COMPACT Ka-BAND FILTER
APPLICATIONS BASED ON THE
MULTIPLE MODE RECTANGULAR CAVITY

A DISSERTATION SUBMITTED TO
THE GRADUATE SCHOOL OF ENGINEERING AND SCIENCE
OF BILKENT UNIVERSITY
IN PARTIAL FULFILLMENT OF THE REQUIREMENTS FOR
THE DEGREE OF
DOCTOR OF PHILOSOPHY
IN

ELECTRICAL AND ELECTRONICS ENGINEERING

By
Ceyhun Kelleci
May 2017



COMPACT Ka-BAND FILTER APPLICATIONS BASED ON THE
MULTIPLE MODE RECTANGULAR CAVITY

By Ceyhun Kelleci

May 2017

We certify that we have read this dissertation and that in our opinion it is fully
adequate, in scope and in quality, as a dissertation for the degree of Doctor of

Philosophy.

Abdullah Atalar(Advisor)

H. Ozlem Aydimn Civi

M. Giilbin Dural Unver

Vakur Behcget Ertiirk

Hayrettin Koymen

Approved for the Graduate School of Engineering and Science:

Ezhan Karagan
Director of the Graduate School

i



In reference to IEEE copyrighted material which is used with permission in
this thesis, the IEEE does not endorse any of Bilkent University’s products or
services. Internal or personal use of this material is permitted. If interested
in reprinting/republishing IEEE copyrighted material for advertising or promo-
tional purposes or for creating new collective works for resale or redistribution,
please go to http://www.ieee.org/publications_standards/publications/

rights/rights_link.html to learn how to obtain a License from RightsLink.
Copyright Information

(©2017 IEEE. Reprinted, with permission, from C.Kelleci and A. Atalar, ”An
Analytical Approach to the Design of Multiple Mode Rectangular Cavity Waveg-

uide Filters”, IEEE Transactions on Microwave Theory and Techniques, March
2017.

il



ABSTRACT

COMPACT Ka-BAND FILTER APPLICATIONS BASED
ON THE MULTIPLE MODE RECTANGULAR CAVITY

Ceyhun Kelleci
Ph.D. in Electrical and Electronics Engineering
Advisor: Abdullah Atalar
May 2017

Filters based on multiple mode cavity resonator technique have the advantage of
realizing a given filter function in a reduced volume and weight with the drawback
of increased complexity. In order to decrease the dependence on electromagnetic
analysis software and to gain a better insight on the physics of the structure, the
multiple mode single rectangular cavity filter structure is investigated with an
analytical approach. Expressions are obtained for the modal frequency shifts and
for the intermodal coupling due to various types of corner cuts. An algorithm
is proposed predicting the physical dimensions of the final structure given the
corresponding coupling matrix. Example designs are realized. The algorithm is
able to determine the physical dimensions of the second and third-order filters
within a few percent. The classical triple mode rectangular cavity filter structure
is altered to form a triplet. The new triplet structure can be arranged to result in
either a lower or higher sideband transmission zero. An example Ka-Band design
is fabricated with both machining and a novel 3D printing technology. The results
are in agreement with the expectations. The filter structure is further tailored
to allow integration to Ka-Band waveguide output microwave modules without

significant increase in the module’s volume requirement.

Keywords: Cavity filter, multiple mode rectangular cavity, triplet, Ka-Band, 3D
printing.
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OZET

COK MODLU DIKDORTGEN BOSLUK REZONATORU

TABANLI KOMPAKT Ka-BANT FILTRE
UYGULAMALARI

Ceyhun Kelleci
Elektrik ve Elektronik Miihendisligi, Doktora
Tez Danigmani: Abdullah Atalar
Mayis 2017

(Cok modlu bosluk rezonatorii yontemi kullanilarak tasarlanan filtreler hacim ve
agirhik acisindan fayda saglarken, yapilari gorece karmasiktir. Elektromanyetik
analiz yazilimlarina olan bagimliligi azaltmak ve yapimin fizigi tizerine daha
fazla bilgi sahibi olabilmek amaciyla, ¢ok modlu tek dikdortgen bosluk re-
zonatoriinden olusan filtre yapisi analitik olarak incelenmis, farkl tiplerdeki kose
kesilerinin yol actigi modal frekans kaymalar1 ve modlar arasi kuplaji ongoren
matematiksel ifadeler elde edilmigtir. Belirli bir kuplaj matrisini gercekleyen fil-
trenin fiziksel boyutlarini kestiren bir algoritma olusturulmus, 6rnek tasarimlar
gerceklestirilmistir. Onerilen algoritma ikinci ve {iciincii seviye filtrelerin fiziksel
boyutlarini yakinsayabilmektedir. Klasik ii¢ modlu dikdortgen bosluk rezonator
filtre yapis1 iiglii olusturacak bigimde degistirilmistir. Olusan yeni yapi ¢aligma
frekansinin st veya alt kismina sifir iletim noktasi koyacak sekilde ayarlan-
abilmektedir. Ornek bir Ka-Bant tasarim hem talagh imalat hem de 3B yazici
tabanl yeni bir iiretim teknolojisiyle {iretilmistir. Olciim sonuclar1 beklenti-
leri kargilamaktadir. Filtre yapisi, dalga kilavuzu cikish Ke-Bant mikrodalga
modiillere, modiiliin hacim ihtiyacim1 kayda deger oranda artirmadan entegre

edilebilecek gekilde uyarlanmigtir.

Anahtar sézciikler: Bosluk rezonatori filtre, cok modlu dikdortgen bosluk re-

zonatori, li¢lii, Ka-Bant, 3 boyutlu yazicu.

v



Acknowledgement

I would like to extend my gratitude to Prof. Abdullah ATALAR for his guidance
and support throughout my time in Bilkent. I feel lucky to have had the chance
to work with him. His unique approach to solving problems and his exemplary

personality will always continue to inspire me.

I would like to extend my sincerest thanks to the members of the Thesis Mon-
itoring Committee, Prof. Hayrettin KOYMEN and Assoc. Prof. Omer ILDAY
for their most helpful ideas and comments. Committee meetings were always

enlightening.

I would like to thank Prof. H. Ozlem AYDIN CIVI, Prof. M. Giilbin DURAL
UNVER and Prof. Vakur Behcet ERTURK for accepting to take part of the
Thesis Jury.

I am thankful to Irfan YILDIZ, the manager of Microwave Design Division at

Meteksan Defence Ind. Inc. for his guidance and support.
I would also like to thank my research mates Muhammed ACAR, Akif Alperen
COSKUN, Okan UNLU, Sinan ALEMDAR and Aml BICER for the helpful dis-

cussions and Ozan KOCA for his help on the machining of filters.

The financial support of the Scientific and Technological Research Council of
Turkey (TUBITAK) through the BIDEB 2211 programme is appreciated.

vi



Dedicated to my beloved wife Yeliz ...

Vil



Contents

1 Introduction
2 Filter Design using the Coupling Matrix

3 The Multiple Mode Rectangular Cavity Filter

3.1 Multiple Mode Cavity Filter . . . . . . . .. ... ... . .....

3.2 Imtermodal Coupling . . . . .. ... ... ... ... . ......
3.2.1 Square Corner Cut . . . . ... ... ... ... ......
3.2.2  Triangular Corner Cut . . . . . . .. ... ... ... ...
3.2.3 Rounded Corner Cut . . . . . ... ... ... ... ...

3.3  Waveguide to Cavity Coupling with a Rectangular Aperture

3.4  Investigation of Dispersion . . . . . . . . . ... ... ... ...

3.5 Filter Design Algorithm . . . . . ... ... ... ... .. ...,

3.6 Example Second-Order Filter Design . . . . . ... ... .....

3.7 Example Third-Order Filter Design . . . . . ... ... ... ...

3.8 The Triplet Structure . . . . . . . . . ... ... .. .. ... ...
3.8.1 Transmission zero at the upper sideband . . . . . . .. ..
3.8.2 Transmission zero at the lower sideband . . . . . . . . ..

3.9 Experimental Verification . . . .. .. .. ... .. ... L.

4 Filter Embedded Microstrip to Waveguide Transitions
4.1 Microstrip probe excitation of waveguides and cavities . . . . . . .
4.2 Intermodal coupling mechanism . . . . ... ... ... ... ...
4.3 Second-order filter embedded microstrip to waveguide transition .

4.4  Third-order filter embedded microstrip to waveguide transition . .

viil

10
12
12
15
16
16
19
21
21
22
24
25
27
29

33
34
37
39
41



CONTENTS ix

5 Conclusion 44
A Matlab Codes 49
A.1 Lowpass prototype element generation . . . . .. ... ... ... 49
A.1.1 Lowpass prototype for Butterworth filtering function . . . 49

A.1.2 Lowpass prototype for Chebyshev filtering function . . . . 50

A.2 Coupling matrix synthesis . . . . . . ... ... ... ... .... 51
A.2.1 Characteristic polynomial generation function . . . . . .. 51

A.2.2 Coupling matrix generation function . . ... .. ... .. 52

A.2.3 Example coupling matrix generation main script . . . . . . 54

A.3 Coupling matrix reconfiguration . . . . . . .. .. ... ... ... 95
A.3.1 Reconfiguration to folded form . . . . . .. ... ... ... 55

A.3.2 Reconfiguration to arrow form . . . . .. . ... ... ... 58

A4 Auxiliary functions . . . . . .. ..o 59
A4.1 U(w) - V(w) polynomials generation . . . ... ... ... 59

A.4.2 Polynomial coefficient generation . . . . ... .. .. ... 61

A.4.3 Transmission zero normalization . . . . . . . . . ... ... 62

A.4.4 Coupling matrix cleaning . . . . . . . ... ... ... ... 62

A.4.5 Coupling matrix reforming . . . . . . .. .. ... ... .. 63

A.4.6 Coupling matrix analysis . . . . . .. ... ... ... ... 64



List of Figures

2.1
2.2
2.3

2.4

3.1

3.2

3.3

3.4

3.5

3.6
3.7
3.8

Example coupling matrix circuit model. . . . . . . . . ... .. ..
Filter design procedure using the coupling matrix approach.

Common coupling configurations. The mainline couplings are pre-
sented with solid lines, whereas cross-couplings are shown with
dashed lines. (S: Source, L: Load) (a) Folded form. (b) Arrow
(wheel) form. . . .. ... .. Lo

The response for the example fifth order filter. . . . . . . . . . ..

The dual mode rectangular cavity filter structure. (a) Cavity. (b)
Cavity and waveguide. . . . . . . . . . .. ...
The triple mode rectangular cavity filter structure. (a) Cavity. (b)
Cavity and waveguide. . . . . . . . .. ... L
Dual mode cavity with square corner cut. . . . . . . . ... .. ..
Normalized resonance frequencies of the two coupled modes versus

rwith a/c = 5/6. The solid lines correspond to the results obtained

analytically, whereas the symbols correspond to simulation results.

