DESIGN AND ANALYSIS OF MINIATURIZED
SUBSTRATE INTEGRATED WAVEGUIDE
RECONFIGURABLE FILTERS FOR MM-WAVE
APPLICATIONS

Thesis submitted for the fulfilment of requirements for the degree of

DOCTOR OF PHILOSOPHY

In

Electronic Engineering

By
CLEOPHAS DOUGLAS KUDZAI MUTEPFE

n{ UNIVERSITY OF
0w KWAZULU-NATAL
| ] J
/1 A INYUVESI
YAKWAZULU-NATALI
M

DEPARTMENT OF ELECTRONIC ENGINEERING, HOWARD COLLEGE,
UNIVERSITY OF KWAZULU-NATAL, DURBAN - 4041
SOUTH AFRICA.

STUDENT NO.: 221117339 APRIL 2023



DESIGN AND ANALYSIS OF MINIATURIZED
SUBSTRATE INTEGRATED WAVEGUIDE
RECONFIGURABLE FILTERS FOR MM-WAVE
APPLICATIONS

Student:

Mr. Cleophas Douglas Kudzai Mutepfe

Supervisor:

Prof. (Dr.) Viranjay M. Srivastava

This thesis submitted in fulfillment of the requirements
for the degree of Doctor of Philosophy: Electronic Engineering
In
Howard College of Agriculture, Engineering & Science
University of KwaZulu-Natal, Durban

South Africa.

As the candidate’s supervisor, | have approved this thesis for submission.

Signed........coooiiiii Date 3™ April 2023

Name: Prof. (Dr.) Viranjay M. Srivastava



Declaration-1

PLAGIARISM

I, Cleophas Douglas Kudzai Mutepfe with Student Number 221117339 with thesis titled

Design and Analysis of Miniaturized Substrate Integrated Waveguide Reconfigurable

Filters For Mm-Wave Applications; hereby declare that:

Vi.

The research reported in this thesis, except where otherwise indicated, is my original

research.

This thesis has not been submitted for any degree or examination at any other

university.

This thesis does not contain other persons’ data, pictures, graphs or other

information, unless specifically acknowledged as being sourced from other persons.

This thesis does not contain other persons’ writing, unless specifically

acknowledged as being sourced from other researchers. Where other written sources

have been quoted, then:

a. Their words have been re-written but the general information attributed to
them has been referenced.

b. Where their exact words have been used, then their writing has been placed
inside quotation marks, and referenced.

Where | have reproduced a publication of which | am an author, co-author or editor,

| have indicated in detail which part of the publication was actually written by myself

alone and have fully referenced such publications.

This thesis does not contain text, graphics or tables copied and pasted from the

Internet, unless specifically acknowledged, and the source being detailed in the

thesis and in the References sections.

Cleophas Douglas Kudzai Mutepfe

Date: 3 April 2023



Declaration-2

PUBLICATIONS

Details of contribution to publications that form part and/or include research presented in
this thesis (include publications that have been submitted, in press and published and give
details of the contributions of each author to the experimental work and writing of each
publication). I, Cleophas Douglas Kudzai Mutepfe declare that these publications were a
result of my own work presented in this thesis:

Journals:
1. Cleophas D. K. Mutepfe and Viranjay M. Srivastava, “Design of miniaturized half-

mode substrate integrated waveguide dual band filter for X and Ku band applications,”
J. of Communications (JCM), vol. 18, vol. 3, pp. 180-186, March. 2023.
(DOI: 10.12720/jcm.18.3.180-186) [ETP]

2. Cleophas D. K. Mutepfe and Viranjay M. Srivastava, “Design and implementation
of graphene-based tunable microwave filter for THz applications,” Nanomaterials
(nanomaterials), vol. 12, no. 24, article 4443, pp. 1-12, Dec. 2022.

(DOI: 10.3390/nan012244443) [MDPI]

3. Cleophas D. K. Mutepfe and Viranjay M. Srivastava, “Sixth-order cross-coupled
filter utilizing half- and eighth-mode substrate integrated waveguide resonators with
wide stop-band,” Int. J. of Microwave and Optical Technology (IJMOT), vol. 17. no.
5, pp. 479-486, Sept.2022.

(ISSN: 1553-0396) [IAMOT]

4. Cleophas D. K. Mutepfe and Viranjay M. Srivastava, “Design and analysis of
compact 5" mode balanced substrate integrated waveguide bandpass filter for 39
GHz,” Int. J. on Communications Antenna and Propagation (IRECAP), vol. 11, no.
6, pp. 401-407, Dec. 2021.

(DOI: 10.15866/irecap.v11i6.20981) [Praise Worthy Prize]



https://www.praiseworthyprize.org/jsm/index.php?journal=irecap&page=article&op=view&path%5B%5D=25930

5. Cleophas D. K. Mutepfe and Viranjay M. Srivastava, “Designing of novel eighth-
mode forth-order substrate integrated waveguide band-pass filter with high
selectivity,” J. of Communications (JCM), vol. 16, no. 12, pp. 553-558, Dec. 2021.
(DOI: 10.12720/jcm.16.12.553-558) [ETP]

6. Cleophas D. K. Mutepfe and Viranjay M. Srivastava, “An approach to high
selectivity substrate integrated waveguide band-pass filter for mm-wave applications,”
Int. J. of Microwave and Optical Technology (IJIMQOT), vol. 15, no. 6, pp. 592-598,
Nov. 2020.
(ISSN: 1553-0396) [IAMOT]

Conferences:

7. Cleophas D. K. Mutepfe and Viranjay M. Srivastava, “Second order reconfigurable
half-mode substrate integrated waveguide dual-band filter: A circuit perspective,”
IEEE 2" Ukrainian Microwave Week (UkrMW-27), Ukraine, 14-18 Nov. 2022, pp.
329-332.

(DOI: 10.1109/UkrMW58013.2022.10037059) [IEEE Xplore]

8. Cleophas D. K. Mutepfe and Viranjay M. Srivastava, “Miniaturized substrate
integrated waveguide dual-band filter with high common-mode signal suppression,”
43" Photonlcs and Electromagnetics Research Symposium (PIERS), Hangzhou,
China, 21-25 Nov. 2021, pp. 1388-1395.
(DOI: 10.1109/PIERS53385.2021.9694979) [IEEE Xplore]



http://www.jocm.us/show-262-1712-1.html
https://ijmot.com/VOL-15-NO-6.aspx
https://ieeexplore.ieee.org/document/10037059
https://ieeexplore.ieee.org/document/9694979

DEDICATION

To God be the Glory. The Creator of Heaven and Earth
To my late father, who always taught me to be strong, reach for the sky and always aim
for the BEST.
To my late mother, for the love and words of wisdom you shared with me
To my Wife Brenda and Kids Bradley, Bailey and Brooklyn — (the 3 B’s). I wish you
nothing but the BEST.
To all my siblings.
And to all those who are trying to achieve their dreams but are feeling weak but still

endeavoring to keep their heads up their shoulders, find strength in the LORD



PREFACE

This work was done by the candidate Cleophas Douglas Kudzai Mutepfe under the
supervision of Professor (Dr.) Viranjay M. Srivastava at the Department of Electronic
Engineering, Howard College, University of KwaZulu-Natal, Durban, South Africa.

Material emanating from this research work was published in international journals.
Some parts were published in International Journal of Microwave and Optical Technology,
while some parts in International Journal of Communication, and some parts were published
in The International Journal on Communications Antenna and Propagation, some parts in
the MDPI nanomaterial journal and as well some parts were published in the Institute of
Electrical and Electronics Engineers.

The other work that arose from this research work was also presented at international
conferences. Some parts were presented at Photonics & Electromagnetics Research
Symposium (PIERS) conference held in Hangzhou, China, and the other part of this research
work was presented at at a conference held in Ukraine under the title IEEE 2nd Ukrainian
Microwave Week (UKrMW).

Vi


https://ieeexplore.ieee.org/xpl/conhome/9694620/proceeding
https://ieeexplore.ieee.org/xpl/conhome/9694620/proceeding
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&cad=rja&uact=8&ved=2ahUKEwiY99Cg_tf7AhWCd8AKHbyZCrEQFnoECB0QAQ&url=https%3A%2F%2Fieee.org.ua%2Fevent%2F2022-ieee-2nd-ukrainian-microwave-week-ukrmw%2F&usg=AOvVaw1elaDE2jbGYqCj5qGXI_Pk
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&cad=rja&uact=8&ved=2ahUKEwiY99Cg_tf7AhWCd8AKHbyZCrEQFnoECB0QAQ&url=https%3A%2F%2Fieee.org.ua%2Fevent%2F2022-ieee-2nd-ukrainian-microwave-week-ukrmw%2F&usg=AOvVaw1elaDE2jbGYqCj5qGXI_Pk

ACKNOWLEDGEMENTS

First and foremost, | would like to give thanks and praises to our living God, for
giving me the strength and courage to embark on this journey. | thank you Lord for not

leaving me alone on any part of this journey. You alone, Lord Jesus takes all the Glory.

| would like to whole heartedly thank my supervisor Professor (Dr.) Viranjay M.
Srivastava for the guidance and support from day one until the end of this research work.
You really know how to bring the best out of your students, and I couldn’t have wished for
any better supervisor than you. When things seemed impossible and tough you always found
a way to make them possible, | really appreciate you Professor and may all you dreams
come true. | would also want to thank the University of Kwazulu-Natal and the department
of Electrical, Electronic and Computer Engineering for giving me this opportunity to further

up my studies and climb a step higher in my career.

| am so appreciative of my family, and in particular my wife Brenda for being there
for me during this whole journey of my doctorate studies. You managed to keep me going
through all the stresses of work and studies. | really appreciate you may our living God grant
you all the wishes and desires of your heart. I am thankful to my kids, for being
understanding kids during this time because time was not enough to be with you always

during this PhD journey.

To my siblings, I thank you for your prayers. | appreciate the desire you had for me
to keep going and achieve this milestone. Special mention goes to my sister Millie Tapiwa
for taking over most of the burden of making sure we stayed in school when Dad passed on.

Thank you very much for such love and care.

Last but not least | do appreciate everyone who contributed in this research work in

one way all the other. | thank you so much may the good Lord bless you abundantly.

vii



ABSTRACT

Microwave filters are an integral part of communication systems. With the advent
of new technologies, microwave devices, such as filters, need to have superior performance
in terms of power handling, selectivity, size, insertion loss etc. During the past decade, many
applications have been added to the communication networks, resulting in communication
systems having to operate at high frequencies in the region of THz to achieve the stringent
bandwidth requirements. To achieve the requirements of the modern communication
system, tunability and reconfigurability have become fundamental requirements to reduce
the footprint of communication devices. However, the communication systems that are more
prevalent such as planar circuits have either a large footprint or are not able to handle large

amounts of power due to radiation leakage.

In this thesis, Substrate Integrated Waveguide (SIW) technology has been employed.
The SIW has the same properties as the conventional rectangular waveguide; hence it
benefits from the high quality (Q) factor and can handle large powers with small radiation
loss. The Half-mode (HMSIW), Quarter-mode (QMSIW), and Eighth-mode (EMSIW)
cavity resonators have been designed and used for the miniaturization of the microwave
filters. The coupling matrix method was used to implement a filter that uses cross-coupled

EMSIW and HMSIW cavity resonators to improve the selectivity of the filter.

Balanced circuit techniques have been used to design the circuits that preserve
communication systems integrity whereby the Common Mode (CM) signal was suppressed
using Deformed Ground Structure (DGS) and a center conductor patch with meandered line.
For the designed dual-band filter, the common mode signal was suppressed to -90 dB and -
40 dB for the first and second passband, respectively. The insertion loss observed is 2.8 dB

and 1.6 dB for the first and second passband, respectively.

For tunability of the filter, a dual-band filter utilizing triangular HMSIW resonators
has been designed and reconfigurability is achieved by perturbing the substrate permittivity
by dielectric rods. The dielectric rods’ permittivity was changed to achieve tunability in the
first instance, and then the rods’ diameter changed in the second instance. For the lower-
band, frequency is tunable from 8.1 GHz to 9.15 GHz, while the upper band is tuned from
14.61 GHz to 16.10 GHz. A second order SIW filter with a two layer substrate was then

viii



designed to operate in the THz region. For reconfigurability, Graphene was sandwiched
between the Silicon Di-Oxide substrate and the top gold plate of the filter, and the chemical
potential of Graphene was then varied by applying a dc bias voltage. With a change in dc
voltage the chemical potential of Graphene changes accordingly. From the results, a
chemical potential change of 0.1 eV to 0.6 eV brings about a frequency change from 1.289
THz to 1.297 THz.



