orthogonal modes and a filte

designed. 

A new dual mode filter concept 

currents under a regular ring resonator via means of etched holes. The detouring 

thereby allowing a possible coupling between them.  

Another new idea was investigated by loadin
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 By combining the key concepts above, a hybrid filter depicting a regula

ect (LGD) f e loaded pa

s demonstrated with 

the es away ency. 

phasis on 

broadband, ease of design and robustness of the implementation. By deploying a dual 

tion, the orthogonal modes in such a topology 

a stripline T-

ess. Detailed 

de frequencies can be controlled by means 

of knowledge of the dimension of the perturbing element. A successful f

demonstrated in the X-band with a 20% bandwidth.  

ed filter. The 

h active and 

odules are 

deployed in the military applications whereby it is mission critical working in a harsh 

env thesis can be 

ing in higher 

order coupling. High quality filters with broad bandwidth as well as good out-of-band 

rejections can then be realized.  

 One of the ways to invoke the higher order mode coupling is to introduce 

connecting pins between the upper and lower conductors into the embedded filter, 

rly 

loaded ring resonator with a local ground def or one of th irs 

was envisaged and built. The LGD was analyzed by parametric means and its effects 

were equated with a series inductor. A miniaturized filter was thu

 second harmonic at least three tim  from the filter centre frequ

 An embedded filter in LTCC was designed and built with em

layer square ring with a pair of perturba

can be disturbed and cause to couple. The I/O was implemented via 

probe that can be conveniently interfaced to adjacent cavities or a rec

analysis showed that the even and odd mo

ilter was 

 

7.1 Suggested Future Works 

 One area where much is still to be done is multilayer embedd

trend of future packaging trends will inevitably be comprised of bot

passive components together with other subsystems.  Some of these m

ironment. The LTCC embedded filter topology depicted in this 

further explored and expanded into higher order mode analysis result
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Figure 7.1. The design of the current filter is considered first order where the 

which will be 

ique will not be possible in planar configurations 

for obvious reasons.  

 

 

dimension of the perturbation element is the only variable. The inclusion of the 

connecting pins allows the flexibility of another dimension to control 

the diameter of the pin. This techn

 

 

Fig. 7.1: Connecting pins between upper and lower conductors  

 

of as cal feed. T e 

tial difference 

between the upper and lower conductors and consequently the field lines are balanced 

(Figure 7.2). However by means of upsetting this symmetry, the odd mode 

configuration of the electrical field lines is now possible, as shown in Figure 7.3. The 

potential benefit of such a configuration is that one may now control the location of 

Another area one can investigate is ymmetri h

current feed system is one of balanced type whereby there is no poten

the effects 
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the attenuation poles, which often exist in such a filter topology, by simply adjusting 

the amount of offset from the symmetrical plane.  

 

 

 

 

 

Fig. 7.2: Symmetrical feed system 

 

 

 

 

 96



 

 

Fig. 7.3: Asymmetrical feed system 
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APPENDIX I 

 

Effect of I/O coupl the natural resonant frequencies 

of a ring resonator 

 

Figure AI.1 shows a typical connection of the source with a coupling capacitor 

to a resonator. As the equivalent circuit of the resonator is modelled by a parallel 

circuit, it will only be meaning if the source and the coupling capacitor is replaced by 

its parallel equivalent, as shown in Figure AI.2. 

 

ing capacitors on 

 

 

Fig. AI.1: Source connection to resonator via a coupling capacitor 
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Fig. AI.2: Parallel equivalent of the source connection 

From Figure AI.1, 

 

C
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0 +=                                                   (AI.1) 
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Hence, by comparing the respective real and imaginary terms, 

 

122
0

2
0

0 +
=

C

C

BZ
BZ

g                                                 (AI.3a) 

 

122
0 +

=
C

C

BZ
B

b                                                  (AI.3b) 

 

Considering a regular ring resonator without source connection as shown in 

Figure AI.3, 

 

 

 

 

Fig. AI.3: Equivalent transm esentation of a ring resonator at resonance 

 

 

 

 

 

ission line repr
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Then, 

 

( )LjYYY ainin 021 tan β==                                          (AI.4) 

 

( )LYj
YY

a

ininR

0

1

tan2
2

β=
=

                                              (AI.5) 

 

At resonance, with a direct connection to the resonator (with no coupling 

 

capacitor),  

( )
0

tan2 0

=
= LYjY ainR β                                             (AI.6a) 

 

L
cf

L
c
f2

0

0

=

=

2

∴ ππ

                                                 (AI.6b) 

 

⇒

 

 

 

 

 

 

Direct connection does not affect the natural resonant frequency. 
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Considering the case whereby a co own in 

Figure AI.4, 

 

upling capacitor is introduced as sh

 

 

 

Fig. AI.4: Equivalent circuit representation of a source connection with coupling 

capacitor 
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At resonance, 
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where '0f  is the new resonant frequency and 0f  is the natural resonant frequency. 
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Continuing,  
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For small b, 
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Hence, the effect of the coupling cap gate the natural resonant frequency.  
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The odd and even mode analysis is then applied to the analysis of the ring 

resonator. For the case of the odd mode as shown in Figure AI.5, 

 

 

 

 

 

 

Fig. AI.5: Odd mode representation of the resonator 
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For the case of the even mode as shown in Figure AI.6, 

 

 

 

 

 

ntation of the resonator 

 

Then, 

 

Fig. AI.6: Even mode represe
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At resonance,  

 

0== e
in

o
in YY                                                   (AI.25) 

 

Thus, 

 

0

cot3cot

=∴

=
−−=

a

o
a

o
a

o
in

Y

jYjYjbY φφ
           (AI.26) 

 

cot3cot

0

−+ oo bφφ

                     

0tan3tan

0
tan3tan

=++∴

=
++=

a

ee

e
aa

e
in

Y
b

jYjYjbY

φφ

φφ
                                (AI.27) 

e

 108



APPENDIX II 

Derivation of the Odd and Even mode characteristic Equations 

 

Odd Mode
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For normalized values (with respect to Zr), 
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Even Mode 
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For normalized values (with respect to Zr), 
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When the half ring is resonating at its

 

 natural frequency f0, 
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Hence, the characteristic equations are expressed as: 
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APPENDIX III 

 

Derivation of the Even and Odd mode frequencies for a Series 

Inductor as the Perturbation Element 

 

considering normalized param
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Odd Mode 
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