The physical coupling coefficient as a function of normalized corner
cut dimension with a/c = 5/6. The solid lines correspond to the
results obtained analytically, whereas the symbols correspond to
simulation results. . . . . . . ... L
Dual mode cavity with triangular corner cut. . . . . . . . ... ..
Dual mode cavity with rounded corner cut. . . . . . . . .. .. ..
The equivalent circuit for the waveguide-cavity aperture coupling

structure. . . . . . . s

11

12
12

14



LIST OF FIGURES xi

3.9

3.10

3.11
3.12

3.13

3.14
3.15

3.16

3.17

3.18

3.19

3.20
3.21

4.1
4.2
4.3
4.4
4.5

Q. of the example aperture coupled cavity for different aperture
wall thicknesses, for A = 1 mm. The solid lines correspond to the
results obtained analytically, whereas the symbols correspond to
simulation results. . . . . . . ..o L o 18
The normalized resonant frequency of the example aperture cou-
pled cavity for different aperture wall thicknesses, for A = 1 mm.
The solid lines correspond to the results obtained analytically,
whereas the symbols correspond to simulation results. . . . . . . . 19
The dispersion effects due to the waveguide and due to the aperture. 20
The initial response of the designed filter together with the theo-
retical response. . . . . .. Lo 23

S-parameters of the predicted and optimized structures together

with the theoretical response. . . . . . . . . ... ... ...... 24
The triplet coupling diagram. . . . . . . .. ... ... ... ... 25
The triple mode triplet structure with an upper sideband finite
frequency TZ. . . . . . . . 26
The response for the triple mode triplet structure with an upper
sideband finite frequency TZ. . . . . . . .. .. .. ... ... .. 27
The triple mode triplet structure with a lower sideband finite fre-
quency TZ. . . . . . 28
The response for the triple mode triplet structure with a lower
sideband finite frequency TZ. . . . . . . . ... .. ... ... .. 29
Chromate conversion coated parts of the machined filter. The scale
isin centimeters. . . . . . . . . . ... 30
Additive manufactured triple mode rectangular cavity filter. . . . 30

The response for the fabricated triple mode triplet structure with

a lower sideband finite frequency TZ. . . . . . . . . . .. ... .. 32
The coaxial probe to waveguide transition structure. . . . . . .. 35
The microstrip probe excited cavity structure. . . . . . ... . .. 35
Cut-out view of the GCPW structure. . . . . . .. .. ... ... 36

External quality factor (Q.) as a function of microstrip probe length. 37
Normalized resonant frequency of the coupled mode as a function

of microstrip probe length. . . . . . . .. ... ... ... ... .. 37



LIST OF FIGURES xii

4.6 Dual mode cavity with partial square corner cuts. The shape of
the cuts can be triangular or rounded as well. . . . . . ... ... 38

4.7 Normalized resonance frequencies of the two coupled modes versus

rwitha/c=5/6. . . . .. .. 38
4.8 The physical coupling coefficient as a function of normalized corner

cut dimension with a/c=5/6. . . . . . . ... ... L. 39
4.9 The second-order microstrip probe excited cavity filter structure. . 40

4.10 The initial response of the designed second-order filter together

with the optimized response. . . . . . . . . .. ... ... ... .. 41
4.11 The microstrip probe excited third-order cavity filter structure.. . 42
4.12 The initial response of the designed third-order filter together with

the optimized response. . . . . . . . ... ... L. 43



List of Tables

3.1
3.2
3.3

3.4

4.1
4.2

4.3

The physical dimensions (in mm) of the designed second-order filter. 22
The physical dimensions (in mm) of the designed third-order filter. 24
The physical dimensions (in mm) of the designed triplet with upper

sideband TZ. . . . . . . . 27
The physical dimensions (in mm) of the designed triplet with lower
sideband TZ. . . . . . . . . .o 29

The dimensions of the GCPW for a 50 €2 characteristic impedance. 36
The physical dimensions of the designed second-order asymmetric
input/output filter. . . . . . ... 40
The physical dimensions of the designed third-order asymmetric
input/output filter. . . . . ... 42

xiil



Chapter 1

Introduction

Microwave filters have always played an important role in both civilian and mili-
tary systems and this role becomes more critical with the ever increasing need for
more bandwidth and channels in the spectrum, which is a very scarce resource.
On the other hand, more compact, lightweight solutions are always welcome. One

such filter solution is the multiple mode cavity filter.

The idea of using the degenerate modes of a multiple mode cavity (either
rectangular or cylindrical) first appears in [1, p.675]. For the rectangular cavity
case, the coupling between modes is realized either by using a tuning screw or by
deforming the dual symmetry slightly so that the initially degenerate modes are
no more degenerate and coincide with the filter resonance frequencies. Later on,
the idea of deforming the square into a rectangle is also applied to the waveguide
input/output case [2]. In fact, any type of asymmetry between the degenerate
modes shifts their frequencies up and down, therefore it becomes possible to
realize the filter. Over the years, the idea of using square corner cut is proposed
[3]. The latter approach allows filter fabrication without tuning. The multiple
mode technique is also applied to triple mode, quadruple mode [4] and hexa-mode

[5] cavities as well.

The main advantage of the multiple mode filter approach is that, since multiple



resonators occupy the same space, the overall volume requirement is reduced
(for a given filter order). As a result, the weight of the filter is reduced as
well. A dual mode filter allows a reduction of almost twofold and with increased
number of modes used, more reduction is obtained. The disadvantage is the need
for analysis and fabrication of a relatively more complex structure. Note that,
in applications where space and weight are strict requirements, e.g., portable

devices, space applications, the complexity may become acceptable.

For relatively low frequency applications, filter design tables [6, ch. 4] can be
used to calculate the inductor and capacitor values that realize a predefined filter
function. When the application requires implementation in higher frequencies,
especially where lumped elements can not be used anymore, the filter structure
needs to be analyzed and modeled (if possible) carefully. With today’s powerful
computational tools, it is also possible to design microwave filters using specialized

electromagnetic analysis software as well.

The aim of this work is to investigate the multiple mode rectangular cavity
waveguide filter structure analytically. Such an effort would help to understand
the physics of the structure better and would decrease design time and design
dependence on computational tools as well. For that purpose, the direct relation
between the coupling matrix entries and the physical parameters of the filter is

sought for.

In Chapter 2, a brief introduction to filter design using the coupling matrix
approach is provided. Chapter 3 contains analytical efforts to define the relation
between a single rectangular cavity multiple mode filter and its coupling matrix
entries. The classical triple mode cavity is altered to form a triplet, that in
turn allows the addition of a transmission zero (TZ) to the response. Using the
obtained analytical expressions, different designs are realized and an example
design is fabricated with both machining and additive manufacturing [7]. In
Chapter 4, the proposed filter structure is altered to be integrated in Ka-Band

microwave modules. The last chapter is a discussion of the work done.



Chapter 2

Filter Design using the Coupling
Matrix

It would take more than a lifetime to master all the aspects of filter design art.
Although the focus of this work is mostly limited to multiple mode rectangular
cavity filters, a very basic and generalized filter design guideline (via coupling
matrix approach) is presented here for completeness. The reader is directed to

appropriate references for detailed information.

12 23

2113
I
2113
I

Figure 2.1: Example coupling matrix circuit model.

The coupling matrix approach is proposed by Atia and Williams in 1971 [3].
One of the major advantages of the method is its ability to relate matrix entries
to some of the physical properties of the realized filter [8, p. 279]. An example
coupling matrix circuit model containing three resonators and with nonzero cou-

plings only among consecutive resonators is illustrated in Fig. 2.1. Note that, the

3



coupling matrix is only an intermediate step of the filter design procedure. The

overall process is summarized in Fig. 2.2.

Characteristic
Polynomials

Based on
Y-parameters

Circuit
Filtering Synthesis

Function
Based on
normalized
circuit elements A A
\\ Coupling Matrix

/ Synthesis
Coupling Matrix
Reconfiguration \
\ Physical
Realization

Figure 2.2: Filter design procedure using the coupling matrix approach.

The design starts in mathematical domain. First, the characteristic polynomi-
als resulting in the required transfer characteristics are formed. For widely used
functions like Chebyshev and Butterworth, the process is relatively straight for-
ward [8, pp. 111-114], whereas for special filter functions, e.g., containing TZ’s,
it may become necessary to use optimization via computational tools [8, p. 151].
In [8, ch. 6], a procedure to generate the transfer and reflection polynomials for
a general class of Chebyshev filter function including prescribed TZ’s is proposed
and Fortran implementation of some steps is also provided. For this work, the
overall procedure is implemented in Matlab. The corresponding functions as well

as an example coupling matrix generating script are given in Appendix A.

The next step is the determination of the relation between actual circuit el-
ements and mathematical functions. This step, the circuit synthesis, is a very
old problem that is already studied extensively. The process is generally based
on parameter extraction method presented in [8, ch. 7]. For the Chebyshev and
Butterworth functions of various types, tables containing lowpass prototype el-
ement values are present [6, ch. 4]. These tables are used to design bandpass,

lowpass, highpass or bandstop filters at any frequency and with any bandwidth

4



using normalization procedures provided in [9, pp. 398-405]. Matlab functions
generating lowpass prototype tables are written and given in Appendix A based

on the approximating functions proposed in [6, ch. 4].

Once the prototype element values are present, the corresponding coupling
matrix can be computed as done in [8, pp. 286-288]. Note that, it is also possible
to obtain the coupling matrix directly based on the characteristic polynomials
using the Y-parameters [8, pp. 292-295]. The latter approach is computerized in
Matlab and provided in Appendix A.

At this point, the synthesized coupling matrix may contain nonzero coupling
values among any resonator and the source/load (transversal matrix). It may or
may not be possible to realize such a structure physically. The coupling matrix
reconfiguration step, a purely mathematical effort, is applied to modify the form
of the coupling matrix via the use of similarity transforms that leaves the transfer
characteristics of the filter unchanged [8, p. 295]. The aim is to obtain a coupling
diagram that is more suitable for fabrication. Among preferred configurations
are the folded and arrow (wheel) forms [8, p. 316] that are presented in Fig. 2.3
for a fifth order filter.

S 1 2 3
) )
L Q; Q; Q
\ [N [N
\ [ [
\ (Y (Y
\ [ [
\ | \ | \
\ \ \ \ \
\ \ \
\ : \ : \
\ H \ H \
\ 1 \ 1 \
\ \ \
v ! v ! \
v v \
AN v \
A A \
]__L| \t \

Figure 2.3: Common coupling configurations. The mainline couplings are pre-
sented with solid lines, whereas cross-couplings are shown with dashed lines.
(S: Source, L: Load) (a) Folded form. (b) Arrow (wheel) form.