TABLE OF CONTENTS

DECLARATION 1: PLAGIARISM.....coi ittt i
DECLARATION 2: PUBLICATIONS ...ttt e iii
DEDICATION ...ttt bbbt b bbbt e et s e bt et e bt nb ettt enes %
PREFACE ...t vi
ACKNOWLEDMENTS ...ttt ettt bbbttt be b e vii
A S S 1 2 7 A O OSSPSR viii
TABLE OF CONTENTS ..ottt sttt ettt et e s e naetesnestesaennensenens X
LIST OF FIGURES ...ttt ettt sttt n et sttt nseneeneans XVi
LIST OF TABLES ...ttt sttt e b et st et et et e nseneereanas XXi
LIST OF ABBREVIATIONS.......cooiiiiiiieieieese sttt sttt XXii
= Tod P T LA o] o PSPPSR i
PLAGIARISM ...ttt e et e b e e et e e et e e e teeeanteeeanneeeanes i
PUBLICATIONS ...ttt e e e ba e e abee s iii
A B ST RA CT it arae e viii
(O T o) o OSSPSR 1
INTRODUGCTION ...ttt sttt e snb e e s e e e snb e e e nbteeessneeaseeeanes 1
1.1, COMMUNICALION SYSTEIM .....uiiiiiiiiieiieiisit sttt 1
1.2, Background OF FIIEIS .......c.oiiiiiicicis e 2
1.3, ReSEArCh MOtIVAIION .....ocviiiiiicieee ettt 3
1.4, RESEAICH ODJECLIVES. .....ccuiieiieiiieiee ettt e 5
1.5, ReSearch CONtriDULIONS........coiieiiiicie et 5
1.6.  Organization 0f the thESIS .......cviiiiiic e e 7
1.7.  Resulting Peer-Reviewed PUBIICAtIONS.............ccoeiiiiiiiiiicccce e 9
(08 T o) ] PSSRSO ORI 12
LITERATURE REVIEW. ...ttt 12
728 N ] 1 (oo [0 Tod 1 To ] o FHU RSOOSR PSRRI 12
2.2. IMINTALUFIZALION ..ttt et et e b e s s e s b e e be e beesbeeenbeenbeebee e 13
2.3, MUI-DANA FIIEEIS ... 15
2.4, BalanCed FIIEIS ..ottt ee e 17



2.5, COMMON MOAE SUPPIESSION .......eeueiieeeueiteeieeseeateeeesteeteeteseeeseesteareeseesteeneeseeeseeneesreeneensens 20

2.6.  Reconfigurability Of FIILEIS.......ccciiiiiiiiii i e 21
2.7.  Graphene TUNING ...ooeo ittt e s be e e st e e teebesaeeneenee e 22
2.8.  Filter background thEOIY.........cuoiiiiiiiie e 24
28.1 Butterworth (Maximally flat) ApproXimation ............cccoeeeieiiinininneseseee 25
2.8.2 Chebyshev APProXimation ...........cccvcevieiiieieie e 26
2.8.3 Eliptic APProXimation ........c.cccecveiiiiieieie e 27

2.9.  Low-pass Filter Prototype NEtWOIKS .........cceiieiiiiiiiirise e 28
2.9.1 Maximally Flat Low-pass Filter Prototype ........cccovveiiiiiieic e 29
2.9.2 Chebyshev Low-pass Filter PrOtOtYPe ........cocvcveiiie e s 29
2.9.3 Elliptic Low-pass Filter ProtOtYPe ........ccoovviieiieiiiiiiie e 30
2.10. Transformation Of the LPF ............oiv i 31
2.10.1  Low-pass Filter Transformation ............ccccevviviiiiiiiiiiic i 32
2.10.2  High-pass Filter TransSformation............cccceoeirininiinine s 32
2.10.3  Band-pass Filter TranSformation ............cccooeiiiiiiinine e 33
2.10.4  Band-Stop Filter Transformation...........ccccccviiiiiiiiii i 34
2.11. Immittance, Impedance, and Admittance INVEIErS ........cccce v eievieiiecie e 35
2.11.1 UsSing IMMITANCE INVEITETS ........oviiiiiriiieiieieeeeee st 36
2.11.2  Band-pass Filter Using Immittance INVEIErs .........ccocovieiiieiciiicnese e 37
2.12. ChAPLEr SUMMAIY ....ooviiiieiie sttt ettt sbe st et te e sresbeeseestesteebesreeneenreens 40
(08 T o) ] i S TSPOSI 42
SUBSTRATE INTEGRATED WAVEGUIDE FILTER DESIGN.......ccccoooiiiiiiieiieee 42
3.1, Rectangular WavegUIAE..........cccoveuiiieiiiece ettt st sae e e 42
3.2.  Rectangular Waveguide Cavity RESONALOIS. .........ccccuririiirienienieieieese e 46
3.3.  Substrate Integrated WaveGUITE ...........cccceriiieieieiiisesee e 47
34, SIW TTANSITIONS ...ttt sttt sttt e e s e seeneebesbesbestenneeeneas 49
3.4.1 Micro-Strip t0 SIW TranSItioN .........coveiririiinie e 49
3.4.2 Co-planar waveguide (CPW) t0 SIW TranSition ..........cccocvverinenenenesiescse s 50

3.5, LOSSES IN SIW ..ottt sttt e 51
3.6.  Design of a SIW filter with High SeleCtiVity .........ccccoviiiiiiiiiiic e, 52
3.6.1 Filter IMpPIEMENTALION .......oiiiiiiiiiiieee s 53

3.7.  Results Analysis and DiSCUSSION .......cueiiiieririaie e eieie ettt see e neenee e 56
3.8, ChaPLer SUMMAIY .....oiiiiiiie ettt ettt et e bt eseeste e e seeereeneesreeneeeeeans 59

(O 0T o (=T o OSSPSR 61
SIW MINITATURIZATION .ottt e e e e annee e 61
ot I 101 oo [0 Tod o o RSP SRT 61



4.2. Ridged Substrate Integrated WavegUITE. ...........cceoveriiieriieee et 61

4.3.  Using Complementary Slip Ring Resonator (CSRR).........cccccvvveieiieiiievece e 63
4.4,  Bisecting the SIW SITUCKUIE .......eeiiiiecie ettt nre s 65
4.5, Miniaturized Filter deSign L........oooiiiiiiiii e 66
4.5.1 Proposed Fourth-Order Filter DESIGN .........cooviirieieinisisesese e 67

4.6.  Results Analysis and DiSCUSSIONS........c.cceiieieiieeiieiteiieseseesiesresree e seesrestessaesresraeseesnes 70
4.7.  Proposed miniaturized filter deSign-2...........ccccoiveiiiiiiie i 71
4.8.  Results and analysis of second filter design ...........cccocviiiiiiiiiinic s 76
4.9 DU DANG FIITET ... e bbb 79
49.1 Multi-Mode Dual Band Filter DeSIgN.........ccccviveiiiiiiiee s 79

A FIIEI TOPOIOGY ..ottt 79

B.  RESONALOI DESIGN ...vitiitiiiieiet e bbbt 80

C. Realization 0f the FIITEr ........cociiiiii e e 82

410  Results and analysis of Dual Band Filter............cccooeiiiiiiiiiii e 85
4.11. Chapter SUMIMEIY .....cc.oiiiieieieieee et r e 87
CNAPLEI-5 ..ttt 88
BALANCED FILTERS ...ttt et e e e 88
20 I 1011 oo 14 A T ) o SRR 88
5.2, Propagating IMOGES ........cecieiiiieie ettt sttt e e st e be e s teete e besre e e sre e 89
5.3.  Balanced Filter DESIGN......cc.ciiiiiiiiiiiiite et 90
5.4.  Results and Analysis of Balanced Filter ... 95
5.5. Common Mode Suppression TEChNIQUES ........ccecvveiieiieiiie ettt s 97
5.6. Common mode suppression filter deSign ProCESS. .......covivveriiiiiiieve s 97
5.7.  Common-Mode (CM) Suppression MeChaniSm ............cccevererereieinienise e 99
5.7.1 DUMDBDEI SEIUCLUIE ..ottt sre et naesne s 99
5.7.2 Center conductor patch with meandered liNe...........ccccoevveiiiiiic s 101

5.8.  Results and analysis of filter with Common Mode Suppresion............ccoceeererereneennen. 103
5.9, Chapter SUMMATY .......ooiiiiiiieieiisit ettt bbbttt et nn e 105
CRAPLEI=6......eeeeeee bbbttt bbbt 107
RECONFIGURABLE SIW FILTERS. ... 107
G20 I 1011 0o U1 T o PSSR 107
6.2.  Ferromagnetic MaterialS.........coooiiioriiie e s 108
6.3.  FerroeleCtric MAterialS...........ccoiviiiiieii ittt 108
GRS =T 1 1 Too] o [ (o] PSSR 109
6.5.  MeChaniCal SYSLEIMS .....cuiiiieieccic e e sre e s sra e e 110
6.6.  Dielectric Rods Tunable FIlter.........cooiiiii i e 111



6.6.1 Dielectric rod tunable filter design ..........ccco oo 111

6.6.2 Reconfigurability of the filter ... 113

6.7.  Results and analysis of Filter TUNability ..........ccccccooveviiiiiiiic e 114
6.8.  Chapter SUMMAIY ......coiiiiie ittt sttt ste et et sreeneesteaneeneeenen 116
(O T o) USSR 118
TERA HERTZ FREQUENCY BAND TUNING USING GRAPHENE ..........ccccoovee. 118
7.1 Graphene Material.........ccoooeiiiiiii e 118
7.2, Graphene CoNAUCTIVITY .......coiciiiiiie ettt ee 119
7.3.  Graphene Tunable FIlter DESIGN........cccccviiiieiieie et 121
A =TT || 3SR 122
7.5.  Effect of Graphene Aspect ratio on the center freqUENCY ........cccovveveieiinineneneseseee 126
7.6, DISCUSSION OF FESUILS .....ccvviiiiiie ittt st sre e b sreeees 128
7.7, Chapter SUMMAIY ......coviiieie ettt e ettt s ae e b e s be e esbestaebesbeersesbesneesreeres 129
(O T o) ot USSR 130
RESULTS AND CONCLUSIONS ... .ooiiiii it 130
T80 N ] 1 0o [ Tox 1 To] o S SRR 130
8.2, SUMMAIY OF FESUIS ..ot 130
8.3.  Conclusions and fULUIE WOIK .........cccueviiiiiii i st 132
REFERENGCES. ... ..ottt st e et e s nbe e e nnneaeas 133
L I USRS 152
I L I USSR 153

Xiii



LIST OF FIGURES

Figure 1.1 General communication SYSTEM.........c.ccviieiieiesiie e ere e s 1
Figure 1.2 General communication system (a) Transmitter. (b) Receiver.............ccccvene.... 2
Figure 1.3 General overview of the thesis. ..., 8
Figure 2.1 TWO-port filter NEIWOIK .........cccviiiiiiiic e 25
Figure 2.2 Butterworth filter reSponse [4]........cooooeiiiinie e 26
Figure 2.3 Chebyshev frequency reSponse [S]. .. ..voverererireninineeeee e 27
Figure 2.4 Elliptic function frequency reSponse. [4]. ... 28

Figure 2.5 Low-pass filter prototype for all poles with (a) Ladder network (b) Dual
e V0T I SRS 29

Figure 2.6 LPF prototype for the elliptic filter (a) Ladder network and (b) Dual network

[ et R et bR e ettt ettt neare s 31
Figure 2.8 HPF prototype transformation ............cccocueiiiie i 33
Fig. 2.9 BPF prototype transformation .............c.ccceiiieiiiie i 34

Figure 2.11 Immittance inverter used to convert (a) inductor to a capacitor, (b) capacitor to

AN INAUCTOT . ...t bbbttt e e bbbttt b et b e e 35
(o) 36
Figure 2.12(a) Immittance inverters (b) The dual ... 36
Figure 2.13 BPF transformation............cccoiiiii e 37
Figure 2.14 Transformed filter using J -INVEIters. ........cccocveviiieiicie e 38
G SO 38

Fig. 2.15(a) Band pass filter using K inverters and distributed resonators (b) Band pass

filter using J inverters and distributed resSoNators. ..........cccevvvevie i 39
USING Tthe K INVEITEIS: ...t bbb bbbt 39
Figure 3.1 Rectangular WaveguUIde............cccoiiiiiiiiiieee s 42
Figure 3.2 Field line distribution of lower TE and TM modes [1]. .....cccoocevirirvnininnnn 45
Figure 3.3 (a) Field variations for TE1o1 and TE102 and (b) Cavity resonator [1]............. 46

Xiv



FIGUIE 3.4 SIW SETUCKUIE. ....eveee ettt e e a e e e e e eneenne s 49

Figure 3.5 Microstrip to SIW tranSition. .........c.cceieeiiiiieieece e 49
Figure 3.6 CPW t0 SIW tranSition. ........ccciveiiiiiiiiieie s esis e 50
Figure 3.7 CPW-SIW transition with current probe. ..........ccceeveiieiiiie i 50
Figure 3.8 Illustration of resonators toPologY. ........cooereririiiiinieeee e 53
Figure 3.9 Extraction of the coupling COEffICIENT. .......c.ooiiiiiiiiiice 54
Figure 3.10 Extraction of the external quality factor. ...........ccocoviiiiiiinie 55
Figure 3.11 Fifth-order SIW fIlter. ..o 55
Fig 3.12 Output results of the 5™M-order SIW filter. ...........cooverveeeeeeeeeeeee e 56
Figure 3.13 Voltage standing wave ratio (VSWR) ........ccccociiiiiiniiiic e 58
Figure 3.14 SIW filter cut in half. ..o 58
Figure 3.15 Output results of the half-mode filter. ...........ccccov e, 59
Figure 3.16 The VSWR IN half MOGE .......cccoeiiiiiiiiee e 59
Figure 4.1 (a) Ridged waveguide (b) Equivalent CIrCuit..............ccccoveveiieeiiiieiiece e, 62
Figure 4.2 Ridged SIW. (2) 2-D view (b) front VIEW..........ccoviieiiiiiic e 62
Figure 4.3 Ridged SIW with a metal Strip.........ccccovieiiiieiecce e 63
Figure 4.4 (a) Half mode ridged SIW and (b) Folded Half mode ridged SIW. ................ 63
Figure 4.5 (a) SRR and (b) EQUIVAleNt CIFCUIL. ........cccooveiiiiiiiiiieeee e 64
Fig. 4.6 (a) CSRR (b) EQUIVAIENT CIFCUIL. ......cceiiiiiiiiiiec e 65

Figure 4.7 (a) Full SIW resonator structure (b) HMSIW (c) QMSIW (d) EMSIW (e)
SIMISIWW [LB2] ...ttt bbbt bbbt bbb 66

Figure 4.8 Electric field distribution of EMSIW resonator (a) First orientation, and (b)