Let us illustrate this step with an example fifth order Chebyshev filter centered
at 30 GHz, having a bandwidth of 1500 MHz, with a maximum in-band return
loss of 25 dB. Let us add three prescribed TZ’s at frequencies 27 GHz, 32 GHz

5
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Figure 2.4: The response for the example fifth order filter.

and 34 GHz. The S-parameters of the described filter is depicted in Fig. 2.4. The

generated transversal coupling matrix is:

Ry
Ry
Minitiat = Rs
Ry

Rs

s
0
0.4075
0.3715
—0.5341
—0.5829
0.5666
0

Ry
0.4075
1.3921

0

0

0

0
0.4075

Ry
0.3715
0
—1.3232
0
0
0
0.3715

R3
—0.5341
0
0
—1.0452
0
0
0.5341

Ry

Rs

—0.5829  0.5666

0

0

0
0.9271

0
0.5829

0
0
0
0

L
0
0.4075
0.3715
0.5341
0.5829

—0.1326  0.5666

0.5666

0
(2.1)

Note that, there are no couplings among any of the resonators, whereas all of

them are coupled to the load and to the source simultaneously. The procedure to

obtain folded and arrow forms from the transversal coupling matrix are provided

in [8, pp. 299-300] and in [8, p. 380]. (Matlab functions that implement these

procedures are written and given in Appendix A.) The folded form corresponding




to the same response is:

S Ry Ra R3 Ry Rs5 L

s o 1.1181 0 0 0 0 0 |
R, | 1.1181 0.0183  0.9684 0 0 —0.008 0
Ra 0 0.9684  0.0248  0.6547 0.1749 —0.0282 0
Myoided = Ry 0 0 0.6547 —0.2783 0.6741 0 0
Ra 0 0 0.1749  0.6741 0.0350 0.9680 0

Rs 0  —0.0086 —0.0282 0 0.9680 0.0183 1.1181

L] 0 0 0 0 0 1.1181 0

(2.2)

In the folded form, there are couplings only among consecutive resonators and
three cross-couplings corresponding to the TZ’s are present. On the other hand,

the arrow form is:

S R1 Ro Rs3 Ry Rs L
s o 11181 0 0 0 0 0 |
R | 1.1181 0.0183 0.9684 0 0 0 0
Ra 0 0.9684 0.0253 06761 0 0  —0.0100
Marrow = Rs 0 0 06761 0.0420 0.6737 0  —0.0466
R 0 0 0 0.6737 0.3946 0.8258  0.4068
Rs 0 0 0 0  0.8258 —0.6621 1.0404
t] 0 0  —0.0100 —0.0466 0.4068 1.0404 0
(2.3)

This time, there are couplings among consecutive resonators, and three res-
onators (corresponding to the three TZ’s) are coupled in extra to the load. Both
folded and arrow forms are canonical forms, i.e., both forms realize the required
response with minimum number of couplings [8, p. 316]. The investigation of
possible coupling matrices, corresponding to various topologies and implementing

the same response is still an interesting research subject .

"Dedale-HF: coupling matrix synthesis, microwave filter synthesis.” [Online].
https://www-sop.inria.fr/apics/Dedale/WebPages/index.html. Accessed: 07.04.2017
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From a simplistic point of view, a filter is a network of resonators. If it is
possible to couple energy to this network from the outside world, and if energy
can be coupled among the resonators, then a filter can be realized. Appropriate
resonator structures are needed to be used for different frequency, bandwidth,
stopband characteristics, weight, size or cost requirements. Therefore, the last
step in the design procedure, the physical implementation of the filter, is the
effort of choosing an appropriate resonator structure and determining the relation
between the coupling matrix equivalent circuit and the network of resonators
that is to be formed. This relation can be investigated using CAD approaches
as illustrated in [8, pp. 507-512] or analytically as attempted in the following

chapter for the case of multiple mode rectangular cavity.



Chapter 3

The Multiple Mode Rectangular
Cavity Filter

The idea of using the degenerate modes within a cavity in the synthesis of a filter
was introduced in [1, pp. 673-677] in the late 1940s, whereas, a thorough analysis
for the idea is carried out in [10]. The necessary coupling between the degenerate
modes within the structure is realized by perturbing the geometry of the cavity.
The corresponding perturbation elements can be tuning screws as well as square
corner cuts [11]. In a more recent work [12], a specific sequence of intermodal
couplings in a triple mode rectangular cavity, implemented with similar corner
cuts, is proposed and an investigation is made on how a computer-aided design

can be realized using the proposed structure.

The main contributions of this chapter to the cavity filter design techniques

are as follows:

1. Simple closed-form expressions to determine the resonant frequency shifts of
the modes of a multiple mode cavity, and the resulting coupling coefficient
due to various types of corner cuts are obtained. The resulting expressions
are combined with rectangular aperture-related expressions from the litera-

ture to form a complete set of equations that defines the connection between

9



the physical dimensions and the coupling matrix of a second or third-order

multiple mode single cavity filter.

2. A filter design algorithm that uses the above-mentioned set of expressions
is proposed. The algorithm provides a good starting point in obtaining the

optimized dimensions of a single cavity multiple mode filter.

3. An analytical expression determining the dispersive behavior of the rect-
angular aperture is derived. This expression can be used directly with the
coupling matrix to estimate the dispersion caused nonideal response of a
filter.

4. The classical triple mode filter structure is altered to form a triplet. The
new structure is able to generate either positive or negative cross couplings,
hence allowing placement of a finite frequency transmission zero (TZ) either

at the upper or lower sideband of the center frequency.

5. The additive manufacturing technology is combined with multiple mode
cavity technique for the first time. The combination of the two techniques
results in very lightweight filters. An example design illustrating the concept

is realized in Ka-Band.

3.1 Multiple Mode Cavity Filter

The dual and triple mode cavity filter structures can be seen in Fig. 3.1 and
Fig. 3.2. Both are composed of a single cavity with square corner cuts to generate
the intermodal couplings and rectangular apertures to realize the source/load-to-

resonator couplings.

4x4 coupling matrix corresponding to a Chebyshev second-order filter is in

10



Figure 3.1: The dual mode rectangular cavity filter structure. (a) Cavity. (b)
Cavity and waveguide.

the following form:

M = [M;;] = (3.1)
L 0 0 ¢ O

The only nonzero, thus to be defined, parameters of the coupling matrix are the
source to the first resonator coupling cg;, the inter-resonator coupling ci5, and

the load to the last resonator coupling cor,. Due to symmetry, cgy = cof..

For a third-order Chebyshev filter, the only nonzero elements of 5x5 coupling
matrix are M12:M21:M45:M542051 and M23:M32:M34:M432612 with again

only two independent parameters.

11



Figure 3.2: The triple mode rectangular cavity filter structure. (a) Cavity. (b)
Cavity and waveguide.

3.2 Intermodal Coupling

3.2.1 Square Corner Cut

Atia et al. [11] proposed the idea of using square corner cuts instead of tuning
screws to couple the degenerate modes of a square cross section waveguide/cavity.
The same structure is also used for triple mode cavities [12]. The structure is

illustrated in Fig. 3.3.

) y ZL>
\ LX X

S a C

(a) Top view (b) Side view

Figure 3.3: Dual mode cavity with square corner cut.
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A square cross-sectioned cavity has dual symmetry, hence, it has two degen-
erate modes. In the presence of a square corner cut, these modes are no longer
degenerate and can be interpreted as to be coupled to each other. The physical
intermodal coupling coefficient, k., can be related to the resonant frequencies, f;
and fy, of the coupled modes with [11]:

P b
COR+f

(3.2)

The presence of the square corner cut in a waveguide forces the fields to be
diagonal [1, p. 675], [13]. The rectangular cavity field expressions of [14, pp.
155-157] are modified with the diagonal mode approach and are given as

s

Eqoy=—7 sin(”—cz) [sin(—):% + Sin(—)g]

a a
Hy oy = j#zw /;—% cos(™) [sin(%y):f: + sin(%)g} (3.3)
Hg oy, = —jkg; ;—gsm(%) [COS(%) + cos(%y)} Z

where a is the cavity dimension in x- and y- directions, c is the cavity dimension
in z-direction, ko = my/1/a? + 1/¢? is the wavenumber of the unperturbed reso-

nance, €y and pg are the dielectric permittivity and permeability in the vacuum.

Different approaches in predicting the resonant frequency of a perturbed cav-
ity’s TMp1p mode are presented in [15]. In this work, Slater’s perturbational
formulation [9] is preferred:

Fuo— f J (ol H2|* — €0| En 2] dv
1,2 0 _ AV (34)

fo f(M0|H1,2 2+ e B 2|?)dv
Vo

where AV is the volume of the corner cut, fy; and Vj is the resonant frequency
and volume of the unperturbed cavity, respectively. Replacing (3.3) in (3.4) and
letting r = s/a be the normalized corner cut dimension, the resonant frequencies

are found as )

J;_O =1+ HTTQ/@ [sinc(27r) + sinc?(r)] (3.5)

where sinc(x) = sin(z) /.

13



Replacing (3.5) in (3.2) and using the first two terms of the Taylor series around

r = 0, we find the coupling coefficient, k., as

2 2

ke~ ——— 3.6
1+ a?/ 2 (3:6)
The inverse function that can be used for design is
k(14 a2/c?)]?
e {w} (3.7)

For the special case of a triple mode rectangular cavity with a = ¢, the expres-

sions simplify to

k.~r? or r =k, (3.8)
1.025 I I T T T
> o Square Cut Mode 1 3
% 1.02}{ © SquareCutMode2 | . i -
2 ¢ Triangular Cut Mode 1
o * Triangular Cut Mode 2 <
= 101511 A Rounded CutMode 1 | 7777 2 R
c + Rounded Cut Mode 2
g 101 : ‘
o ! ! e ‘ ‘
ho] | | a ¢ |
.g 1-005'"”"""":’ ”””””” O e R - ot o "
: e = e =aui
= 1 t—ts =+ e
2 ° 1% o
0.995 ; ; ; ; ;
0 0.025 0.05 0.075 0.1 0.125 0.15

Normalized corner cut dimension (r = s/a)

Figure 3.4: Normalized resonance frequencies of the two coupled modes versus r
with a/c = 5/6. The solid lines correspond to the results obtained analytically,
whereas the symbols correspond to simulation results.

To check their validity, the analytical expressions are plotted together with the
values obtained from CST Microwave Studio’s Eigenmode Solver for a/c = 5/6.
The perturbed cavity’s coupled modes’ resonant frequencies are given in Fig. 3.4,
whereas the resulting coupling coefficient is given in Fig. 3.5 as a function of r.
The figures also display the results for the triangular and rounded corner cut

cases as investigated below.

14



0.03
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o Square Corner Cut
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>

0.05 0.075 0.1 0.125 0.15
Normalized corner cut dimension (r = s/a)

Figure 3.5: The physical coupling coefficient as a function of normalized corner
cut dimension with a/c = 5/6. The solid lines correspond to the results obtained
analytically, whereas the symbols correspond to simulation results.