SECONA OFTENTALION. ...ttt ettt 66
Figure 4.9 EMSIW filter topology. .....cooveeiiiiice e 68
Figure 4.10 Forth order EMSIW filter. ........coovviiiiiiee e 68
Figure 4.11 Coupling factor eXtraCtioN. ...........ccveiieeiie i 69

Figure 4.12 Output results of the proposed filter (a) S11 output and (b) Combined Si1 and
30U 101U TR 70

XV



Figure 4.13  FIlter tOPOI0gY. ....covveieiieiecie sttt nne s 74

Fig. 4.14 Equivalent circuit of the 6™ order filter. ............cccvovviievieeisieeeeee e, 74
Figure 4.15 Filter implementation. ...........cccooviiiiieie e 75
Figure 4.16. Determining the coupling coefficient. ..........cccccveveiieii i 75
Figure 4.17 S parameter PIOt, S11. ...ooveoiiiiiiiiiiieeee e 77
Figure 4.18 S-parameter plot; S11 8N S21...eiviiiieieiee e 77
Figure 4.19 The VSWR @NAIYSIS. ....cc.coiiiiiiiiiiieieeee e 78
Figure 4.20 Second-order single-band filter topology. .........cooviiieiiicii 79
Figure 4.21 Second-order dual-band filter topology.........c.ccoovriiiiiiiiii 80
Figure 4.22 Resonator modes field diStribution. ............ccoiiiiiiiiiii e 81
Figure 4.23 Determination of coupling coefficient using full mode resonator................. 83
Figure 4.24 Determination of coupling coefficient using half-mode resonator................ 83
Fig 5.25 Determination of external quality factor............cccocveviiieiiiic i, 84
Fig. 4.26 Results of dual-band filter utilizing full mode SIW resonators. ........................ 85
Figure 4.27 Results of dual-band filter utilizing half-mode SIW resonators.................... 85

Figure 5.1 Differential mode transmission lines (a) Two conductors and (b) Three

(01000 11 01 (0] £SO T PP TP URPRPRRO 88
Figure 5.2 Single-ended voltages (a) even mode and (b) odd mode [80]..........ccccevvenee. 89
Figure 5.3 Substrate Integrated Waveguide (SIW) resonator. ..........ccccccevervenenenieieennenn 91
Figure 5.4 TE102 (a) field intensity, and (b) Field pattern. .........ccccoeviiiniiiniiien 92
Figure 5.5 The DM and CM S12 rESPONSE. ......ccuvrueeruereerieriesiesiisieeeeeesre e 92
Figure 5.6 Substrate Integrated Waveguide (SIW) filter. ... 93
Figure 5.7 Coupling coefficient SImulation. ............cccoveiiiiiiic i 93
Figure 5.8 External quality factor SImulation. ............ccccoovevie i 9
FIQure 5.9  OULPUL FESUILS. ......eciie e 95
Figure 5.10 Half-mode configuration. ...........cccooveii e 95
Figure 5.11 Half-mode configuration output results...........ccccoovveviiiiiiciie i, 96

XVi



Figure 5.12 (a) Schematic filter topology, and (b) 3D view of the filter structure. .......... 98
Figure 5.13 (a) Top view of the filter, and (b) Bottom view of the filter. ........................ 98
Figure 5.14 Output from the filter without any suppression mechanism...........c......c....... 99

Figure 5.15 (a) Dumbbell unit cell geometry, and (b) Dumbbell unit cell equivalent
(o[ ol | TSSOSO 100

Figure 5.16 (a) Dumbbell DGS etched at the bottom surface of the filter, and (b) The top
surface of the filter with a view of the DGS at the bottom. ............cccoovviiiiiie e 101

Figure 5.17 (a) Center patch with meandered loop, (b) Equivalent circuit for common-
mode, and (¢) Differential-mode. ...........ccoooviiiiiiice e 102

Figure 5.18 (@) The bottom surface of the filter with conductor patch and meandered
loop, and (b) Top surface of the filter with a view of the DGS at the bottom. ................. 103

Figure 5.19 Output result of the filter with (a) dumbbell DGS, and (b) conductor patch
WIth MEANAEred 100D, ..o e 104

Fig 6.1 Operation principle of YIG [192] .....ccoeoiiieiieece et 108

Figure 6.2 Illlustration of the ferroelectric, paraelectric region, and hysteresis loop [32].

........................................................................................................................................... 109
Figure 6.3 VaraCtor diOde. ..........ccviieiieii e 110
Figure 6.4 The MEMS COMPONENTS. ......cciiiiiiiiieieienie et 110
Figure 6.5 (a) Line of symmetry to form HMSIW, and (b) Dual band filter................... 112
Figure 6.6 The S11and So1 PArameter. ..o 113
Figure 6.7 Dielectric rod-filled SIW filter. ... 113
Figure 6.8 EQUIVAIENT CINCUIL. .......oveiiiiiiie e 113
Figure 6.9 Variation of dielectric rod diameter...........cccociiiiiiiniiieies e 114
Figure 6.10 S-parameter results for €=12.94 ... 115
Figure 6.11 S-parameter results for e=11.2.......cocviiiiiiiiiieiieee e 115
Figure 6.12 S-parameter results for €=6.45. ..........cccovriiieiieiee e, 116
Figure 7.1 The lattice structure of Graphene [202].........ccccovviviiiiiieiieiiie e 118
Figure 7.2 Relationship between chemical potential and center frequency [38]. ........... 120

Xvii



Figure 7.3
Figure 7.4
Figure 7.5
Figure 7.6
Figure 7.6
Figure 7.8
Figure 7.9
Figure 7.10
Figure 7.11
Figure 7.12
Figure 7.13
Figure 7.14
Figure 7.15
Figure 7.16

Figure 7.17

Second-order SIW filter 3D IMAgE. ....ccccviieiiverecie e 121
Cross-sectional side view of second-order SIW filter. ..........ccoceoiiiiienn, 122
The S-parameter FESUILS. ........coveieiie e 123
GrOUP EIAY. ..ot 123
CUrrent diStrTDULION. ........oviiiiiii e 123
IMPEAANCE PIOL. ..o 124
Chemical potential = 0.1 V. ..o 125
Chemical potential=0.2 €V. .......cooiiiiiiiie s 125
Chemical potential = 0.4 €V. ......ooiiiieeeee s 125
Chemical potential = 0.6 V. ......coiiiiiiiiiee e 126
Length and width of graphene. ..o 126
For wl =50 pum and z1 = 100 M. .ccveeiieeieiieie e 127
For wl =50 pm and z1 = 300HM. .....ccivreieiieieeie e 127
For wl =100 um and z1 = 300[M .....cceeiieieiieieese e 128
For wl =150 pum and z1 = ZO0HM ..c..eiieiveeiie e 128

XViii



LIST OF TABLES

Table 3.1 Filter diMENSIONS. ......ccviiiiiiiiiiee e 56
Table 3.2 Comparison with the other existing WOrkS ...........ccccovveiiiieiiiie e, 57
Table 4.1 DeSIgN ParamMetersS.........ccviiiiiieieeie ettt sre e reenne e 69
Table 4.2 Comparison of the proposed design with existing Work..............cccccveveinennenn, 71
Table 4.3 Polynomial normalized COEffiCIENTS. ........cooviiiiiiiiiiieee s 72
Table 4.4 COUPIING IMBEFIX ......ciiiiiieieieieee e 73
Table 4.5. Parameter VAIUBS ...........ooiiiiiiiiiieee s 76
Table 4.6 Comparison With SIMIlar WOrK.............ccoceiiiiinicee s 78
Table 4.7 Filter diMeNSIONS.........coiiiiieieie e 84
Table 4.8 Comparison With eXiSting WOTIK ...........cceieiiiiniiiiinieee s 86
Table 5.1 Comparison With SIMIAr WOrkK...........cccceveiiiiiiiiiee s 96
Table 5.2 Comparison with similar work for SIW technology..........c.cccccovviveiieinennenne. 105
Table 6.1 Comparison table of tuning technologies [4].......cccccovevieieiieie e 107
Table 7.1 SIW filter Parameters........cccvcveiieie e 122
Table 7.2 Graphene ParamMeterS.........covcveieeieiie ettt sre e ens 124

XiX



LIST OF ABBREVIATIONS

SIW
HMSIW
QMSIW
EMSIW
5G

4G

3G

2G

1G

3D

2D

1D

CM
DGS
LPF
CPW
CSRR
HPF
BPF

TE

™

Substrate Integrated Waveguide

Half Mode Substrate Integrated Waveguide
Quoter Mode Substrate Integrated Waveguide

Eighth Mode Substrate Integrated Waveguide

Fifth Generation

Fourth Generation

Third Generation

Second Generation

First Generation

Three Dimensional

Two Dimensional

One Dimensional
Common Mode

Defected Ground Structure
Low Pass Filter

Co Planar Waveguide
Complementary Slip Ring Resonator
High Pass Filter

Band Pass Filter
Transverse Electric

Transverse Magnetic

XX



VSWR

SRR

SMSIW

DM

YIG

MEMs

MHz

GPS

Wi-Fi

TV

BSF

LC

PCB

EBG

PMC

SIR

UIR

R-MMR

SI-SRLR

HTS

SSLR

EGaln

FSS

Voltage Standing Wave Ratio

Slip ring Resonator

Sixteenth Mode Substrate Integrated Waveguide
Differential Mode

Yttrium — Iron- Granite
Micro-ElectroMechanical systems
Mega Hertz

Global Positioning System
Wireless Fidelity

Television

Band Stop Filter

Inductor Capacitor

Printed Circuit Board
Electromagnetic Bandgap

Perfect Magnetic Conductor
Stepped Impedance Resonators
Uniform Impedance Resonators
Ring Multi-Mode Resonator
Stepped Impedance Square Ring Loaded Resonators
High-Temperature Superconducting
Symmetric-Stub Loaded Resonator
Eutectic Gallium Indium

Frequency Selective Surfaces

XXi



MIMO

GOl

FBW

GCPW

CR

CMRC

SRR

TZ

RL

IL

CSRR

HMWSIW

HM

EM

CMRR

DBs

BST

PCM

RF

SPP

DC

LTCC

Multiple Input, Multiple Output
Graphene On Insulator

Fractional Bandwidth

grounded co-planar waveguide
Circular Ring

Compact Microstrip Resonant Cell
Slip ring Resonator

Transmission zero

Return loss

Insertion Loss

Complementary Slip Ring Resonator
Half Mode Substrate Integrated Waveguide
Half Mode

Eighth Mode

Common Mode Rejection Ratio
Decibels

Barium Strontium Titanate

Phase change Material

Radio Frequency

Surface Plasmon Polaritons

Direct Current

Low Temperature Co-Fired Ceramic

XXii



Chapter-1
INTRODUCTION

Microwave frequency ranges from 300 MHz to 300 GHz on the electromagnetic
spectrum. Communication systems can utilize only a part of this spectrum [1], [2]. Hence,
the spectrum is subdivided into smaller frequency bands. Several applications utilize these
sub-bands of frequency. Applications such as GPS, Wi-Fi, TV, cellular, Bluetooth, and
many others are found in these frequency bands [2]. With these different applications
accessing the spectrum simultaneously, regulatory bodies need to come in to manage the
use and impose standards to be followed to ensure efficient use of the spectrum resource.

To guarantee efficient sharing of the spectrum, microwave filters are employed.

The last two decades have seen new communication services grow exponentially,
bringing about the need for high-performance microwave devices such as filters [3]. In
cellular services, specific and stringent specifications should be applied at the base station
and mobile handset to ensure successful communication. To meet such stringent conditions,
it has become imperative to develop different devices and develop various development

strategies.

1.1. Communication System

Figure 1.1 shows the block diagram of a general communication system [4]. The
information source consists of signals of both analogue and digital nature that must be
transmitted through the transmitter over a communication channel [4]. Conversely, the
receiver receives the information and is directed to its destination. Microwave filters can be
employed in both the transmitter and receiver sections of the communication system shown
in Fig. 1.1. On the transmitter side, the different information signals are separated into their
channel by narrowband filters and then transmitted over a single channel using the

multiplexer, as shown in Fig. 1.2 (a).
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Transmitter

Figure 1.1 General communication system.
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The multiplexer consists of several narrowband filters of fractional bandwidth 0.2%
to 2 % used to divide the information signal into narrowband channels before transmission.
In Fig. 1.2(b), the block diagram of the receiver section is illustrated. When the signal is
received, it is split into several channels using narrowband filters before being transmitted
to the respective destination. This is done through the use of demultiplexers, whereby filters

are used to extract the signals and feed them to their destinations.
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Figure 1.2 General communication system (a) Transmitter. (b) Receiver

1.2. Background of Filters

A filter can be defined as a device that passes signals within a specific frequency
band and suppresses any other signals that fall out of the frequency band of interest [4].
Different types of filters are used to achieve this definition. They can be classified as (i)
Low pass filters (LPF), which pass signals below a particular cut-off frequency, (ii) High
pass filters (HPF), used to pass signals that fall above a specific cut-off frequency, (iii) band-
Pass Filters (BPF) that passes signals within a specific range of frequencies and (iv) Band-
Stop Filters (BSF) used to suppress signals that fall within a certain frequency range [5].
Because of the stringent requirements imposed on the use of the spectrum by regulatory
bodies, it is imperative that filters, among other things, should be small in size [6]-[9].
Satellite systems and modern communication systems require small components [10]. The
filters should also have high selectivity to avoid interference between adjacent channels.

Filters should be simple to design and integrate with other technologies in use. The




tunability of filters is also desirable to minimize components in a communication system. It
can be costly to re-install and modify wireless infrastructure hence the need for tunability

or reconfigurability.
There are three main methods used in the design of filters:

i.  LC filters. The combination of inductors and capacitors can be used to design low-
frequency filters. These filters suffer from high losses and poor Q-factor [5].

Ii.  Microstrip filters. In this technology, transmission line sections are used to construct
the filters. These filters are easy to fabricate and easily integrated with other circuits.
However, they are lossy, tend to operate at low frequencies and possess low Q
factors [7].

iii.  Waveguide filters. These structures operate at high frequencies and have high Q-
factors [1]. However, they are bulky and difficult to fabricate or integrate with other

structures.

From these methods for the development of filters, it can be seen that the quality
factor is low for LC and microstrip filters. While providing high efficiency and Q factors,
the waveguide structure is bulky and difficult to integrate with other structures, making it
challenging to work with. Hence a compromise is needed that trades off the disadvantages

of these structures while maintaining an acceptable level of operation.

1.3. Research Motivation

In the 18" century, it was proven that electromagnetic waves could transmit
information signals wirelessly [11]. Since then, enormous research work has been done to
develop communication systems that can efficiently use the electromagnetic spectrum band
for wireless transmission of signals. As of 1980, almost every decade has seen new
generations of technology emerging, starting from 1% generation (1G) up to today, where
we are now in the fifth generation (5G) era going into the 6™ generation (6G) technology.
The major driver for the rapid technological change has been the traffic growth that must be
added to the communication system. It is estimated that up to 2030, there will be a rapid
increase in the number of developing applications that need to be incorporated into the

communication system [3, 11]. This requires that communication systems operate at



frequencies in the terahertz frequency band to have wider frequency bandwidth which can

cover enormous applications on the communication system [12].

With the requirement for communication systems to operate at very high frequencies
[12], the most popular technologies with most systems for filter development will have
shortcomings. Planar technology has high radiation losses and low Q-factor in the
microwave and terahertz frequency region. The conventional waveguide has a high Q-factor
and lowers radiation losses at this frequency range; however, it has the shortcoming of being
bulky. Communication systems such as satellites require that devices be as small as possible;
hence the rectangular waveguide becomes unsuitable for such systems. The conventional
waveguide is also not flexible and difficult to integrate with other components in a
communication system. Hence there is a need to come up with miniaturized devices such as
filters that can operate at high frequencies with low radiation loss and have high Q-factors

for efficient transmission of information signals.

Substrate integrated waveguide (SIW) technology offers a compromise between
planar technology and conventional waveguide in the development of microwave devices
[13-15]. SIW has the same propagation characteristics as the traditional waveguide and can
operate at much higher frequencies as compared to planar filters without incurring much
radiation losses and the Q factor is comparably higher [16], [17]. The disadvantages of the
conventional waveguide are overcome by the fact that SIW can be easily integrated with
other system components and is easy to fabricate using well-established techniques such as
PCB design [18]-[20]. To date, it is imperative that SIW devices are miniaturized to fit into

modern communication systems.

With the proliferation of many applications in the communication system, the
frequency spectrum is going to be further divided into the sub-frequency band. In each band,
different applications will be transmitted. Hence, to have an efficient communication
system, it will be essential to have tunable filters to select various applications without
redesigning, modifying or re-installing the whole system. In this research work, to solve the
issue of high radiation losses and poor Q factor at high frequencies, SIW technology is used
to design miniaturized devices operating in the microwave frequency range and tunability
is implemented using different dielectrics and Graphene because of its excellent electrical

properties.



1.4. Research Objectives

The main objective of this research is to develop miniaturized, high-selectivity filter
devices able to operate at microwave frequencies and above. The filters should have the
capability of tunability and reconfigurability to operate at a range of frequencies within the

band. To achieve this, the following sub-objectives are perused in this thesis:

I.  Study different technologies for designing filters operating at microwave frequency
range and above.

ii.  To propose different filter designs using substrate integrated waveguide technology,
which possesses the following characteristics: (a) Small footprint, (b) High
selectivity, (c) Low radiation loss, and (d) High Q-actor

iii.  Analyze balanced circuits for noise reduction in filter circuits and design balanced

filters with high Common Mode (CM) noise suppression.

iv.  Analyze different techniques used to design tunable or reconfigurable filters at high

frequencies.

v.  Design tunable filters that can operate at a wide frequency range.

1.5. Research Contributions

Substrate integrated filters have been proposed in the literature [8], [19], [21]-[23];
however, they fall short in selectivity, which leads to not having sharp band edges. This may
affect adjacent channels in a communication system where many applications are being
transmitted simultaneously. In this thesis, the work presented illustrates the design of high
selectivity filters using SIW technology and goes further to reduce the size of the filter by
50% through the use of a half-mode structure of the SIW resonator without degradation in
the performance of the filter. To further reduce the size of the filters and increase selectivity,
the coupling matrix method was used to design a 6"™-order filter with cross-coupled SIW
resonators. Eighth-mode substrate integrated waveguide resonators were used and a high-

order miniaturized structure was achieved.

The use of balanced filters for noise reduction in filter circuits has been demonstrated
in literature; however, the common mode signal suppression was limited. Most balanced
circuits are single band, developed using planar circuits [24]-[28]. In this research work,

two structures have been used for common-mode suppression: a) Dumbbell-shaped

5



resonators - symmetrically etched on the ground plane of the balanced SIW filter. b)
Meandered inductive loops - slotted in the ground plane that behaves as low pass filters.
The structures have been designed to preserve the symmetry of the filter and operate at the
frequency that is to be suppressed. An extra 5 dBs in CM signal suppression was observed

without affecting the differential mode (DM) signal.

This research work has been able to miniaturize the structure of the filter up to 87.5%
through the use of eighth-mode SIW (EMSIW) cavity resonators. To avoid complex designs
and increased selectivity while at the same time reducing the footprint, a single-layer SIW
band-pass filter is designed using the Eighth-Mode Substrate Integrated Waveguide filter
cavities. Four of these cavities were carefully placed in topology for the filter to operate as
a cross-coupled fourth-order structure, increasing selectivity. Two EMSIW resonators were
modified to achieve cross-coupling. The selectivity is increased by the source load coupling,

which results in three transmission zeros on both sides of the pass-band.

As the new generations of communication systems keep expanding with applications
covering almost the entire earth and near out of space [11], operating at frequencies in the
terahertz band is necessary. Tunability of filters becomes imperative as many applications
get incorporated into the communication systems. In literature, several methods for
tunability have been proposed [29]-[35]; however, most rely on semiconductors,
ferromagnetic material and microwave electro-mechanical switches, which are bulky and
are only suitable for operational frequencies below 100 GHz [4]. This thesis presents simple
and flexible tuning through dielectric rods on a half-mode dual-band SIW filter employing
triangular shape half-mode resonators. Tuning of 1.05 GHz bandwidth was achieved for the
center frequency of the first pass-band, and for the second pass-band, the center frequency
was tuned within a bandwidth of 1.49 GHz. In the literature, limited work has been reported
on Graphene material implemented to achieve tunability on substrate integrated
waveguides. Most reported work is based on planar technology [36]-[41]. In this thesis, a
second-order Graphene-based tuning was presented to cater to the low operational
frequencies of many technologies in use, and tuning was achieved in the terahertz region.
The operational center frequency of the filter was tuned within the range of 1.289 THz to
1.297 THz, which indicates tunability within a bandwidth of 8 GHz.



1.6. Organization of the thesis

This research aims to develop miniaturized tunable microwave filters that operate at
high frequencies. As such, in this chapter, chapter 1, the theory and background of
microwave communication systems and filters are presented. Figure 1.3 illustrates the

general overview of the thesis.

In chapter 2, the literature review is presented. The need for miniaturization has been
explored with the existing fieldwork. Previous work done in terms of balanced filters, multi-
band filters, and filter tunability is investigated as well. In addition, it also presents the
theory and background of microwave filter design. The frequency response approximation
of the ideal filter has been realized using the Butterworth (maximally flat), Chebyshev and
Elliptic functions. Low-pass filter prototypes are presented in terms of the normalized
parameters and the transformation from the low-pass filter prototype to real-life filters is

presented. Admittance and impedance inverters are also presented in this chapter.

Chapter 3 presents the detailed design of substrate integrated waveguide filters.
Firstly, the conventional rectangular waveguide has been investigated and its relationship
with the substrate integrated waveguide is established. The SIW resonators and ways to
interconnect the SIW structure with other technologies have been explored. Losses that
occur in SIW structures are also studied in this chapter, and the mathematical models are
presented. Finally, the proposed high-selectivity SIW band-pass filter has been presented.

In chapter 4, the work on filter miniaturization has been presented. Different
methods and ways used to reduce the filter footprint have been analyzed. Half-mode and
Eighth mode substrate integrated waveguide resonators are used to design miniaturized

filters.

Chapter 5 deals with the theory behind balanced filters as a way to maintain high
integrity within communication systems. Topologies for differential and common mode
transmission lines have been presented. The possible propagating modes in the transmission
lines are investigated. The basic principles of balanced filter design are explained. A dual-
band balanced filter has been proposed as well in this chapter. Common mode suppression
techniques are also presented. A filter design using a dumbbell defected ground structure
and another one utilizing a center conductor with the meandered loop are demonstrated for

effective common mode suppression.



General Overview of
thesis

Set objectives

Review of work in
same area

Filter Development
Background

Background of design
of SIW filters

Study of CST
Microwave Studio

v

Miniaturized filter
design

v

Balanced filters
desian

v

Tunable filter design

Obijectives
met?

Figure 1.3 General overview of the thesis.



In chapter 6, the need for reconfigurability or tunability has been analyzed. Different
ways to achieve tunability are presented with their advantages and disadvantages. The need
for Graphene to substitute conventional tuning methods to avoid high radiation losses at
high frequencies has been discussed. Two designs for implementing tunable filters are
presented. The first used dielectric rods of different permittivities and the second was

implemented by changing the chemical potential of Graphene to achieve tunability.

In chapter 7, the tunability of filters at THz range has been realized. Graphene
material is discussed, its suitability for frequency tuning in the THz region has been
analyzed, and the theory behind its electrical conductivity is presented. The chemical
potential of Graphene is varied by the external voltage, and in turn, this changes the center
frequency. The aspect ratio of Graphene was also altered in pursuit of frequency
reconfigurability.

Finally, Chapter 8 presents the summary of this work, the conclusion of the work,

and future recommendations on more work to be done are given.
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Chapter-2
LITERATURE REVIEW

2.1. Introduction

For the past decade, SIW technology has seen a steep jump in its usage, and research
work has seen a tremendous increase as well [21, 42—45]. SIW technology is a compromise
between the well-established rectangular waveguide and planar technology. Rectangular
waveguides can handle high powers, exhibit tremendously lower losses, and have high Q
factors but have the disadvantage of large size [7]. On the other hand, planar technology
devices have smaller sizes than rectangular waveguides but have less power handling
capabilities, lower Q factors, and higher insertion losses. The SIW trades in the middle of
the two mentioned structures above [8]. The SIW size is smaller than that of the
conventional rectangular waveguide. It is easier to integrate with other microwave
components but has higher losses and less power handling capability than the rectangular
waveguide [16], [17]. The SIW is larger than equivalent planar structures but can handle
higher powers and operate at higher frequencies than planar structures. Various principles
that guide the design of rectangular waveguides also apply to the SIW, and the
characteristics such as field patterns and dissipation properties are similar [14, 15].
Numerous works have been carried out in the field of SIW technology.

Devika et. al. [46] have designed a SIW filter operating at 2.4 GHz and a separate
one operating at 5 GHz. Three vias achieved filtering action inside the cavity to perturb the
magnetic field. Gopinath and Lal [47] used a combination of circular and rectangular SIW
cavities to develop a BPF to operate in the Ku band. Khan and Mandal [18] used the higher-
order TEso1 resonators and their high unloaded Q-factor to implement a 3-pole SIW filter.
A midline feeding scheme provided transmission zeros with bypass coupling and the

transmission zeros were placed at the band edges to realize high selectivity.

Moitra et. al. [15] achieved a SIW BPF using an I-shaped electromagnetic bandgap
structure (EBG) slots. The SIW BPF was then bent up to 150° to achieve miniaturization.
Martin et. al. [48] proposed a fourth-order SIW BPF for K to E band applications through
the use of inductive iris coupling. Moitra et. al. [49] have used circular ring, split rings, and

inductive posts to design a BPF. High isolation was achieved using an array of these
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structures; however, the selectivity was still appreciably low. In most work, low-order

filters are designed, and this work seeks to work on high-order SIW filters.

2.2. Miniaturization

In the existing literature, various research works have been reported towards
reducing the size and increasing the selectivity of these devices. Ho and Tang [50] have
used a multi-layer structure to design a triple-band filter. Two miniaturized SIW cavities
were stacked vertically, and the middle layer was designed with three identical patches
formed by evenly trisecting a circular patch. The small size was achieved; however, since
this is a multi-layer topology, it becomes complicated to design. Salim et. al. [51] have
achieved miniaturization by etching out a complimentary folded ring resonator with a
meander line slot to the layer of the filter. The size of the structure was reduced. However,
the selectivity was not as good on both sides of the pass-band as there were few transmission
zeros. Xie et. al. [52] have presented a third-order miniaturized SIW filter using a half-mode
fan-shaped resonator operating at a center frequency of 1 GHz. A metalized via located on
the center of the circle and a semicircular ring slot etched along the circumference were used

to realize the half-mode resonance.

Wang and Dong [53] have presented a miniaturized mm-wave band-pass filter. This
Miniaturization was achieved through the use of stepped impedance slot resonators. The
center frequency could also be varied by adjusting the stepped impedance size; however,
the selectivity was not high on the higher side of the pass-band. Delmonte et. al. [7] have
presented a miniaturized filter based on a modified quarter-mode SIW resonator. Metal vias
were added to shield the open boundary of the quarter mode resonator to minimize high
radiation leakage. QMSIW cavity was reported in which to avoid radiation losses, the
classical QMSIW cavity was modified by adding a line of vias to shield the open boundary.
To preserve the virtual magnetic wall, a slot was etched on the top and bottom metal

surfaces; however, the losses were still high, and selectivity was not so good.