3.2.2 Triangular Corner Cut

The perturbation resulting from a triangular corner cut, illustrated in Fig. 3.6,

can be found using a similar procedure:

2
% =1+ 2(1+T—a2/c2) [sinc®(mr) & sinc(rr) ] (3.9)
ko — 2 o r /R (14 a2/c?) (3.10)
C 1+ a?/? ¢ '
. a
s
y Z
s
S LX I_VX
a c
(a) Top view (b) Side view

Figure 3.6: Dual mode cavity with triangular corner cut.
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3.2.3 Rounded Corner Cut

For a rounded corner cut illustrated in Fig. 3.7, we apply the trapezoidal approx-

imation with 64 partitions [16, p. 374] and taking up to the second-order terms,

we find ; ) ;
1 r 2
o 14043— and 2 ~1 311
g, SOy (3.11)
r? ko(1+a2/c?)]?
ko~ 043 —— A L G A 3.12
1+ajc) & " { 0.43 ] (3.12)

z

L.

(a) Top view (b) Side view

Figure 3.7: Dual mode cavity with rounded corner cut.

3.3 Waveguide to Cavity Coupling with a Rect-

angular Aperture

JXy
N Jk X,
JXe T =jx,R, %Ro
Z
cavity aperture  waveguide

Figure 3.8: The equivalent circuit for the waveguide-cavity aperture coupling
structure.
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The waveguide to cavity coupling structure’s equivalent circuit proposed by
Wheeler [17] is given in Fig. 3.8, where X and X¢ represents the unperturbed
cavity, whereas Ry shows the load resistance presented by the waveguide. The
coupling between them is represented by an inductance with z, Ry = k.X [17].
Here x,, is the equivalent normalized shunt reactance due to an aperture placed
in an infinitely long rectangular waveguide, whereas k. is the coupling coefficient

due to an aperture placed in the common wall of two identical cavities.

For x,, combining the results from [18, 19, 20] we get

_Oémﬁlo n 7T_l 2fa - mf
w= 2280 e ()] [P ()] 69

where p, ¢ are waveguide cross sectional dimensions, 31y is the propagation con-

stant of the waveguide’s T F;y mode and «, is the corresponding longitudinal

magnetic polarizability given by [21, 22]

0.132 13 m

In(1+0.66 {/h)° (3:14)

Ay =

t being the thickness of the aperture. The aperture resonance frequency f, can

be approximated by the cutoff frequency of the waveguide having the aperture’s

dimensions [19]: f, = 1/(21\/€opio).

On the other hand, for k., combining the results from [22, 19, 20] we get

B 20, ) ml 2f, wf
o= e e (7)) B (57)] e

Referring to Fig. 3.8, the cavity loading impedance, Z, is given by

.CIT2R0 T RO
Z, = — - 3.16
g 1+x%+j1+$% (3.16)

Using (3.16) and the equivalence of the two forms of the coupling inductance,

we can find the quality factor, Q).:

 Re{Zp} k.

17
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Its value can be found using (3.13) and (3.15). The new resonant frequency
of the cavity is found by including the effect of coupling aperture. Setting the
imaginary part of the overall structure’s equivalent impedance to zero, the new

resonant frequency can be approximated as:

I

fo V1+Qeuz, Vitke+2z2 Vi+k '

Using the first three terms of the Taylor series for the sine and cosine functions

around 7f/(2f,) = 0:

1
2

o {6A2(1+kcs) +3 /3641 4 kes)? + 124%(kes — 3) +9 (3.19)

fo 2(3 + kes) 2(3 + kes)

where A = 2f, /(7 fy) and k. is the coupling expression provided in (3.15) without

the Cohn’s tangential frequency correction term [19].

500 T T
T S N e N
e S e S
o i i | | | | 1 |
(o4 ‘ ‘ ‘ ‘
200f--- R
100 © t=0.1mm
o t=0.5mm
¢ t=1.0mm ! ‘ ‘ ‘ ‘ :
0 I I 1 1 1 1 1 1
2.2 2.4 2.6 2.8 3 3.2 3.4 3.6 3.8 4

I (mm)

Figure 3.9: Q). of the example aperture coupled cavity for different aperture wall
thicknesses, for A = 1 mm. The solid lines correspond to the results obtained
analytically, whereas the symbols correspond to simulation results.

To check the validity of the expressions, an example cubic cavity of a =b=c =
6.5 mm attached to a WR-28 standard waveguide (p=7.112 mm, ¢=3.556 mm) via
a rectangular aperture of h=1 mm is analyzed for different values of [ and ¢. The
structure is also simulated with CST Studio Eigenmode Solver for comparison.
The results are plotted in Fig. 3.9 and Fig. 3.10. The predicted Q. is in good

agreement with the simulation results. On the other hand, the resonant frequency
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Figure 3.10: The normalized resonant frequency of the example aperture coupled
cavity for different aperture wall thicknesses, for A = 1 mm. The solid lines
correspond to the results obtained analytically, whereas the symbols correspond
to simulation results.

prediction error increases with increasing aperture length but stays below 2% for

all thickness values analyzed.

3.4 Investigation of Dispersion

In the ideal case, the elements of the coupling matrix are assumed frequency
independent. In the previous section we showed that (). actually depends on

frequency and this dependence is approximately given as

1 [2fa, 7f ]
Q. %|:7Tf tan(Qfa)] (3.20)

Let us define the normalized dispersion factor n as the ratio of ). normalized

to its value at the center frequency (fy) of the filter. Then, 7 is given as

Qel =
n = % = NwgTap (321)

where 7,,4 is due to waveguide and 7, is due to the rectangular aperture:

2= 2 fotan(m/2 x f/f)]?

oo = =gz M e = | (/2 x fo/ ) (3:22)
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where f, is the cutoff frequency of the waveguide. Assuming that the intermodal
couplings are frequency independent (valid for narrow band filters), the effect of
dispersion can be implemented in the coupling matrix by multiplying the corre-

sponding coupling element (cg1) with (3.21).

Both dispersion effects are given in Fig. 3.11 as a function of f/f; for different
fo/fe and fy/ f, ratios. It can be seen that the frequency dependence slope due

1.6 1.6

\ | Mo _f/f=12 N - _f If =06
! I 0 ¢ ! I a

Figure 3.11: The dispersion effects due to the waveguide and due to the aperture.

to the waveguide gets higher when fy moves closer to f., hence, the distortion
due to dispersion gets worse. For a specific filter, if the waveguide to be used is
predefined, this effect can not be prevented. But note that, its value is relatively
small as long as fy is sufficiently away from the waveguide’s cutoff frequency
(which generally is). On the other hand, the frequency dependence slope due
to the aperture gets higher when the aperture resonance frequency gets closer
to fo. The gravity of this dispersion effect can be lightened by using aperture
structures resulting in the same amount of coupling but having a higher resonance
frequency. The search for such aperture structure is not the subject of this work,

hence rectangular shaped irises will be used.

20



3.5 Filter Design Algorithm

Using the results obtained so far, the physical dimensions of a dual (triple) mode

second (third) order filter can be predicted with the following algorithm:

1. Calculate the cavity dimensions resonating at filter center frequency fj.
2. Find the required corner cut dimension using (3.7).

3. Compensate for the frequency shift of the modes, as proposed in [1, p. 676],
with the use of (3.5). The blank cavity now resonates at f} < fo.

4. Go to step 2 until the corner cut dimension converges.
5. Calculate the aperture length corresponding to Q. using (3.17).

6. Compensate for the frequency lowering effect of the input/output coupling
irises by decreasing the length of the cavity [6, p. 463], so that the aperture

coupled cavity still resonates at f{ using (3.18).
7. Go to step 5 until the aperture and cavity length dimensions converge.

8. Recompute the required corner cut dimension using (3.7), based on the final

values of a and c.

3.6 Example Second-Order Filter Design

Let us design a second-order Chebyshev band-pass filter at 34 GHz, with a frac-
tional bandwidth of 1% and an in-band return loss of 25 dB. The corresponding
normalized coupling matrix of (3.1) has cg;=1.4312 and ¢1,=2.1670.

The physical coupling coefficients k;; and Q). can be found from [8, pp. 516-

520]:
B fol
kij = %MZ] and Qe = EE (323)
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where B and R are the bandwidth and the coupling resistance respectively. Let
the input /output be WR-28 standard waveguide, the height of the coupling aper-
ture be 1 mm, whereas its thickness be 0.5 mm. Since a dual mode cavity res-

onating at fj is not unique, let us also specify the cavity ratio (a/c) as 1.25.

Since the resonant frequencies of the resonators of a second-order filter are
located symmetrically around its center frequency, the third step of the algorithm
is applied to find the length (c) of the cavity that results in (f1 + f2)/2 = fo.

Upon completion of all the steps, the dimensions given in Table 3.1 are obtained.

a b @ s [

7.06 | 7.06 | 5.40 | 1.21 | 3.52

Table 3.1: The physical dimensions (in mm) of the designed second-order filter.

Fig. 3.12 depicts the result of CST Microwave Studio simulation run with the
predicted dimensions. For this example, it can be seen that the initial response
is very close to the dispersion included theoretical response without the need
for optimization. In case it is not as close as desired, it is possible to do an
optimization with only two parameters (¢ and /) assuming the intermodal coupling

to be less susceptible to dimension changes.

3.7 Example Third-Order Filter Design

Let us consider a third-order filter at 34 GHz with a 1% fractional bandwidth
and an in-band return loss of 25 dB. The normalized 5x5 coupling matrix has
cs1=1.2214 and ¢;,=1.2197. Again, let the input/output be WR-28 standard
waveguide, the height of the coupling aperture be 1 mm, whereas its thickness
be 0.5 mm. This time, there is no need to specify the cavity ratio since a triple

mode cavity is cubic.

On the other hand, the application of the algorithm’s third and fourth steps
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S-Parameters (dB)

—o— Predicted S, (dB)
—— Predicted S11 (dB) [
— Theoretical Sy (dB)]]

- - - Theoretical Si1 (dB)

34.5 35 35.5 36

32 325 33 335 34
Frequency (GHz)

Figure 3.12: The initial response of the designed filter together with the theoret-
ical response.

differs from that of the second-order case. For a third-order filter, two of the res-
onators’ resonant frequencies (f; and fy) are again located symmetrically around
the center frequency, whereas the third resonator (f3) resonates at the center
frequency. Therefore, the algorithm needs to be applied to find the length (c)
of the cavity that results in (f1 4+ f2)/2 = fo, and the width (a) that results in
fs = fo at the same time. (3.5) can be used to predict all three resonant fre-
quencies assuming that the corner cut that couples two modes does not affect the
third mode. But note that, taking into account the directions of the corner cuts,
when a # ¢, the dual mode approximation does not hold anymore. Therefore,
while keeping the cavity cubic, the frequency compensation can be based either
on (f1+ f2)/2 = fo or f3 = fo. Here, the first one is chosen. With a = ¢, there
is no need to perform the fourth step of the algorithm, and the value a that will
be obtained will be a lower bound for the required value. Upon completion of all

the steps, the dimensions given in Table 3.2 are obtained.