Eighth-mode SIW resonators were used for miniaturization in various existing
research. Li et. al. [54] have presented a multi-layered SIW band-pass filter operating around
2.8 GHz, utilizing four vertically stacked resonators. The cross-coupling of the load and
source increased the selectivity of the filter; however, the multi-layer technique complicates

the design. Li et. al. [55] presented a balanced, dual-band filter utilizing quarter-mode and
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eighth-mode SIW cavities. The quarter model was implemented on a single-layer substrate
but had lower selectivity, while the eighth-mode filter was a fourth-order filter and had high
selectivity; however, being implemented on a multi-layer made the design complex. Guo et.
al. [56] designed a miniaturized filter using the eighth-mode resonator loaded with a stub-
capacitor, also used for center frequency tuning. The filter had a small footprint, but the
selectivity was poor, especially on the upper side of the pass-band. Lu and Zhu [57] have
used quarter-mode and eighth-mode resonators to achieve a third-order SIW filter operating
at a center frequency of 3.66 GHz. Metallic vias were used to shield the open boundaries of
the eighth mode structure together with slots etched on the top metallic surface. The final
filter had low selectivity on the higher frequency side of the pass-band. Nie and Hong [58]
have used the eighth-mode SIW cavity for size reduction. Slots are also etched on the surface
of the filter to lower the dominant frequency of the eighth mode cavity; however, the output

shows poor selectivity, especially on the lower side of the pass-band.

From the above reviews, in many instances, work done so far in miniaturization
using different modes of the SIW use only one or two resonators on a single substrate; this
implies lower-order filters, which result in poor selectivity. In work that was done using
more cavities for operation at higher order for higher selectivity, multiple layers were used,
which results in complicated designs [54, 55, 59]. Troudi and Osman [60] have reported a
half-mode structure used in a cross-coupled band-pass filter. An irregular impedance
technique is used to miniaturize the physical size of the conventional Complementary Slip
Ring Resonator (CSRR). The filter exhibited two transmission zeros on the lower and upper
sides of the pass-band. The structure was loaded with an elliptical complementary split-ring
resonator with an irregular impedance for miniaturization. The filter operated at 6.876 GHz
and had a size of 41.48 mm?2. However, the filter suffers poor selectivity. Zhu et. al. [61]
have presented a dual-mode band-pass filter from half-mode SIW cavities. The TE102 and
TE301 modes were used as the resonant modes, while TE101 was used as the non-resonating
mode. An additional via and a slot line were used to perturb the TE103 and TE102 modes. A
two-pole HMSIW filter with an asymmetrical response and a four-pole HMSIW were
reported. The filter operated at 10 GHz and has a size of 1.75\%, where g, is the guided
wavelength. Nosrati et. al. [62] have presented a capacitively coupled SIW filter. This work
uses a planar gap-coupled structure as a substitute for the conventional inductive aperture
coupling. Two open-circuited studs are used to capacitively couple two SIW resonators.

This resulted in a miniaturized filter operating at 1.8 GHz and having a size of 0.2x0.2 )\,
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Dong et al. [63] have presented a seventh-order filter with three layers to achieve
high selectivity. The first layer realized a Perfect Magnetic Conductor (PMC) using periodic
plates and metallic patches. The middle layer generated the gap layer, while etched slots
were formed to operate as resonators in the third layer. The filter operated at about 17 GHz
and had a reported wide stop-band. Grine et. al. [64] have implemented a double-layer filter
using sixteenth-mode SIW resonators with defective ground structures in the middle metal
layer. This produced four transmission zeros on both sides of the pass-band, increasing
selectivity. Two deformed ground structures of different lengths were used for coupling.
The filter operated at around 11 GHz.

2.3. Multi-Band Filters

With the technological improvement, modern and advanced communication systems
are needed to handle the demands of technological advancement. Microwave components
must have high-performance capabilities and be more compact [65]. This paves the way for
the development of smaller communication devices. To achieve this, multi-band filters have
been developed to concentrate the hardware needed to perform specific tasks in a smaller
area. In literature, several methods have been employed to develop multi-band filters. For

example:

e Having different single-band filters and combining them into one multi-band filter.
Zhang and Zhu [66] have designed a dual-band filter with a controllable in-band ripple
factor and isolation between the dual pass-band. In that work, two multi-mode resonators
with short-circuited stubs were connected in parallel to form the dual-band filter. Shen
et. al. [67] have designed a tri-band filter with controllable frequency and bandwidth
using composite right and left-handed resonators. Three different filters operating at
distinct frequencies are built and combined to create a triple-band filter. Zhang and Zhu
[68] have designed a tri-band band-pass filter based on A/4 resonators. The first and third
pass-band was achieved by coupling two dual-band A/4 Stepped Impedance Resonators
(SIRs). And the second pass-band was realized by two coupled A/4 Uniform Impedance
Resonators (UIRs). Zhang et. al. [69] have realized a quad-band filter using two
resonators. The first was an eight-mode resonator operating at the first, second, and third

pass-band. The second resonator was a short-end stub-loaded resonator, forming the
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third pass-band. This method of designing multi-band filters had the problem of large

size and matching circuits needed on the input and output ports.

Having a wideband filter and dividing it into different sub-bands. The coupling matrix
synthesis technique can achieve this by inserting transmission zeros within the band.
Shakib et. al. [70] have designed a triple-band filter using SIW half-mode resonators.
An iterative optimization technique was used based on full-wave simulation.
Transmission zeros were placed within the width of the band-pass filter, and the
polynomial Eq.s were solved. Tsai et. al. [71] have designed a low-temperature co-fired
ceramic structure that was used to design a triple-band laminated waveguide filter. Two
of the three pass-bands were assigned adjacently by using a split-type dual-band
response by inserting transmission zeros in the middle of a single pass-band. A four-
pole elliptic response achieves the third band. Esmaeili and Bornemann [72] have
presented a triple pass-band filter consisting of six cascaded singlets. Four of six
transmission zeros were placed within the pass-band, thereby producing three pass-

bands.

Using a multi-mode resonator. The multi-mode resonator can generate the desired
modes and when the proper input-output coupling is implemented, a multi-band filter
can be designed as required. Gao et. al. [73] have designed a multi-stub loaded resonator
with eight resonance modes for the tri-band filter. Four modes form the highest band
and the other two bands were realized by two modes. The frequencies of the three pass-
bands can be controlled by adjusting the modes. Li et. al. [74] have used a Ring Multi-
Mode Resonator (R-MMR) and a pair of parallel coupled lines to design a tri-band band-
pass filter. Since the R-MMR was symmetric, its resonant characteristics can be
analyzed using the odd and even mode analysis method. Three degenerate modes were
perturbed to separate them into six resonant modes, and the tri-band filter was designed
using these six modes. Ren et. al.[75] have used four modes of Stepped Impedance
Square Ring Loaded Resonators (SI-SRLRs) to design multi-band filters with
controllable frequency separation between the common mode and differential mode. By
the addition of two more open-circuited stubs to the square ring of the SI-SRLR, a six-
mode SI-SRLR was obtained. A tri-band filter was then obtained by coupling these two
six-mode resonators. Ren et. al. [76] have designed multi-band High-Temperature
Superconducting (HTS) filters using multi-mode SRLRs. The SRLR had four resonant

modes. Two open transmission lines were then attached to both sides of the ring of the
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SRLR of one wavelength. Xie et. al. [77] have used a triple-mode resonator to design a
triplexer. Centered cross-shaped metalized vias holes perturb the cavity to modify the

field distribution and mode frequencies.

From these literature reviews, most technologies used to design multi-band filters
include R-MMR, SI-SRLRs, stub-loaded resonators [73-76], etc. However, these
technologies mostly operate at lower frequencies, and they are bulky. To operate at higher
frequencies, substrate integrated waveguide technology can be employed. With the
properties of SIW technology, high Q factor and high power handling capability filters can
be developed. SIW technology has characteristics similar to the conventional rectangular

waveguide [78].

2.4. Balanced Filters

Balanced communication circuits have the advantage of noise suppression. There is
a need for high noise immunity in communication systems and it is always a good idea to
use such circuits. This is because the balanced circuits can suppress Common-Mode (CM)
signals on their input and provide passage to differential signals. In many cases, noise
appears on the input as a common signal; hence can then be effectively suppressed using
balanced circuits. Balanced- or Differential-Mode (DM) signals are transmitted as
complementary pairs with equal amplitude but opposite in-phase signals [79, 80]. An
adequately designed balanced filter offers low electromagnetic interference, high immunity
to electromagnetic noise, low cross talk, high out-of-band rejection ratio, and high
selectivity [79, 80].

In microwave engineering, it is very important to preserve communication integrity.
The transmitted signal must not be changed in shape and form by any means and should be
isolated from noise interference as much as possible. One way to reduce noise is using
balanced filter circuits [81]. Unlike single-ended circuits, balanced circuits are immune to
electromagnetic interference, suffer low cross-talk, and have high immunity to
environmental noise [80]. Noise appears on the input as a Common-Mode (CM) signal and
can be effectively suppressed using balanced circuits. Balanced circuits have the ability to
suppress the common-mode signal and allow the Differential-Mode (DM) signal to pass

through.
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Much work has been done in the literature involving balanced filter circuits. Most
balanced filter circuits have been implemented using planar circuits [81-84]. Cervantes and
Chavez [81] have presented a balanced filter based on two closed-loop transmission lines.
One had a characteristic impedance of 50 Q and the other had a characteristic impedance of
100 Q, but the filter had weak common-mode suppression. Wu et. al. [82] have used half-
wavelength stepped impedance resonators to implement a balanced filter. However, the
filter suffers from poor common-mode suppression. Shi and Xue [83] designed a balanced
filter using center-loaded half-wavelength resonators, and the common-mode suppression
was not high. Abbosh [84] has achieved a balanced filter by using tapered microstrip
patches coupled via tapered slots in the ground. The ground plane was located in the middle
layer. The common-mode signal was suppressed to about 27 dB, which is not very high and
having multi-layers, the design is challenging to achieve.

In [85] a balanced filter with enhanced stop-band capabilities is presented. The
design utilizes third-order quarter wavelength coupled resonators to achieve the filtering
response. Discriminating coupling is then used between the resonator and the feedline. The
filter operates at 2.4 GHz and has a CM rejection of over 20 dBs. In [25, 86] dual-mode ring
resonators and coupled lines loaded with multiple stubs are used to create single-ended and
balanced filters. The filter presented works at 2.1 GHz. The authors in [25] presented a
fourth-order filter they implemented using a symmetric-stub loaded resonator (SSLR). The
filter operated at 1.9 GHz and 4.9 GHz.

In ref. [87] a balanced substrate integrated waveguide dual-band filter is presented.
In this work, the authors use the TE102 mode in the cavity. The filter operated at center
frequencies of 9.42 GHz and 9.99 GHz. In ref. [81, 88] the authors presented a balanced
band-pass filter. The design of the filter was based on an integration scheme between
capacitively loaded coaxial and microstrip resonators to form a hybrid system. The
operation frequency was between 2.2 GHz and 2.4 GHz. The authors in [81] presented a
balanced filter based on a resonator composed of two closed loop transmission lines of
characteristic impedance 50 Q and electrical length 53.13° and another line of characteristic
impedance 100 Q and electrical length 53.13°. The filter operated at a center frequency of
1.029 GHz. In ref. [89], the authors presented a compact band-pass filter with a wide stop
band. A pair of shunt-connected coupled line resonators were used to design the filter. To

achieve common-mode signal suppression, the middle point f one side of the shunt-
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connected coupled line resonator is short-circuited. The filter operates at 2.4 GHz with an

insertion loss of 1dB and a return loss of 16 dBs.

In many instances, the balanced filters are limited in common-mode rejection and
are of big size. In ref. [90, 91] the authors worked on a balanced filter based on simple
square patch resonators. Jankovic and Bengin [90, 91] [12] have designed the balanced
band-pass filter using two square patches and the filter operated at 1.8 GHz; however, the
selectivity of the filter was not very satisfactory. Zheng at. al. [90, 91] [13] have introduced
open-stubs and spur-lines to improve the selectivity of the filter and increase the common-
mode rejection ratio. Shi and Xue [92] have designed a balanced filter based on Stepped-
Impedance Resonators (SIRs). A total of eight quarter wavelength-type coupled SIRs were
used. The eight SIRs were arranged in a symmetrical structure, and an acceptable
differential mode operation was achieved; however, the common-mode suppression was
unsatisfactory. Abbosh [84] used a broadside-coupled structure where the top and bottom
layers of the structure contain tapered microstrip patches. The patches are coupled using
tapered slots in the ground plane. Perieto et. al. [93] have used conventional open-loop
resonators and folded stepped-impedance resonators. In this work, magnetic coupling was

used instead of electrical coupling, which is commonly used.

Substrate Integrated Waveguide (SIW) technology has also been employed to
design different types of filters [94-99]. The advantages of substrate integrated waveguide
filters stem from their use, operation, and application, similar to the conventional
rectangular waveguide. SIW has the advantages of the rectangular waveguide, which
include high-quality factors, high power handling capabilities, fewer losses etc.[93]. At the
same time, they overcome the disadvantages of the rectangular waveguide being bulky.
Also, SIW technology is easy to integrate with planar technology and can easily be
implemented on PCBs. Xu et. al. [94] have designed a Ku-band balanced filter on a single-
layer substrate. This method used SIW resonators that are properly arranged in a suitable
topology. In this method, CM signals are suppressed by the phenomenon from even and
odd mode analysis [80], where the common-mode signals are converted into two signals in
parallel, being out of phase and canceling out each other, and DM signals are allowed to
pass. This method used TE101 and TE102 resonators to achieve the balanced band-pass
filter. The major issue was to deal with the common-mode suppression without affecting
selectivity since there was a need to remove the desired two transmission zeros to increase

the common-mode suppression.
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Chu et. al. [95] have presented a balanced SIW filter. In this work, they utilized the
horizontal and vertical symmetry of the SIW to design a balanced filter operating around
10 GHz. This filter had better CM suppression performance; however, the selectivity was
not very good. Chen et. al. [96] have designed a balanced band-pass filter using SIW
technology. Two square-shaped SIW cavities are arranged side by side, and the vias on the
common side are removed. Paired microstrip lines are used to couple the power into the
cavities and slots to perturb the degenerated TE102 and TE201 modes. The filter operates
at around 12 GHz, and better CM suppression was achieved by employing a short section
of vias on the inputs and outputs; however, the selectivity was not as good on the higher

side of the pass-band.