Using the initial results, an optimization is run in CST with the two cavity
parameters (not three since the cavity has to be square cross sectioned) and the
aperture length parameter. The corner cut dimension is left as is, assuming that

the coupling coefficient will be less sensitive to dimension changes. The obtained
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a b c S l
Predicted | 6.27 | 6.27 | 5.89 | 0.72 | 3.49
Optimized | 6.34 | 6.34 | 5.86 | 0.72 | 3.49
Error (%) | 1.1 | 1.1 | 0.5 | O 0

Table 3.2: The physical dimensions (in mm) of the designed third-order filter.

result is given in Fig. 3.13 together with the theoretical response (including the

dispersion effect).

\4

S-Parameters (dB)

--a-- Predicted Sy dB) |
--¢-- Predicted Si1 (dB)
—e— Optimized Sy (dB) U
—»— Optimized Sy (dB)
— Theoretical S, (dB)H

- - -Theoretical S11 (dB)

32 32.5 33 335 34 34.5 35 35.5 36
Frequency (GHz)

Figure 3.13: S-parameters of the predicted and optimized structures together
with the theoretical response.

Note that the obtained response rejects better at lower frequencies but worse
at higher frequencies as expected in light of the results obtained in the previous
sections. An interesting point is that, this dispersion caused effect is similar to

that of a capacitive cross-coupling between the first and third resonators.

3.8 The Triplet Structure

One way of generating a finite frequency TZ in a multiple mode cavity is via the

use of nonresonating node concept [23]. On the other hand, in a filter of order
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three, it is also possible to add the TZ by introducing a cross-coupling between
the first and third resonators. The coupling diagram corresponding to this triplet
structure can be seen in Fig. 3.14. Assuming ko and ko3 are positive, if the cross-
coupling (ki3) is negative, the TZ is at the lower sideband and if it is positive,
the TZ is at the upper sideband [24].

TM110

k @ k
7 \53
IN — @T @ —>OUT

TE o1 TEos4

Figure 3.14: The triplet coupling diagram.

In a triple mode rectangular cavity, it is possible to implement the cross-
coupling with a corner cut along the input-output direction. The sign of the
cross-coupling can be alternated by rotating the corner that is cut by 90°, since
the rotation interchanges the coupled modes’ resonant frequencies. Hence, third-
order filters containing either a lower or an upper sideband TZ can be designed.

Both cases are considered below.

3.8.1 Transmission zero at the upper sideband

Consider a filter with the specifications of Section 3.7 and having a TZ at

34.75 GHz. The corresponding normalized coupling matrix is given by

S R Ro R3 L
s 0 1214 0 0 0 |
mo| 12214 0.0945 1.1841 0.3455 0
M= g, 0 11841 —0.3052 1.1841 0 (3.24)
R | 0 03455 1.1841 0.0945 1.2214
t| o 0 0 12214 0

Note that, there is an inductive (positive) coupling between the first and third
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resonators. This coupling is realized with a corner cut along the input-output
direction. The structure can be seen in Fig. 3.15. The cross-coupling corner cut
is divided in two parts to prevent intersection with the main coupling corner cut.
The two parts are located at opposite corners so that they both result in the same

type of coupling.

cross-coupling
corner cut part 1

cross-coupling
corner cut part 2

Figure 3.15: The triple mode triplet structure with an upper sideband finite
frequency TZ.

To determine the dimensions, other than the cross-coupling corner cut dimen-
sion (s.), the proposed filter algorithm in the form described in Section 3.7 is
used. The deviations of the modes’ resonant frequencies from the case with no
TZ are assumed small, therefore neglected. On the other hand, the intermodal
coupling expression in (3.7) is used to determine s.. Note that, the obtained value
is a lower bound for the actual s. needed, because the generated inductive cou-
pling needs to counteract the capacitive effect of dispersion as well. A full-wave
optimization is performed based on the initial values and the final dimensions are
attained. (The main coupling corner cut parameter s, is left out of optimiza-
tion assuming that intermodal coupling is less susceptible to dimension changes.)
Both predicted and optimized values are given in Table 3.3, whereas Fig. 3.16

depicts the corresponding responses together with the theoretical response.
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a b c Sm Se¢ {

Predicted | 6.27 | 6.27 | 5.88 | 0.70 | > 0.38 | 3.49
Optimized | 6.33 | 6.33 | 5.89 | 0.70 | 0.40 | 3.47
Error (%) | 1.0 | 1.0 | 0.2 0 5.3 0.6

Table 3.3: The physical dimensions (in mm) of the designed triplet with upper
sideband TZ.

--A-- Predicted Sy (dB)
--¢-- Predicted S11 (dB)
—60H —e— Optimized S, (dB)
—»— Optimized Sy (dB)
-70H —— Theoretical Sy (dB)
— - —Theoretical S11 (dB)

ffffffffffffffffffffffffffffffffff

S-Parameters (dB)
A
S

-80 : i P
32 325 33 335 34 34.5 35 355 36
Frequency (GHz)

Figure 3.16: The response for the triple mode triplet structure with an upper
sideband finite frequency TZ.

3.8.2 Transmission zero at the lower sideband

Let us move the TZ of the filter in Section 3.8.1 to lower sideband, at 33.25 GHz.

The corresponding normalized coupling matrix is

S R1 Ro R3 L
s 0o 1214 o0 0 0 |
ro | 12214 —0.0925 1.1857 —0.3377 0
M= g, 0 11857 0.2085 1.1857 0 (3.25)
Ry 0 —0.3377 1.1857 —0.0925 1.2214
t| o 0 0 12214 0 |

This time, there is a capacitive (negative) coupling between the first and third
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resonators. This coupling is realized with a corner cut along the input-output
direction rotated by 90° compared to the earlier design. The new structure can
be seen in Fig. 3.17.

cross-coupling
corner cut

q

Figure 3.17: The triple mode triplet structure with a lower sideband finite fre-
quency T7Z.

The dimensions are determined with the same procedure described in the pre-
vious section. Note that, because the frequency dependence of the external cou-
plings acts like a capacitive cross-coupling, the overall effective coupling becomes
higher than intended. Therefore, the determined cross-coupling corner cut di-
mension (s.) is an upper bound for the actual value required. A full-wave op-
timization is performed based on the predicted dimensions and final values are
obtained. (The main coupling corner cut parameter s,, is left out of optimiza-
tion.) Both the predicted and optimized dimensions can be seen in Table 3.4,
whereas the corresponding responses and the theoretical response are given in

Fig. 3.18 for comparison.
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a b c Sm Se¢ {

Predicted | 6.27 | 6.27 | 5.88 | 0.71 | < 0.38 | 3.49
Optimized | 6.35 | 6.35 | 5.87 | 0.71 | 0.34 | 3.47
Error (%) | 1.3 | 1.3 | 0.2 0 10.5 0.6

Table 3.4: The physical dimensions (in mm) of the designed triplet with lower
sideband TZ.

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

S-Parameters (dB)
A
S

A Predicted521(dB) 1
--¢-- Predicted Si1 (dB)
I TN SO | S | I RIS —o—Optimized s, (dB) [

|
al
S

|
[o2}
o

—— Optimized Sy (dB)

|
~
o

—————————— —— Theoretical s, (dB)

— - —Theoretical Si1 (dB)
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32 325 33 335 34 34.5 35 355 36
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Figure 3.18: The response for the triple mode triplet structure with a lower
sideband finite frequency TZ.

3.9 Experimental Verification

A Ka-Band filter with 2% fractional bandwidth, having a lower sideband TZ
is designed and fabricated with CNC milling. This type of filter can be used
to increase selectivity in the lower sideband, or to obtain high rejection at a
specific frequency, e.g., the TZ can be adjusted to coincide with the local oscillator
(LO) frequency to prevent leakage at the output of a transmitter. The chromate
conversion coated parts of the fabricated filter can be seen in Fig. 3.19. The

assembled structure weighs 10.2 g.

Fig. 3.21 depicts the measurement results compared to the simulation results

of the machined filter as well as the additive manufactured filter that is discussed
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Figure 3.19: Chromate conversion coated parts of the machined filter. The scale
is in centimeters.

below. The measurement results of the machined filter are in perfect agreement
with the simulation results and the measured in-band insertion loss is below
0.7 dB.

One interesting alternative manufacturing possibility is the use of novel 3D
printing technology. It is possible to print the structure’s main body with the use
of a polymer (wall thickness down to 0.5 mm attainable) and then metal coat the

printed bare body!.

Figure 3.20: Additive manufactured triple mode rectangular cavity filter.

The same filter is also fabricated with additive manufacturing for comparison.
The fabricated filter, having a minimum wall thickness of 1 mm and Cu plating

of 5 ym with 100 nm Au flash on top of it!, can be seen in Fig. 3.20. The input

1”Home swissto12.” [Online]. Available: http://www.swisstol2.com/. Accessed: 2016-05-
20.
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and output of the filter are designed to be used with standard WR - 28 waveguide
flanges. The structure weighs only 4.4 g.

The measurement results are given in Fig. 3.21. The in-band insertion loss is
below 0.5 dB. Note that the insertion loss of the additive manufactured filter is
lower compared to the machined filter. This is an expected result since copper
is a better conductor than aluminum. The usage of gold for the 3D printed filter
and chromium for the machined filter as the coating material further favors the
printed filter in terms of loss. On the other hand, although the in-band responses
are in agreement, the TZ in the response of the printed filter is missing. This is
probably because the dimensions of the cross-coupling corner cut are too small to
be implemented with this technology in its present state. Nonetheless, the results
are very promising: additive manufacturing together with the multiple mode
cavity technique are advantageous in filtering applications especially if weight

and space have limited budgets.
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(b) Close up view of the insertion loss in the pass band
Figure 3.21: The response for the fabricated triple mode triplet structure with a

lower sideband finite frequency TZ.



Chapter 4

Filter Embedded Microstrip to

Waveguide Transitions

In the previous chapter, the analyzed filter structure had waveguide input/output
coupled to the cavity via apertures. It is also possible to excite a waveguide/cavity
using coaxial [25, pp. 276-281] or microstrip [26] probes. Hence, it should be
possible to form a cavity filter having a microstrip line input and waveguide

output (or vice versa).

On the other hand, the transition from a microstrip line to a rectangular
waveguide is an important subject especially in millimeter-wave frequencies where
antennae are mostly fed by waveguides, whereas active elements are placed on
a printed board. It is common to have microwave modules that contain various
types of microstrip line to waveguide transitions. One of these structures is the
right angle transition formed by a microstrip probe fed directly into the waveguide
27].

The two structures discussed above, i.e., the asymmetrically fed cavity filter
and the microstrip to waveguide transition, are similar in the sense that they
have a microstrip line input/output and a waveguide output/input. Therefore, it

should be possible to replace the transition with the asymmetrically excited filter
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structure, especially in millimeter-wave applications where cavity dimensions are
relatively small. The advantage would be the additional capability of filtering
without significant increase in volume requirement, while the transition goal is

also achieved.