Zhou et. al.[97] have designed a compact SIW balanced band-pass filter operating
around 9.5 GHz, which was realized through two substrate layers. The circle coupling slots
etched on the layer interface achieved negative coupling to introduce transmission zeros.
Shen et. al. [98] reported a balanced band-pass filter operating using SIW technology at a
frequency of 3.5 GHz. In this work, transverse slots are etched on the top metal of the SIW
structure. The SIW structure between the slots then became resonators operating at TE206
for DM operation and TE106 and TE306 modes for CM operation. The structure had a small
footprint since the TE200 resonator was much smaller than the TE201 mode resonator and
had wider bandwidth due to the strong electric coupling formed by the slots. Ji et. al. [99]
have realized a single-layer SIW filter using the eighth mode SIW cavities. In this work,
cross-coupling paths are adopted, and the nature of the coupled open ends of the cavities

realizes negative coupling. The filter operates at a frequency of 2.4 GHz.

2.5.  Common Mode Suppression

To have high noise immunity, higher quality factors, and higher power handling
capability, SIW technology employing the balanced technique has also come into play in
implementing dual-band balanced filters. Wang et. al. [100] have realized a SIW dual band-
pass filter using multi-mode resonators to operate at 10.25 GHz and 14.6 GHz. Four slot
lines are etched at the bottom/ground metal to improve the common-mode rejection. The
common-mode suppression was to the tune of 40 dBs. Qian [87] designed a dual-band filter
operating at 9.42 GHz and 9.99 GHz center frequencies using six SIW resonators. The

common-mode suppression reached 50 dBs. Shen et. al. [101] have achieved a dual band-
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pass filter using four SIW resonators to operate at 9.23 GHz and 14.05 GHz. Four slot lines
were etched on the top metal surface to improve the CM rejection capability of the proposed
filter. The CM signal suppression reached 40 dBs. Zhang et. al. [28] have realized a dual
band-pass filter using SIW resonators loaded with two complementary split-ring resonators
etched on the top metal surface. The CM suppression reached 40 dBs. Zhang et. al. [102]
employed six SIW resonators to realize a dual-band filter. The CM rejection reached about
55 dBs. In all these cases, it can be seen that the common-mode rejection is not very high,
which might compromise the integrity of the wanted signal. On the other hand, the filters

are also bulky since most of the work employs several resonators.

The work that has been proposed in ref. [28, 87, 100-102] falls short on either the
size of the filter being large through the use of many resonators or common-mode
suppression being not high.

2.6. Reconfigurability of Filters

Tunability of filters has become necessary in modern filters to avoid costly
reinstallation of devices or modification of physical communication systems. In literature,
vast research has been done to achieve tunability or reconfigurability. Yuan et. al. [29] have
presented a balanced dual-band filter, which could only tune the first pass-band. The filter
was constructed using Stepped Impedance Resonators (SIRs) with varactor diodes as tuning
elements. The second band is implemented using an Eighth-Mode SIW etched on the bottom
layer of the filter. The center frequency varies from 1.23 GHz to 1.53 GHz, while the
insertion loss varies from 0.5 dB to 4 dB. Pal et. al. [30] have presented a dual-band filter
made up of a stub-loaded ring resonator. A varactor diode is placed in the ring to control the
odd mode resonant frequency. A second varactor diode that connects the stub to the ring
controls the even mode frequency. The first band was tuned from 0.69 GHz to 0.88 GHz
with 1.83 dB maximum insertion loss. The second band is tuned from 2.67 GHz to 3.78 GHz
with 2.02 dB maximum insertion loss. Fan et. al. [31] have designed a reconfigurable band-
pass to band-stop filter using a pin diode. Two pairs of varactor diodes are also employed
to control the center frequency and external quality factor. The center frequency can be
tuned from 0.79 GHz to 1.59 GHz. The stop-band is tunable from 0.7 GHz to 1.47 GHz.

Brown and Saavedra [103] used Eutectic Gallium Indium (EGaln) for frequency

tuning. A SIW quasi elliptic band-pass filter was presented using reconfigurable TE101-made
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cavity resonators. Four cavities were designed with vias on the corners, selectively filled
with EGaln for frequency tuning. The frequency can be changed from 7.96 GHz to 8.39
GHz. Brown and Saavedra [104] used fluidic pockets with different dimensions and
geometrics for tuning the frequency of substrate integrated waveguide cavities. The center
frequency was changed over a range of 170 MHz. The center frequency was 2.4 GHz, and

the insertion loss reached -5 dB during tuning.

Sun et. al. [105] present a filter based on combined SIW resonators loaded with
varactors for center frequency tuning. Varactor diodes are surface mounted between two
coupled resonators to control the inter-resonator coupling and tune the bandwidth. The
center frequency is tuned by varactors loaded on the compline resonators. The 3 dB
bandwidth range around the center frequency of 4.5 GHz is between 82 MHz — 260 MHz,
around the center frequency of 3.5 GHz, the 3 dB bandwidth range is between 40 MHz —
170 MHz and lastly, around the center frequency of 3 GHz, the 3 dB bandwidth is between
75 MHz — 90 MHz. Sirci et. al. [106] have designed an electronically reconfigurable C-dual
band mode coaxial SIW resonator. Back-to-back varactor diodes tune the center frequency,
bandwidth, and return loss levels. Tuning occurs over the range of 5.54 GHz to 6.3 GHz

with a worst-case insertion loss of 5 dB.

Abdelfattah and Peroulis [107] used two dual-mode SIW cavity resonators to design
a second-order band-pass filter. A contactless tuner is then used for center frequency tuning,
which occurs from 2.2 GHz to 3.4 GHz with an insertion loss of 1.36 dB. Alterkawi et. al.
[108] have presented an embedded suspended stripline in PCB, where a direct copper-to-
copper connection joins the metalized cavity walls on the ground layer. The filter is based

on a dual-mode patch.

2.7.  Graphene Tuning

Microwave filters are an important component of communication systems. With
recent advances in technology, tunable/reconfigurable filters are becoming necessary to
achieve a modern filter's requirements. Beyond 5G, communication systems are required to
operate at high frequencies in the region of THz. A good amount of available filters use
planar technologies [75, 109-115], which suffer huge losses in the THz region. Substrate

integrated waveguide (SIW) filters were introduced to solve the problem of high losses at
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high frequencies suffered by planar circuits. SIW has the same characteristics of high power

handling and lower losses at high frequencies as the conventional waveguide [13, 116].

In terms of tuning the filters, different ways have been explored in literature [30,
106, 117-122]. In [117], a liquid metal, GalnSn was used to tune the center frequency. The
volume of the cavity was reduced by filling the cavity with this alloy, which reduced the
internal wall distance. Frequency tuning was between 7 GHz and 8 GHz. In [118] a multi-
layer periodic structure is presented whereby tuning is achieved by liquid metal. A
thickness-controlling aperture separates the Frequency Selective Surfaces (FSS). The liquid
metal layers are combined with the elastomeric substrate to realize a flexible and fluid-
tunable device. The filter was tuned between 13.5 GHz and 17 GHz. Alkaraki et. al. [119]
presented a method for allowing or preventing wave propagation using a removable wall
built from several drill holes. To form a wall, the vias were filled with a gallium liquid metal,

when not required, the vias were emptied. Tuning occurred from 4.7 GHz to 7.2 GHz.

In [120], liquid metal - Eutictic gallium indium (EGaln) was used to design a
reconfigurable meta-surface antenna. Distinct reflective phase response was achieved by
melting and rotating the element structure, which changed the liquid metal's shape and hence
achieved reconfigurability. Alex [121] has presented a liquid-based tuned filter. Square
substrate integrated waveguide resonators were capacitively loaded with liquid metal posts,
which meant changing the loading capacitance. The resonant frequencies were changed
between 3.4 GHz and 5.83 GHz using this technique. In [106] varactor diodes were used in
a back-to-back setup to tune the center frequency and bandwidth of the filter as well as the
return loss. Ten varactor diodes were used to implement a two-pole tunable band-pass filter

with two transmission zeros. The tuning occurred in the range of 5.65 GHz to 6.35GHz.

In [122] the authors placed varactor diodes along the open side of a half-mode SIW
and microstrip feeding line to construct in-band notches. They then controlled the biasing
voltage and reconfigurability was achieved. The frequency and bandwidth of the filter were
successfully tuned independently. Frequency tuning was achieved in the range of 5.99 GHz
to 10.15 GHz. Biswajit and Marinal [30] have presented a stub-loaded resonator. A varactor
diode was placed in the ring to control the odd-mode resonant frequency. Frequency was
tuned from 0.69 GHz to 0.88 GHz with a maximum insertion loss 1.83 dB.

For high-frequency structures in the THz region, Graphene has been used for
frequency and bandwidth tuning [37, 38, 123-126]. This is achievable because Graphene as
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a material has superior structural, mechanical, and electrical properties [127]. In ref. [123],
the authors used Graphene for the tunability of a THz duplexing MIMO antenna. The
antenna can tune the frequency at the two ports independently. By changing the Graphene's
chemical potential, the radiators can be tuned. In [124], square patch microstrip antennas
are studied. Graphene material was used to control and regulate the antenna's polarization.
By controlling the fermi energy level, right-hand, left-hand circular polarization, and linear
polarization can be displayed. This changes the chemical potential of Graphene. In [125]
Ram et.al simulated a planar THz filter designed based on Graphene. A Graphene layer was
inserted between the conductor layer and the dielectric to support the propagation of
plasmonic waves. The Graphene's chemical potential was varied to tune the resonant
frequency of the band stop filter over the range of 0.1 THz. Naghizade and Saghaei [37]
have presented Graphene On Insulator (GOI) band stop filter operating in the mid-infrared
region. To achieve tunability of the filter, some physical parameters, such as the number of
overlapped filters and the number of graphene layers were changed together with the applied

voltage.

Moazami et. al. [126] have presented a plasmonic tunable single stub filter. A thin
Graphene layer was used to tune the filter in the THz region. By applying a gate voltage
between the gate graphene sheet and the Indium antimonide (InSb) substrate, the center
frequency was shifted by 32 GHz. The filter's bandwidth was also improved by 33% by
increasing the number of stubs. Guarev [38] has presented a single/dual band notch filter
for THz applications. A graphene patch is inserted in the filter for tunability. The aspect
ratio of the graphene patch was changed to determine the different TMmn modes to be
excited from the structure —which helped the filter to be configured as a single or dual-band
notch filter. The variation of the chemical potential of Graphene also changed the center

frequency.

2.8. Filter Background Theory

For a two-port filter network shown in Fig. 2.1, the design starts with identifying the
approximate transfer function suitable for the specified requirements. The transfer function
is simply a mathematical description of the network response characteristics given as Sz in
Eq. (2.1) [5] where S»1 = power that reaches port 2 from port 1, and S11, S22 are the reflection

coefficients, S»1 and S1» are transmission coefficients.
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Figure 2.1 Two-port filter network
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where ¢ is the ripple factor, @ is a frequency variable, and F(w) is the filtering or
characteristic function. For linear time-invariant systems, the characteristic function is

defined as:

N
Su@) =35 (22)

where, N(p) and D(p) are complex polynomials and p = & + jo and for lossless filter
networks, 8 = 0 and p = jo. For a given transfer function of Eq. (2.1) the insertion loss of
the filter is given by:

1

LA((U) = 10l0g m

(2.3)

For a lossless network |Sx|* + [S11]*> = 1 meaning the power reflected + power
transmitted is equal to the input power, the return loss of the filter is then given by

Lgr(w) = 10log[1 — |S5; (jw)|*] dB (2.4)

2.8.1 Butterworth (Maximally flat) Approximation

The Butterworth response gives the simplest frequency response approximation to

an ideal filter, the S-parameters of this kind of filter are given by:
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1

. N12

1S21(jw)|* = Tron (2.5)
2n

|511(jw)|2 = 1i)w2n (2.6)

where n is the order of the filter, which represents the number of reactive elements required

in the low-pass prototype filter. And the insertion loss is computed as:

LA((I)) =10 10910[1 + (l)zn] dB (27)

A typical Butterworth filter response is shown in Fig. 2.2 [4] with low pass amplitude
response of a 3-pole Butterworth filter. The more reactive elements, the higher the
selectivity of the filter.

Attenuation (dB)

il

Figure 2.2 Butterworth filter response [4].

2.8.2 Chebyshev Approximation

For this approximation, all the transmission zeroes are located at infinity. This is a
more improved approximation than the maximally flat roll-off from pass-band to stop-band.

The S-parameters of this kind of filter are given as:

1

S0 = —5— (2.8)

T 14£2T, % (w)

where the ripple constant is related to the pass-band Lar in dB by;
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Lar
g=4+1010 —1 (2.9)

Ly(w) = 10logyo[1 + 2T, (w)] (2.10)

And Lar is computed by:

L, (dB) —>

£ i

Figure 2.3 Chebyshev frequency response [5].

A Chebyshev function's low-pass prototype frequency response is shown in Fig. 2.3
[5]. It has a sharp roll-off after the cut-off frequency as compared to the maximally flat

frequency response.