This chapter contains the implementation of the above idea with dual/triple
mode cavities that result in second/third-order filters that can be integrated in
microwave modules. The discussion starts with microstrip excitation of cavities,
continues with intermodal coupling mechanisms and concludes with the example

designs of second and third-order filters.

4.1 Microstrip probe excitation of waveguides

and cavities

The coaxial probe excited rectangular waveguide structure, analyzed in [25, pp.
276-281], is illustrated in Fig. 4.1. Assuming a filamentary, sinusoidal probe
current, the radiation resistance of the probe is approximated as:

Zoy 4 kol
oyl e 9202 tanZ(TO) (4.1)
0

where a, b are waveguide dimensions, Z,, is the wave impedance, d is the back-

ROI

short depth, [ is the probe length, £ is the propagation constant and kg is the
wavenumber. The analysis is also valid for the microstrip probe excitation under
the filamentary current assumption, i.e., infinitesimal probe width. From the
designer’s point of view, the implication of (4.1) is that the radiation resistance
can be set to the required value by playing with the probe length [ and the back-
short depth d. On the other hand, the reactance caused by the excitation of
evanescent modes needs to be tuned by applying an appropriate reactance [25, p.

281]. A similar approach is taken in [27] with a microstrip probe.

As for the probe excitation of a cavity, although there are excellent discussions
as in [9, 18, 14], there is no exact analytical solution for the external @ of the

structure. Nonetheless, it is a known practice to use probes to excite cavities |9,
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Figure 4.1: The coaxial probe to waveguide transition structure.

p. 291]. As in the waveguide excitation case, using a microstrip probe instead of
a coaxial one, it should be possible to adjust the probe’s length and position to
reach a required level of coupling. The proposed structure is given in Fig. 4.2.
The lower half of the cavity can be carved in the body of a microwave module
whereas the upper half can be formed in the lid. The shift in resonant frequency of
the coupled mode can be compensated by adjusting the corresponding dimension

of the cavity as done in the previous chapter.

Cavity upper half

Microstrip probe R

N ) -

Cavity lower half

Figure 4.2: The microstrip probe excited cavity structure.

Since no analytic solution is present, computer-aided design (CAD) tools can
be used to check the feasibility of the approach. Let us assume that the width
of the probe does not affect Q). significantly as in the waveguide case [27]. Let

us also fix the probe position to the center of the cavity’s wall from which the
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excitation occurs.

Let the substrate be 5 mils thick RT6002 with a dielectric constant €, = 2.94.
Let the input line be a grounded coplanar waveguide (GCPW). For the sake of
simplicity, the probe width is chosen to result in a 50 €2 microstrip line. The
required width is calculated with AWR Microwave Office’s TXLine tool. The
structure is illustrated in Fig. 4.3, whereas the corresponding dimensions are

summarized in Table 4.1.

ol & |

Substrate T

i

Figure 4.3: Cut-out view of the GCPW structure.

€ | pw (mil) | py (mil) | Ay (mil) | ¢, (pm)
2.94 12 14 5 35

Table 4.1: The dimensions of the GCPW for a 50 €2 characteristic impedance.

Under the above mentioned assumptions, an example microstrip probe fed
cavity is analyzed using CST Studio’s Eigenmode Solver. The dimensions of the
example cavity are chosen as a = b = ¢ = 6.5 mm. Let the probe opening
window width and height be 1 mm both and the cavity wall thickness be 2 mm.
The resulting external @) plot can be seen in Fig. 4.4, whereas Fig. 4.5 depicts the
resonant frequency shift of the coupled mode. The results show that it is possible
to excite a rectangular cavity for a required (). value with a microstrip probe.
On the other hand, cavity probe coupling results in the lowering of the coupled

mode’s resonant frequency as in the aperture coupling case.
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Figure 4.4: External quality factor (@) as a function of microstrip probe length.
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Figure 4.5: Normalized resonant frequency of the coupled mode as a function of
microstrip probe length.

4.2 Intermodal coupling mechanism

The coupling corner cut along an axis needs not to go all the way from one wall
to the other. An interesting design possibility arises if partial corner cuts as in
[13] are used. The idea is illustrated in Fig. 4.6. Within a microwave module,
this structure can be realized easily with a metal-backed printed circuit board (or

even with the classical two sided printed circuit board) and the module’s body.

Unfortunately, the resulting structure can not be investigated analytically us-
ing the method presented in Section 4.2, because the E-fields are not uniform

along the direction of the corner cut, hence field expressions of (3.3) are no more
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Figure 4.6: Dual mode cavity with partial square corner cuts. The shape of the
cuts can be triangular or rounded as well.

valid. Therefore, in order to find out the amount of coupling corresponding to
various lengths and heights of corner cut, CAD tools can be used. An example
cavity of a/c = 5/6 with partial square corner cuts is analyzed with CST Eigen-
mode Solver and the corresponding coupling values are calculated. The resulting
normalized resonant frequencies are given in Fig. 4.7, whereas the calculated cou-
pling coefficient (k) is presented in Fig. 4.8. The results show that increasing the
normalized thickness (h/c) of the coupling corner cuts increases k. On the other
hand, for a given h/c ratio, the required coupling value can be obtained with the

correct choice of normalized corner cut parameter r.

T T T
—&— Mode 1, h/c =0.05
1.08[| —o— Mode 2, hic =0.05
—o— Mode 1, h/c =0.15
—— Mode 2, h/c =0.15 ! ! ! ! |
1041 —a—Mode 1, h/c=0.25[ "7 A
—+— Mode 2, hic = 0.25 ! ! | ‘

L02[ 4T

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Normalized resonant frequency
=
T

006 008 01 012 014 016 018 0.2
Normalized corner cut dimension (r = s/a)

0 0.02 0.04

Figure 4.7: Normalized resonance frequencies of the two coupled modes versus r
with a/c = 5/6.
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Figure 4.8: The physical coupling coefficient as a function of normalized corner
cut dimension with a/c = 5/6.

4.3 Second-order filter embedded microstrip to

waveguide transition

The cavity microstrip excitation structure discussed in Section 4.1, the inter-
modal coupling structure investigated in Section 4.2 and the aperture coupling
structure presented in Section 3.3 can be combined to result in a dual mode
second-order filter that can replace the classical microstrip line to rectangular

waveguide transition. The resulting filter structure can be seen in Fig. 4.9.

The design procedure follows the algorithm proposed in the previous chapter.
The analytical expressions obtained are used wherever possible. Let us realize the
same filter designed in Section 3.6. The blank cavity with aspect ratio a/c = 1.25,

resonating at 34 GHz has dimensions of a = b = 7.06 mm and ¢ = 5.65 mm.

For such a cavity, using the CST Eigenmode Solver, the required triangular
corner cut (realized with the metal back of the PCB that has 0.5 mm thickness)

is found to be 1.56 mm. The cavity’s ¢ dimension is increased to 5.72 mm so that

(fi+ f2)/2 = fo.
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Figure 4.9: The second-order microstrip probe excited cavity filter structure.

In the proposed algorithm, the input and output couplings have the same
structure, hence the resulting design has a = b. This is no longer the case since
the filter is not physically symmetric. Since analytical expressions are already
obtained for the aperture coupling case, let us assume for a moment that the
structure is symmetric and apply the algorithm’s steps 5 through 7. Assuming
an aperture thickness of 0.5 mm and height of 1 mm, the resulting aperture length

(I4) is 3.46 mm whereas ¢ = 5.35 mm.

On the other hand, the required probe length ([,) value is found to be 36 mils
again using the Eigenmode Solver. The determined initial dimensions as well as

the optimized dimensions are summarized in Table 4.2.

a (mm) [ b (mm) | ¢ (mm) | s (mm) | [, (mm) | [, (mils)
Initial 7.06 7.06 5.35 1.56 3.46 36
Optimized 717 7.04 0.35 1.56 3.53 36
Error (%) 1.6 0.3 0 0 2.0 0
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Table 4.2: The physical dimensions of the designed second-order asymmetric
input/output filter.
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Figure 4.10: The initial response of the designed second-order filter together with
the optimized response.

The S-parameters corresponding to initial and optimized dimensions are given
in Fig. 4.10. The results show that the same response obtained in Section 3.6 is

achieved with the new structure as well.

4.4 Third-order filter embedded microstrip to

waveguide transition

The advantage of the second-order filter designed in the previous section is that
the cavity carved in the module is square cross-sectioned, lacking the corner
cuts used in Chapter 3, hence the fabrication would be relatively easy. But the
partial corner cuts realized by the metal-backed board can couple only two modes,
therefore partial corner cuts are not sufficient for a higher order filtering function.
If a third-order filter is to be designed, the structure investigated in Section 3.7
has to be used with an alteration: the aperture coupled waveguide input replaced

with the microstrip probe. The resulting structure is presented in Fig. 4.11.
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Waveguide output

Metal-backed PCB

Microstrip input

Figure 4.11: The microstrip probe excited third-order cavity filter structure.

In order to design a filter with the same characteristics as in Section 3.7, the
previously predicted dimensions can be used assuming that the two structures are
similar. Under this assumption, the required probe length is 30 mils resulting in a
Q. of 85.22. The optimization process is more complex compared to the previous

case, since now a # b and an extra optimization variable comes into play.

a (mm) | b (mm) | ¢ (mm) | s (mm) | [, (mm) | [, (mils)
Initial 6.27 6.27 5.89 0.72 3.49 30
Optimized 6.26 6.33 5.89 0.72 3.46 31
Error (%) 0.16 0.96 0 0 0.86 3.33

Table 4.3: The physical dimensions of the designed third-order asymmetric in-
put/output filter.

The obtained optimized dimensions are given in Table 4.3, whereas the initial
and optimized responses are depicted in Fig. 4.12. It can be seen that a similar
response can be achieved with the new structure as well. Note that, combining
the third-order asymmetrically fed filter structure with the additional coupling
capability of the metal-backed board (as a cross-coupling), it is also possible to

form triplets as well.

42



_
,
,
,
,
,
,
!
,
(]
, ,
, ,
, ,
, ,
, ,
P
! ,
“““
—~
o o
T T
)
~ 44
g 44
43 9
w m m
= Q Qo
£ 00
\\\\, \\\\\ T VT v R R ,\\\\, \\\, \\\\\\
(R [ [ L
H H 1 H 1 H 1 H H
Yo} o n o [Tel o 0 o Te} O
B A A

335 34 34.5 35
Frequency (GHz)

33

Figure 4.12: The initial response of the designed third-order filter together with
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Chapter 5

Conclusion

In this work, a brief introduction to filter design via the coupling matrix approach
is given. MatLab codes corresponding to some design steps are provided. The
main focus of the work, the mutiple mode single rectangular cavity structure
is investigated analytically. As a result, expressions corresponding to different
entries of the coupling matrix are obtained. An algorithm is proposed making
use of the obtained expressions. The proposed algorithm is able to determine the

physical dimensions of second and third-order filters within a few percent.