2.8.3 Elliptic Approximation

The transmission roles of Chebyshev and Maximally flat filters are located at
infinity. They are also referred as all-pole filters [5, 128], where one of the elliptic
approximation transmission zeroes can be placed at the finite frequency to ensure an
improved roll-off. This kind of approximation has an equal ripple in the pass-band and stop-

band. The transfer function is given by [5]:

1521 @) = —5— (2.11)

T 1+62F,% (w)

where
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n
M l—[i2=1(wi2_w2)

(o)
Fn((‘)) = 4 (n—1) (2.12)
Nowll,_? (w0

n-1) < ), for n(= 3) odd
ws? 5
izt <_.‘w)

;
, for neven

and 0j (0 < i < 1) and ws > 1 represent a critical frequency, M and N are constants. The

low-pass prototype frequency response of the elliptic function is given in Fig. 2.4 [4].

Ly (dB) —>

,_
»

AT~

Q Q

Figure 2.4 Elliptic function frequency response. [4]

2.9. Low-pass Filter Prototype Networks

A low-pass prototype filter or equivalent network is required to realize filters with
approximate response functions as discussed above [5, 128]. The normalized filter prototype
is used, where the source resistance or conductance is equal to one denoted by go = 1 and
the cut-off angular frequency is equal to one as well represented by Qc = 1 rad/s. A possible
prototype filter is the ladder network which consists of alternating series and parallel
impedances shown in Fig. 2.5. This prototype filter can be used to realize maximally flat or
Chebyshev filters.
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Figure 2.5 Low-pass filter prototype for all poles with (a) Ladder network (b) Dual network. [4]
The order of the filter to specify given specifications can be given by Eq. (2.13):

10g10(10%1EAS—1)  Lap+Lgs
Zlogloﬂs 20(log10&)
Qp

(2.13)

Where Q = Q, and Q, and Q,, > 1 represent some critical frequency.

2.9.1 Maximally Flat Low-Pass Filter Prototype

The maximally flat filter or Butterworth filter with a transfer function given by Eq.

(2.5) with an insertion loss of 3.01 dB and € = 1 rad/s can be given by:

go == 1.0

Qi-Dm

g =2sin (=), fori=1..n (2.14)

gnt1l=1

To find the order of the filter to satisfy the given specification Eg. (2.15) and be used

log (10%1LA4s—1)
2logQg

(2.15)

2.9.2 Chebyshev Low-pass Filter Prototype

For a Chebyshev filter with pass-band ripple Lar dB and cut-off frequency, Q¢ =1,

the element values of the ladder network can be computed as follows [5], [128]:
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go=1.0 (2.16)

g1 =2sin () 2.17)

y 2n

4si (2i—1)n’_. i-3)
gi = 1 Sln[ on ]m{r(E] (218)

gi-1 yZ+sin?sin

1.0, for n odd
ner = F(¥) = {coth2 (é), for n even (2.19)
And,
o= nfeors () -
y =sinh (£) (2.21)

The order/degree of the filter to satisfy the given specifications when given pass-

band ripple Lar dB and minimum stop-band attenuation Las at Q = Qs can be computed by

0.1L
—1 |107"As—1
cosh T001lar—;
> (2.22)

nz=z
cosh~1Qg

2.9.3 Elliptic Low-pass Filter Prototype

For the elliptic low-pass filter prototype, the ladder network introduced in the
previous two sections is modified to introduce transmission zeroes at finite frequencies as
shown in Fig. 2.6(a). The series of branches of parallel resonators introduce transmission
zeroes. The parallel resonators block transmission since it has infinite impedance at

resonance. The dual realization is shown in Fig. 2.6(b).
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Oo Gn+1 g0

(a) (b)

Figure 2.6 LPF prototype for the elliptic filter (a) Ladder network and (b) Dual network [4].

2.10. Transformation of the LPF

The LPF prototype considered in the previous sections only applies to source
resistance/conductance go = 1 and a cut-off frequency Q¢ = 1. Frequency and element
transformation are required to set the practical values for building physical filters. The
frequency transformation changes the value of reactive elements but does not affect the

resistive elements. For impedance transformation:

~ Zo/go , Jo = resistance 223
o=19 O/YO , 9o = conductance '

where, yo is the impedance scaling factor and Yo = 1/Zo is the source admittance. Then:

L = yol (2.24.1)
C=Cly, (2.24.2)
R = y,R (2.24.3)
G =Gy, (2.24.4)
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2.10.1 Low-pass Filter Transformation

To transform a low-pass prototype filter to a practical LPF with a cut-off frequency

oc in the angular frequency axis ® Eq. (2.25) can be used

Q="w (2.25)
w
Q¢
L= (%) 709 (2.26)
— (%) 9
C= (w) g (2.27)
This can be shown in Fig. 2.7
a L

oMo C——> o~ TF-0

g C

O—AH—0 —/——> o—F—o0
Figure 2.7 LPF prototype transformation

2.10.2 High-pass Filter Transformation

The transformation of a LPF prototype to a practical HPF with a cut-off frequency
oc IS given by Eq. (2.28):

Q= _::”QC (2.28)
1) 1 L
C = (wc Qc) 5 9 representing inductance (2.29)
L= (wl ));70, for g representing capacitance (2.30)
Q¢

In this case, the capacitance is transformed into an inductor, and the inductor will become a

capacitor as shown in Fig. 2.8.
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oMo C—> O0—}—o0

I

Figure 2.8 HPF prototype transformation

2.10.3 Band-pass Filter Transformation

Assuming m2 and m represent the pass-band edge angular frequency and pass-

band being equal to (o2 - 1), the transformation from LPF prototype to practical BPF is

given as:
=8 (© _ wo
~ FBW (wo o) (2.31)
FBW = 2221 (2.32)
Wo
Wo = VW1W2 (2.33)
Where wo denotes the center frequency
Ly = (—(FBWC) ” )Vog, for g representing the inductance (2.34)
0
FBW 1
Cs = (wﬂ)ﬁ (2.35)
Cp = (—FB(;; ” )yi, for g representing the capacitance (2.36)
0 0
__ (FBW Yo
Ls = (wogc) p (2.37)

This transformation is represented as in Fig. 2.9:
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Fig. 2.9 BPF prototype transformation

2.10.4 Band-Stop Filter Transformation

To transform from LPF prototype to a practical BPF the following Eq.s are used:

Q. FBW
e (2.38)

w  wo

Q=

where, w and FBW are defined in Eq. (2.32) and Eq. (2.33), respectively.

1 1 i .
Cp = (—(FBW)% Qc) g’ for g representing the inductance (2.39)
Q. FBW
Ly = ( o )Vog (2.40)
— 1 Yo
Ls = ((FBW)wOQC) g (2.41)
Cs = (M) 9, for g representing the capacitance (2.42)
Wo Yo
9
oMo >

)
g % [:’\> L Cs

Fig. 2.10 BSF prototype transformation
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2.11. Immittance, Impedance, and Admittance Inverters

The LPF prototype described in the previous section uses lumped LC components.
Implementing filters at high frequencies using lumped elements without incurring large
radiation losses is difficult. The resonators in the LPF prototype can operate at different
frequencies and thus makes it difficult to realize a practical filter; hence all resonators need
to be adjusted to work at the same frequency. This is achieved through the use of immittance
inverters. Immittance inverters can be implemented as either impedance or admittance
inverters. An immittance inverter has the ability to convert the lumped elements for

example, from inductance to capacitance ad vice versa, as shown in Fig. 2.11 [5].

Figure 2.11 Immittance inverter used to convert (a) inductor to a capacitor, (b) capacitor to an

inductor.

For an ideal two-port impedance inverter terminated by an impedance Z, on one

port, the impedance Z; looking from the other port is computed as:

K2

Zi=7 (2.43)

where K is the characteristic impedance of the inverter. In terms of the admittance, the two-
port network admittance is inverted when Y> is connected to one port, and the other port

admittance becomes:
]2
n=y (2.44)

_YZ

where J is the characteristic admittance of the inverter.
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2.11.1 Using Immittance Inverters

Kiz

in Fig. 2.12 [5].
L:I
00—
Zy Ka.1
Yo Jo.

L.
|

J1.2

Using the J inverters, we obtain:

Kijt1 =

Kn,n+1 =

L32
0o
Kz 2
(a)
Jz.2

La'\
]
I{r'.“+l
I Can
Jn.n+

LaiLa(i+1)

gigi+1

LanZn+1

InIn+1

j _ |CaiCai+1)
e = |2
Lt 9didi+1

i=1ton—-1

The filter in Fig. 2.5 may be converted using immittance inverters to one as shown

Zn+1

¥n+1

(2.45)

(2.46)

36



Ji _ CanYn+1
nnt+l Indn+1

where gi is the original prototype values, it can be seen that the equivalent circuit consists
of lumped elements of the same type connected by J or K inverters. The values Zo, Zx+1, Lali,
Cai, Yo, Yn+1 can be chosen arbitrarily; however, for the equivalent circuit's filter response
to be the same as the original prototype, the immittance inverter parameters must be defined
asineq. (18) and (19).

2.11.2 Band-pass Filter Using Immittance Inverters

To transform the LPF with inverters to other types of filters, the element
transformation, as described in section 2.11.1 can be applied. Figure 2.13 shows a band-

pass filter using immittance inverters.

LS] (3] LSZ Cs2 I—sr' Csn

S ST [ -M—

Zy Kot Koz Kza L Zn+1

Figure 2.13 BPF transformation.

K. = ZoFBW wqLg;
ot QcYod1
FBWwqo |LsiLs(i+1)
Kiiy1 = / 2.47
Li+l Q¢ 9igi+1 ( )

_ FBW(‘)OLann+1
e QcGngnia

1

2
wWo Lsi

Csi =

i=1ton
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Yo Joa

Jiz Jz2 Jnn+

Figure 2.14 Transformed filter using J -inverters.
YoFBW w,Cp;
]0,1 = A . -
Qc9o91

Jiing = 2W CpiCpii+n
b+l Qc 9igi+1

i=1ton-1

 [FBWwoCpnYis
o Qe GnGnit

1

Ly =——
(A)OZCpi

pi

i=1ton

Y1+

(2.48)

To be able to design a filter that can operate at high frequencies, lumped LC

components must be replaced with distributed circuits. Distributed circuits can be, among

other things, microstrip resonators, microwave cavities or other suitable resonant structures.

These distributed resonators are shown in Fig. 2.15.

I""r'."+1

----------
Ki.z Kz
(a)
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Yo Joa IEE‘ Jiz IEE Jz3 IE;@ Jna+t Y

(b)

Fig. 2.15(a) Band pass filter using K inverters and distributed resonators (b) Band pass filter using

J inverters and distributed resonators.

ZoFBW x4
Ko,1 = —Q
c9oI1

_ FBW XiXit1
YT 9190

Using the K inverters:

(2.49)

FBWxpZp 1
'chngn+1

nn+l =

dXi(w)
i 0
do | y=n,

YoFBW b,
]o,1 = Y
Q'cgogl

FBW |b;b;,,
Jiiv1 =
Q¢ |9i9i+1

Using the J inverters:

(2.50)

FBWb,Y, 1
chngn+1

]n,n+1 =
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_ wod Bij(w)
T2 dw w=wy

where:

_ ﬂdxi(a))|
2

== is the reactance slope parameter for resonators having zero reactance

wW=wq

at center frequency wo. X(w) is the reactance of the distributed resonator. In the dual case:

w0 d Bi(®)

b= where B(w) is the susceptance of the distributed resonator. The

2 dw w=wy
reactance slope parameter of a lumped LC series resonator is equal to wolL, while the

susceptance slope parameter of the lumped LC resonator is woC.

2.12. Chapter Summary

This chapter discusses different types of technologies used to design microwave
filters. The advantages and disadvantages of planar technologies are presented.
Conventional rectangular waveguide technology is also discussed, and its shortfalls are
highlighted. This chapter also looks at the need for a compromise between planar
technologies and the conventional rectangular waveguide to harness the advantages of each
technology while minimizing the effects of their shortfalls. Substrate integrated waveguide
is introduced and its benefits are discussed. This chapter also deals with the background and
need for microwave devices to have a small footprint. Work done in the field of
miniaturization is presented and various methods for microwave device miniaturization are
presented. The need for multi-band filters in a modern communication system is also
discussed, and various methods of multi-band filters are presented. In light of the need to
maintain high communication integrity, the balanced filter circuits theory is presented in
this chapter, the advantages of balanced circuits are also discussed, and ways for common
noise suppression are also discussed. This chapter also discusses the need for
reconfigurability in a modern communication system and presents ways to achieve
tunability. Tuning using semiconductors, liquid metal, and Graphene, among other methods,
are discussed in this chapter.

The background of microwave filter design and its theory was presented as well.

The two-port filter network is discussed together with its theoretical design background.
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The Butterworth (maximally flat), Chebyshev, and Elliptic response functions illustrate the
ideal filter's frequency response approximation. Low pass filter prototypes are presented
regarding the normalized components and angular frequency, Qc = 1 rad/s. The chapter also
presents the techniques for transformation from the low pass filter prototype to practical
realizable filters. High pass, band-pass, and band-stop filter transformations are discussed.
The effect of high radiation losses at high frequencies when using lumped LC elements is
discussed and ways to implement filters using distributed elements are presented.
Impedance and admittance inverters are then used to implement filters using distributed

elements to design practical filters that operate at high frequencies.
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Chapter-3

SUBSTRATE INTEGRATED WAVEGUIDE (SIW)
FILTER DESIGN

3.1. Rectangular Waveguide

The Substrate Integrated Waveguide (SIW) is derived directly from the conventional
rectangular waveguide [50, 62, 129-133]. In the early days of the transmission of
microwave signals, rectangular waveguides were the most popular medium of transmission.
However, because of the large size and the trend in which technology has been advancing,
there became a need for the miniaturization of microwave devices such as filters, couplers,
dividers etc. [13, 58, 134, 135]. Nowadays, most microwave devices are manufactured using
planar transmission lines, which occupy less space and are easy to fabricate and integrate
with other circuit components. Figure 3.1 shows the geometry of a rectangular waveguide.
This waveguide can only propagate TM and TE modes with one conductor [1]. This section

reviews the theory behind the operation of a rectangular waveguide.