The dispersion mechanism leading to asymmetrical filter response is also stud-
ied. The dispersive behavior due to rectangular aperture coupling can be injected
to the theoretical response easily by multiplying the corresponding coupling ma-

trix entries with the expression proposed.

The classical triple mode rectangular cavity structure is altered with an addi-
tional corner cut that realizes a cross-coupling. The cross-coupling’s sign can be
alternated easily by rotating the corner that is cut by 90°. As a result, the newly
formed triplet’s response displays a TZ either at the upper or lower sideband of

the operating frequency, based on the sign of the cross-coupling.

An example design with a lower sideband TZ is fabricated with both machining

and additive manufacturing. The machined filter’'s measured response is in perfect
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agreement with the expectation. On the other hand, the response of the printed
filter is in good agreement with the simulation result except for the presence
of the TZ. Nonetheless, the results show that the usage of the two techniques
together, i.e., multiple mode cavity and 3D printing, very lightweight filters can
be designed and fabricated. The printed example third-order filter weighs only
44 g.

Since the size of the resonating cavity decreases with increasing frequency, at
Ka-Band frequencies, it becomes possible to fit it within a microwave module.
It is shown that second and third-order filters (as well as triplets) can be inte-
grated to Ka-Band microwave modules incorporating waveguide outputs, without

significant increase in volume requirement.
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Appendix A

Matlab Codes

A.1 Lowpass prototype element generation

A.1.1 Lowpass prototype for Butterworth filtering func-

tion

1 function g = maxflat (n)
2 % maxflat: Maximally flat low pass prototype filter
3 %coefficient calculation

The function takes the filter order (n) as input

IS
o\

5 %$and generates the n+l filter elements. The formulae
6 %are based on Matthaei's book.

7% n: Filter order

8 % g: Prototype element values

9 g = ones(l, nt2);

10 for i = 2:n+1
11 g(i) = 2*sin((2%(i-1)-1)*pi/2/n);
12 end
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A.1.2 Lowpass prototype for Chebyshev filtering function

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

function g = chebyshev(n, Lar)

% chebyshev: Chebyshev low pass prototype filter coefficient

%$calculation

o\

The function takes the filter order (n) and the passband
$ripple (Lar in dB) as input and generates the n+l filter

%$elements. The formulae are based on Matthaei's book.

o\°

n: Filter order

% Lar: Passband ripple
% g: Prototype element values

g = ones(l, n+2);
beta = log(coth(Lar/17.37));

gamma = sinh(beta/ (2*n));
a = zeros(l, n);
b = zeros(l, n);
for 1 = 1:n
a(l,i) = sin((2xi-1)*pi/2/n);
b(l,i) = gamma"2 + (sin(ixpi/n))"2;
end
g(l,2) = 2xa(l,1)/gamma;
for i = 2:n
g(l,i+1) = 4»a(l, i-1)*a(l,i)/b(1l, i-1)/g(1,1i);
end
if rem(n,2) == 1
g(l, n+2) = 1;
else
g(l, n+2) = (coth(beta/4))"2;
end
end

20




A.2 Coupling matrix synthesis

A.2.1 Characteristic polynomial generation function

1 function [E F P eps] = calcEFP(N, fz, RL)

2 % calcEFP: Characteristic polynomials generation

3 % The function calculates E, F and P polynomials'

4 %coefficients. The inputs are the filter order (N),

5 %the normalized TZ vector (fz) and naximum in-band

6 %input return loss (RL) in dB. The procedure is based on
7 %Cameron's book pp. 225-228.

8 %N: Filter order

9 %$fz: Normalized TZ vector

10 $RL: Maximum in-band return loss

11 %E,F,P: Characteristic polynomials' coefficient vector
12 %eps: Normalization constant

13 G

14 $Number of prescribed zeros

15 nfz = length(fz);

16 %Calculate the roots for U and V functions

17 [U V] = calcUV (N, fz);

18 Froots = 1jxroots (U);

19 Vroots lj*roots (V) ;
20 %eps and er calculation

21 if (nfz < N)

22 er = 1;

23 %$Needs to be calculated if nfz = N, this part is not implemented
24 else

25 er = 1;

26 end

27 %$Value of P(w) at 17

28 p3dB = 1;

20 for i = l:length(fz)

30 p3dB = p3dBx (1j-1j*fz(1i));
31 end

32 %$Value of F(w) at 1j

33 f3dB = 1;
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34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

for i = l:length(Froots)
£f3dB = f3dBx (1j-Froots(i));

end
$The normalization constant e
eps = 1/ (sqrt (10" (RL/10)-1)) *abs ((p3dB)/ (£3dB) /er);
$Form P (s)
P = roots2poly (ljxfz, N);
if rem(N-nfz,2) == 0

P=Px17;
end
$Form F (s)
F = roots2poly (Froots, N);
$Find the roots of E polynomial
E = P/eps + F/er;
Eroots = roots(E);
$Play with the roots so that E(s) is Hurwitz
for i=l:length (Eroots)

if (real (Eroots(i)) > 0)

Eroots (i) = -conj(Eroots(i));

end
end
$Form E (s)
E = roots2poly (Eroots, N);

end

A.2.2 Coupling matrix generation function

10

function [MM] = calcNP2(E, F, P, N, eps)

)

% calcNP2: Coupling matrix generation

% The function takes characteristic polynomials'
$coefficients and filter order as input and calculates
$the N+2 coupling matrix

$E, F, P: Characteristic polynomials

%$eps: Normalization constant for the polynomials

$N: Filter order

$MM: Generated coupling matrix




11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

%$Calculate m and n polynomials

ml = zeros(l, N+1);
nl = zeros(1l, N+1);
for i=0:N
if rem(i,2) == 0 %even
ml (N+1-i) = real (E(N+1-i) + F(N+1-1i));
nl (N+1-1i) = 1jximag(E(N+1-1i) + F(N+1-1i));
else %odd
ml (N+1-i) = lijximag(E(N+1-1i) + F(N+1-1i));
nl (N+1-i) = real (E(N+1-i) + F(N+1-1i));
end
end
if rem(N,2) == 1 %odd

y2lden = nl;
y21lnum = P/eps/y2lden(1l);
y22num = ml/y2lden (1) ;
y22den = nl/y2lden(1l);
y21lden = y2lden/y2lden(1l);
else %even
y2lden = ml;
y21lnum = P/eps/y2lden (1) ;
y22num = nl/y2lden(1l);
y22den = ml/y2lden(1l);
y2lden = y2lden/y2lden(1l);
end
$Find the residues, eigenvalues, eigen vectors
MSL = y2lnum(l)/y21lden(1l)/(173);
[r22, p22, —] = residue(y22num, y22den);
[r21, =, =] = residue(y2lnum, y2lden);
lambdak = imag (p22);
TNk = sqrt(r22);
Tlk = r2l./sqrt(r22);
$Form the coupling matrix
MM = zeros (N+2);
for i=2:N+1

MM(i,i) = —-lambdak (i-1);
end
MM(2:N+1,1) = real(Tlk);
MM (1,2:N+1) = real(Tlk);
MM (2:N+1,N+2) = real (TNk);
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51 MM(N+2,2:N+1) = real (TNKk);
52 MM (1,N+2) = MSL;
53 MM (N+2,1) = MSL;
54 MM = cleanM (MM) ;

55 end

A.2.3 Example coupling matrix generation main script

1 clear
2 clc

3 close all

4 G INPUTS———————————————m

5 $Filter order

6 N = 5;

7 %Return loss in dB

8 RL = 25;

9 %Prescribed zeros

10 Qu = 4000;

11 $Filter center frequency

12 fo = 30e9;

13 %$Filter bandwidth

14 bw = 1500e6;

15 %$Analysis lower and upper bounds
16 1lb = 25e9;ub = 35e9;

17 %$Prescribed transmission zero normalization
18 tzl = normTZ (fo, bw, 32e9);

19 tz2 = normTZ (fo, bw, 34e9);

20 tz3 normTZ (fo, bw, 27e9);

21 %$Normalized prescribed zero vector

20 fz = [tzl tz2 tz3];

23 S————— CALCULATE THE CHARACTERISTIC POLYNOMIALS—-————————————
24 [E F P eps] = calcEFP (N, fz, RL);

25 $—————————————— CALCULATE THE COUPLING MATRIX-——————————————

26 NP2 = calcNP2(E,F,P,N,eps)
27 F—————————————————————— FOLDED FORM—————————————————————————
28 %Reduce the N+2 coupling matrix to folded configuration

29 NP2folded = reduce2FoldedNP2 (NP2);
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30 NP2folded = reformCM(NP2folded) ;

31 NP2folded = cleanM(NP2folded)

32 $Plot the s—-parameters corresponding to the folded
33 %coupling matrix

34 figure('position', [100, 100, 800, 600])

35 [s21 sll f] = sparamNP2 (NP2folded, fo, bw, 1lb, ub, Qu);
36 plot (f/1e9, 20%x1ogl0 (abs(s21)), 'k-"'

37 f/1e9, 20%1logl0(abs(sll)), 'k——"

38 'linewidth', 1.5)

39 grid on
40 axis([(min(f)/1e9) (max(f)/1e9) -90 0])
41 xlabel ('Frequency (GHz)','fontsize',12);
42 ylabel ('S-parameters (dB)', 'fontsize',12);
('s21(dB) ', 'sll(dB)'"')

44 set (gca, 'fontsize',12)

43 legend

45 set (gca, "linewidth', 1)

46 T ———— e —————a ARROW FORM——————————"————————————————
47 NP2Arrow= reduce2ArrowNP2 (NP2) ;

48 NP2Arrow = reformCM(NP2Arrow) ;

19 NP2Arrow = cleanM (NP2Arrow)

A.3 Coupling matrix reconfiguration

A.3.1 Reconfiguration to folded form

1 function [NP2new] = reduce2FoldedNP2( NP2 )

2 % reduce2FoldedNP2: N+2 coupling matrix reconfiguration

3 %to folded form

IS
o\

The function takes N+2 coupling matrix of any form as
5 %input and generates reconfigurates it to folded form.

6 %$The procedure is based on Cameron's book.

7% NP2: N+2 coupling matrix of any form

8 % NP2new: N+2 coupling matrix of folded form

9 NP2new = NP2;

10 %N is the filter order
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11 N = length(NP2)-2;

12 %Start with the first row

13 1 =1;

14 for b =1:N-1

15 J = N+2-Db;

16 pl = j-1;

17 p2 = 3;

18 teta = atan (-NP2new (i, j) /NP2new (i, j-1));
19 R = eye(N+2);

20 R(pl,pl) = cos(teta);
21 R(p2,p2) = cos(teta);
22 R(p2,pl) = sin(teta);
23 R(pl,p2) = -sin(teta);
24 Rt = transpose (R);

25 NP2new = R*NP2newx*Rt;
26 end

27 %$Continue with last column
28 J = N+2;
29 for b =3:N

30 i = b;

31 pl = 1i;

32 p2 = i+1;

33 teta = atan (NP2new (i, j)/NP2new (i+1, 3));
34 R = eye (N+2);

35 R(pl,pl) = cos(teta);
36 R(p2,p2) = cos(teta);
37 R(p2,pl) = sin(teta);
38 R(pl,p2) = -sin(teta);
39 Rt = transpose(R);

40 NP2new = R*NP2new*Rt;
41 end

42 %Continue with other rows and columns

43 1f rem(N,2)==1 %If odd

44 ub = floor ((N+2)/2-1);
45 else

46 ub = floor ((N+2)/2-2);
47 end

48 for a = 2:ub

49 i=a;

50 SRows
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51

52

53

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

81

82

83

84

85

86

87

88

89

90

for b = 1i+2: (N+2-1)

j = N+4-b;
pl = j-1;
p2 = j;

teta = atan (-NP2new (i, j) /NP2new (i, J-1));
R = eye (N+2);

R(pl,pl) = cos(teta);
R(p2,p2) = cos(teta);
R(p2,pl) = sin(teta);
R(pl,p2) = -sin(teta);
Rt = transpose (R);

NP2new = R*NP2new=*Rt;
end
$Columns

j = N+3-a;

for b = (N+5-3):(j-2)
i = b;
pl = i;
p2 = i+1;

teta = atan (NP2new (i, j) /NP2new (i+1, 3));
R = eye(N+2);

R(pl,pl) = cos(teta);
R(p2,p2) = cos(teta);
R(p2,pl) = sin(teta);
R(pl,p2) = -sin(teta);

Rt = transpose(R);
NP2new = R*NP2newxRt;
end
end
if rem(N,2)==0 $If even
%$End with the last row
i=floor ((N+2)/2-1);
for b = i+2:N+2-1

j = N+4-Db;
pl = j-1;
p2 = J;

teta = atan (-NP2new (i, j) /NP2new (i, J-1));
R = eye(N+2);

R(pl,pl) = cos(teta);

R(p2,p2) = cos(teta);
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91

92

93

94

95

96

97

R(p2,pl) sin(teta);
R(pl,p2) = —-sin(teta);
Rt = transpose (R);
NP2new = R*NP2new=*Rt;
end
end

end

A.3.2 Reconfiguration to arrow form

1

13

14

15

16

17

18

19

20

21

22

23

24

25

function [ NP2new ] = reduce2ArrowNP2 (NP2)
% reduceZ2ArrowNP2: N+2 coupling matrix reconfiguration
3to folded form
% The function takes N+' coupling matrix of any form as
%$input and generates reconfigurates it to folded form.
%$The procedure is based on Cameron's book.
% NP2: N+2 coupling matrix of any form
% NP2new: N+2 coupling matrix of folded form
$Filter order
n = length(NP2) - 2;
NP2new = NP2;
for i=1l:n-1
for j=i+l:n

%The pivot coordinates

a = i+l; b = j+1; k = i;

%$Rotation angle

teta = —atan (NP2new (k,b) /NP2new (k, a)) ;

%$Perform rotation

R = eye(n+2);

R(a,a) = cos(teta); R(b,b) = cos(teta);
R(b,a) = sin(teta); R(a,b) = —-sin(teta);
NP2new = R*NP2newxtranspose (R);
end
end
end
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A.4 Auxiliary functions

A.4.1 U(w) - V(w) polynomials generation

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

function [U V] = calcUV (N, fz)

% calcUV: U(w)-V(w) polynomials generation

% The function calculates U(w) and V(w) polynomials'
$coefficients that are used as an intermediate step in
%calculating the characteristic polynomials. The inputs
$are the filter order (N) and the normalized TZ vector
%(fz). The recursive procedure is based on Cameron's book
$pp. 225-228.

%N: Filter order

$fz: Normalized TZ vector

%U: U(w) polynomial's coefficients

%V: V(w) polynomial's coefficients

$Number of prescribed zeros

nfz = length(fz);

%$Zeros vector

4 zeros (1, N);

z + inf;

z
for i = 1l:nfz

z (1) = fz(1i);
end
$Calculate the initial U and V coefficients
-1/z(1);
sqrt (1-1/(z (1) "2));

= zeros (1,N+1);

< a o 9w
o

zeros (1,N+1);

wp = zeros(1l,N+1);

wp(l) = -1;
wp(3) = 1;
U(l)=a;
Uu(2)=1;
V(1l)=b;

$Perform the remaining iterations

29




34 for i=2:N

35 P = zeros(4,2%N+1);

36 temp = zeros(l,2xN+1);

37 %Calculate the a and b values for the the new TZ

38 a = -1/z(1);

39 b = sqrt(1-1/(z (i) "2));

40 %$Calculate the new U and V coefficients

41 Unew = zeros(1l,N+1);

42 Vnew = zeros(l,N+1);

43 Unew (1) =a;

44 Unew (2)=1;

45 Vnew (1) =b;

46 for x = 0:N

47 for vy = 0:N

48 $Compute U (i) *xUnew

49 P(l,x+y+1l) = U(x+1l) % Unew(y+l) + P(l,x+y+1l);
50 $Compute U (i) *Vnew

51 P(2,x+y+1l) = U(x+1l) » Vnew(y+l) + P(2,x+y+1l);
52 %$Compute V(i) *xUnew

53 P(3,xt+ty+l) = V(x+1l) % Unew(y+l) + P(3,x+y+1l);
54 $Compute V(i) *xVnew

55 P(4,x+y+l) = V(x+1l) » Vnew(y+l) + P (4,x+y+1l);
56 end

57 end

58 %Update V

59 V = P(2,1:1length(V))+P(3,1:1ength(V));

60 %$Replace w'2 by w 2-1

61 for x = 0:N

62 for y = 0:N

63 $Compute V(i) *Vnew

64 temp (x+y+1l) = P(4,x+1l) » wp(y+l) + temp(x+y+l);
65 end

66 end

67 %$Update U

68 U = P(l,1:1length(U))+temp(l:1length(U));

69 end

70 %Reverse the coeff order of U and V polynomials

71 templ = zeros(l,N+1);
72 temp2 = zeros(1l,N);
73 for 1 = 1:Nj;
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74 templ (i) = U(N+2-1i);

75 temp2 (i) = V(N+1-1i);
76 end

77 templ (N+1) = U(1l);

78 U = templ;

79 V = temp2;

80 return;

A.4.2 Polynomial coefficient generation

1 function [poly] = roots2poly(rts, N)

2 % roots2poly: Polynomial coefficients generation based on its

3 %roots

IS
o\

The function takes the roots of a polynomial as input and
5 %calculates its coefficients. It acts as the inverse function
6 %of roots().

N: Polynomial order

<
o\

rts: Roots vector

o
o\

©
o

poly: Polynomial coefficients vector

10 poly = zeros(l,2xN+1);

11 poly(l) = —-rts(l);

12 poly(2) = 1;

13 for i=2:length(rts)

14 temp = zeros(1l,N+1);

15 temp (1) = -rts(i);

16 temp (2) = 1;

17 temp2 = zeros(l,2%N+1);
18 for x=0:N

19 for vy = 0:N

20 temp2 (x+y+1) = poly (x+1) = temp(y+1l) + temp2 (x+y+1);
21 end

22 end

23 poly = temp2;

24 end

25 %Reverse the coeff order of F polynomial
26 templ = zeros (1l,N+1);

27 for 1 = 1:N;
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templ (i) = poly (N+2-1i);
end
templ (N+1) = poly(1l);
poly = templ;

end

A.4.3 Transmission zero normalization

1

10

11

12

function [ntz] = normTZ(fo, bw, tz)

[o)

% normTZ: Transmission zero (TZ)normalization.

o

The function takes the TZ frequency, filter center
$frequency and filter bandwidth as input and calculates
$the normalized value of the TZ.

$fo: Filter center frequency in Hz

$bw: Filter bandwidth in Hz

%tz: TZ frequency in Hz

$ntz: Normalized TZ value

ntz = fo/bw*(tz/fo - fo/tz); %$See Cameron p.281

A.4.4 Coupling matrix cleaning

10

function [ cNP ] = cleanM( NP )

)

% cleanM: Coupling matrix cleaning.

o\

The function takes a coupling matrix as input and equates
$entries that are less than 0.0005 to zero.

$NP: input coupling matrix

%$cNP: cleaned coupling matrix

s = size (NP);
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11 for i=l:s (1)

12 for j=1l:s(2)

13 if abs(cNP(1i,3)) < th
14 cNP (i, 3) = 0;

15 end

16 end

17 end

18 end

A.4.5 Coupling matrix reforming

1 function [ rCM ] = reformCM( CM )

2 % reformCM: Coupling matrix reforming

3 % The function takes a coupling matrix as input and tries
4 %to decrease the number of negative couplings via similarity
5 %transforms.

6 %CM: input coupling matrix

7 %$rCM: reformed coupling matrix

8 rCM = CM;

9 for i = l:length(CM)-1

10 J o= 1i+1;

11 if (xCM(1i,3) < 0)

12 rCM(j,:) = —-rCM(3j,:);
13 rCM(:,j) = —xrCM(:,7);
14 end

15 end

63




A.4.6 Coupling matrix analysis

1 function [s21 sll1 f] = sparamNP2( NP2, fo, bw, 1lb, ub, Qu)

)

2 % sparamNP2: Coupling matrix analysis

w
o\°

The function takes a N+2 coupling matrix, analysis lower
4 %and upper bounds, filter center frequency, bandwidth and
5 %unloaded Q as input and calculates the corresponding

6 %$s—-parameters. The analysis is based on Cameron's book.
7 %$NP2: N+2 coupling matrix

g8 %fo: Filter center frequency in Hz

9 %bw: Filter bandwidth in Hz

10 %$1b: Analysis lower bound in Hz

11 %ub: Analysis upper bound in Hz

12 %Qu: Unloaded Q

13 %$s2l: s21 vector

14 %sll: sll vector

15 %f: Frequency vector

16 T T T T T T T T T T T T T T T T T T T T T T T T T T

17 S$Filter Order

18 N = length(NP2)-2;

19 %$Source and load impedances

20 Rs = 1;

21 R1 = 1;

22 %$Identity matrix

23 I = eye (N+2);

24 I(1,1) = 0;

25 I (N+2, N+2) = 0;

26 %Input and output impedances

27 R = zeros (N+2);

28 R(1,1) = Rs;

29 R(N+2, N+2) = R1;

30 ST

31 $Frequency mapping

32 £ = lb:leb:ub;

33 $Complex frequency variable with d loss

34 d = fo/bw/Qu;

35 s = d+tlj*«fo/bwx(f/fo - fo./f); %$See Cameron p.281

36 - —————————— S—-parameter calculation—-—————-———————————————

37 sll = zeros(l, length(f));
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38

39

40

41

42

43

44

s21

for

end

end

= zeros(l, length(f));
i=1l:length(s)

P = (1JxNP2 + s(i)=*I + R)"-1;
sll(i) = 1 - 2xRs*P(1,1);

s21 (1) = 2%sgrt (Rs*R1l) P (end,1);
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