Y

]
>

Figure 3.1 Rectangular Waveguide

The waveguide is filled with a material of permittivity € and permeability p. For the

TEmn mode, the field distribution components can be expressed as [1]:

H, = Ann cos%cosnbﬂe‘jﬁz (3.2)
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jowunm nmw _

E, =74 ncos—sm Y e~IBz (3.2)
kc2b b
—joumn nmw _

E, = jk ‘;a Amn sm—cos y JBz (3.3)

(o4

jpmm . Mmmx mty -jBz

H, =——A,,,sin—cos—e™/ 3.4

X kCZa mn a b ( )

jBmm nm —

H, = Jkﬁczb Apn cos—sm by JBz (3.5)

where Amn is an arbitrary amplitude constant and  is the propagation constant given by:

= -t = Jie - (2" - () @9

where a and b represent the width and height of the waveguide and

> ko= () + () @)

where K¢ is the cut-off wavenumber. Each mode has a cut-off frequency fcmn given as:

fcmn - ani/cﬁ - Zn\l/ﬁ\/(%)z + (T;Tn)z (3'8)

The dominant mode has a cut-off frequency of

1
fei0 = Tave wherepy =1,n=0 (3.9)

Most waveguides are designed for the dominant mode. The field components of the

dominant mode are given:

H, = Ay cos%e‘jﬁz (3.10)
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E, = _jiua Aso sin%e‘jﬁz (3.11)

H, = jﬁTaAlo sint—xe‘jﬁz (3.12)

Ex=E,=H,=0 (3.13)

For the TMmn mode, the field distribution components are given by:

E, = Bpn sin%sinn%e‘jﬁz (3.14)
E, = _ii?” B cos%sinn?e‘jﬁz (3.15)
E, = %?an sin%cosnbﬂe‘jﬁz (3.16)
H, = j:’:;n Bn sin%cosnbﬂe‘jﬁz (3.17)
H, = _j:)k—izermn cos%sinn%e‘jﬁz (3.18)

where Bmn is an arbitrary amplitude constant.

The magnetic field lines of the lower TE and TM modes which helps us to visualize
the electric field are shown in Fig. 3.2 as derived from Eq. (3.14) through Eq. (3.18). They
show the direction of fields for the modes as indicated by the arrowhead. The line density
represents the magnitude of the field. The closer the field lines, the more the field magnitude
at that place and the further apart the field lines are, the smaller the electric field strength at

that point.
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Figure 3.2 Field line distribution of lower TE and TM modes [1].
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3.2. Rectangular Waveguide Cavity Resonators

A resonator or cavity can be achieved by short-circuiting both ends of the open-
ended waveguide of Fig 3.1 to get a cavity as represented in Fig 3.3 (b) with width indicated
as a, height b and length d. Electric and magnetic energy can then be stored within the cavity
enclosure. A small loop or probe can then be used for coupling signals into the resonator.
The TE101 and TE102 modes are as shown in Fig. 3.3(a) whilst the cavity resonator is shown
in Fig. 3.3(b)

=¥

(a)

(b)

Figure 3.3 (a) Field variations for TE1o; and TEiq and (b) Cavity resonator [1].
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The transverse electric fields (Ex, Ey) of TEmn and TMmn of a rectangular waveguide
are given by:
E, = é(x,y)(ATe /Bmn? 4 A=elBmn?) (3.19)

where &(x,y) is the mode variation and A* and A" are arbitrary amplitudes of the forward
and backward traveling waves. Bmn is the propagation constant. At resonance, the wave

number is given as:

ot = () + (5 + () @20

and the resonant frequency of the TEmn or TMmni mode is given by:

frnm = 2:/% = zm/izr_sr\/(%)z + (”7”)2 + (%1)2 (3.21)

For b < a < d, the dominant TE mode is the TE101 mode and the dominant TM mode

is TM110 mode. The fields of the dominant mode can be given by:

. omx .1

E, =E, sm%sm% (3.22)
—JEy . Tx lmz

H, = —sin—cos— (3.23)
ZTE a d
—JjnEy . TX Iz

H, = ——sin—cos— (3.24)
kna a d

and this indicates that the fields form standing waves inside the resonator. zy; and n

represent.

3.3.  Substrate Integrated Waveguide

The substrate integrated waveguide operates almost similar to the conventional

rectangular waveguide. It eliminates the sidewalls of the rectangular waveguide and
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replaces them with a column of vias in the form of metal posts. For the past decade, SIW
technology has seen a steep increase in usage, and research work has also seen a tremendous
increase [21, 43-45, 136]. The SIW technology compromises the well-established
rectangular waveguide and planar technology. Rectangular waveguides can handle high
powers, exhibit tremendously lower losses, and have high Q factors but have the
disadvantage of large size being too bulky in such a way that it becomes difficult to handle

and integrate with other microwave circuit components [7].

On the other hand, planar technology devices such as micro-strip lines have smaller
sizes than rectangular waveguides. Still, they have less power handling capabilities, lower
Q factors, and higher insertion losses. SIW trades in the middle of the two mentioned
structures above [8]. The SIW size is smaller than that of the conventional rectangular
waveguide. It is easier to integrate with other microwave components but has higher losses
and less power handling capability than the rectangular waveguide [16, 17]. The SIW is a
bit larger than equivalent planar structures but can handle higher powers and operate at
higher frequencies than planar structures; it also has a high Q factor and its easy to integrate
with other microwave components. Many principles that guide the design of rectangular
waveguides also apply to the SIW with slight modifications, and the characteristics such as
field patterns and dissipation properties are also similar [14, 15]. SIW supports the TEm,0
modes, including the dominant mode TE1,0, also found in the conventional rectangular
waveguide. However, for the TM and TEmn modes (where n # 0), the SIW cannot maintain

these modes because of the discontinuous sidewalls.

Figure 3.4 shows the structure of a substrate integrated waveguide. The conventional
rectangular waveguide is modified by replacing the air with a substrate of dielectric constant
€,. The top and bottom plates are made of metal, such as copper. Copper is used to
constructing the sidewalls via holes, which cut through from the top to the bottom of copper
plates. The fundamental parameters to be considered when designing a SIW are the
diameter of the via hole, d, pitch representing the center-to-center distance between two
adjacent via holes, p, and the width, w of the structure. The width is proportional to the
frequency at which the waveguide operates. The d and p are the diameter and pitch of the
via holes, respectively. The h, a_sw, and L are the substrate's height, width, and length,
respectively. The operation and field distribution is similar to the conventional rectangular
waveguide [14, 137].
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a_sw
via holes

Figure 3.4 SIW structure.

3.4. SIW Transitions

To integrate the SIW and other microwave components, there is a need for a transition
mechanism. The transition or interconnections of the traditional waveguide can be adopted
with some modifications. However, the most popular mechanism is using methods that work
with PCB techniques.

3.4.1 Micro-strip to SIW Transition

A microstrip to SIW transition mechanism is one of the most used methods for
integration due to its easiness in design and fabrication. The SIW and the micro-strip line
are interconnected through a tapper [110, 138]. Figure 3.5 shows the design whereby a 50Q
microstrip line interconnects with the SIW.

Figure 3.5 Microstrip to SIW transition.
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To achieve lower conductor losses, the substrate height can be increased; however,
it comes with the disadvantage of increasing radiation losses. This reduces the suitability of

the transition mechanism to operate at higher frequencies.

3.4.2 Co-planar waveguide (CPW) to SIW Transition

Another method for interconnecting SIW to other circuit components is through the
use of a co-planar waveguide (CPW) to get a co-planar to SIW transition [139, 140]. The
co-planar waveguide is designed with a 90° angle and a slot inside the SIW structure. Fig.

3.6 shows the co-planar SIW transition.

Figure 3.6 CPW to SIW transition.

This interconnection mechanism is not affected much by a change in the substrate
height compared to the tapered microstrip — SIW transition. Hence conductor losses can be
minimized by increasing the height while not incurring many penalties in terms of radiation
losses and its more suitable for operation at higher frequencies. The CPW-SIW transition

mechanism can also be implemented using a current probe, as shown in Fig. 3.7 [141].

current probe

Figure 3.7 CPW-SIW transition with current probe.
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A magnetic field is created by the current flowing through the grounded co-planar
waveguide (GCPW) when it passes through the coupling probe. This magnetic field can

match the magnetic field inside the SIW, and the coupling is achieved through this action.

3.5. Losses in SIW

Because of the similarities between the SIW and rectangular waveguides, the
operation modalities are similar, save for minor adjustments [142]. This also applies to the
losses that occur in both structures they tend to be similar. In rectangular waveguides, there
are two main types of losses: conductor losses and dielectric losses [141, 143]. The
conductor losses arise due to the metallic walls, while the dielectric losses arise due to the
dielectric material used. The dielectric loss, a4, and conductor loss, a, can be expressed as
[142]:

k?tansé

Ag =7 (3.25)
(2hm?+13k?

A, = Slzlw (326)

where k is the free space wave number, 3 is the phase constant, tan § is the dielectric loss
tangent and n is the intrinsic impedance of the medium:

n= [2< andRy = =22 (3.27)

OET 20

where o represents the conductivity of metal, R is the surface resistance of the conductor,
€, represents the free space dielectric constant and €, represents the substrate dielectric

constant. The total losses will be the summation of the dielectric and conductor losses.

The SIW also has radiation or leakage losses and conductor and dielectric losses.
These losses are present due to the non-presence of a solid wall on the vertical sides of the
SIW structure. The solid metallic wall of the traditional waveguide is replaced by a fence or
row of vias of a certain diameter and separated by a distance known as the pitch, p. Through
these spacings, some radiation can leak from the structure and hence introduce additional
losses known as radiation or leakage losses. The total losses in a SIW structure are given
from this leakage by adding the conductor, dielectric, and leakage losses. In a SIW structure,

the conductor losses, o, ;,, can be investigated by [141]:
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where w_siw is the effective width of the SIW, h is the height of the substrate, f is a specific
frequency, f, is the cut-off frequency of the SIW, €, represents free space dielectric
constant, and €, represents the substrate dielectric constant. The dielectric losses of the SIW

structure, oy g, Can be given by:

g siw = L‘/S—rtam é (3.29)
o J1-20y2

where tan § is the loss tangent and ¢, is the speed of light in a vacuum. The radiation loss

is merely related to the structural design of the SIW and happens due to the spacings between

the vias. The energy that escapes through these gaps contributes to radiation or leakage

losses, a,- and these losses can be analyzed through the use of [144]:

%(%) . (5_1) . (3.30)

4.85 (27‘”)2—1

o =

where A is the SIW propagation wavelength and w is the width of the SIW resonator. s is a

unit cell which is equivalent to the pitch in dimensions.

3.6. Design of a SIW Filter With High Selectivity

This work uses SIW technology to design a high-selectivity BPF that operates in the
Ka-band of the electromagnetic spectrum. Agilent ADS was used for circuit simulation, and
CST microwave studio was used for the implementation. This work presents a BPF that is
very small in size compared to other filters in the same category. The filter's insertion loss
is also very small and has high selectivity compared to other filters, as shown in the
following sections. The first step is to design a suitable resonator with 30 GHz frequency.
The conventional waveguide design Equations can be used to calculate the filter dimensions.

The cut-off frequency is given by [47]:
fon = 5o | (2532 + (222 (3.31)
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where a and b are the rectangular waveguide dimensions [7] and m and n are the mode
numbers. For the TE;, mode, which is the dominant mode of the rectangular waveguide,
Eq. (3.31) reduces to [47]:

1 _ ¢
fer0 = 3o=" 0 (3.32)

where c is the speed of light. The authors have calculated the waveguide width given the
center frequency. Since the SIW is filled with a substrate with permittivity (&), it needs to

use the equivalent width of a rectangular waveguide filled with a dielectric given by:

ar = 7z, (3.33)

Then the width of the SIW is determined from [7]:

d2
ar +
f " 0.95p

(3.34)

aSW

For efficient operation of the SIW, d < %‘9 and p< 2d where J, is the guided wavelength
given by:

2
V= ———— (3.35)

2
(271:/2 sr_(g)z

The length of the SIW should be multiples of half wavelength of the center frequency
[1] and by closing both ends, a cavity resonator can be realized. For this design, width =
3.88 mm, length =9.78 mm, d = 0.4 mm, p = 0.6 mm, and h = 0.22 mm.

3.6.1 Filter Implementation

In this work, coupled resonators were used to realize the filter. The topology diagram
is shown in Fig 3.8. In the diagram, 5 resonating nodes {R1-R5} and 2 none resonating
nodes {S & L} are the source and load, respectively. Qe is the external quality factor, and
Ci,i+1 is the mutual coupling coefficients given by Eq. (3.36) and Eq. (3.37).

Qut (2 (23 (4 (s Qe
5 Rl R2 R3 R4 RS L

Figure 3.8 Illustration of resonators topology.
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Each resonating node represents a SIW cavity resonator. The g parameters can be
derived using the equations in ref. [23] or the tables with predefined g values to obtain a
Chebyshev filter. This 5-pole filter design is designed with an insertion loss of 0.01 dB. The
g parameters [23] are go=1, g1 = 0.7563, g>=1.3049, g3 = 1.5773, g4 = 1.3049, g5 = 0.7563

and ge = 1. The theoretical mutual coupling coefficients are calculated as [24]:

b
it = 2o (3.36)
Qer = Qen = T2 (3.37)

where fuy is the fractional bandwidth of the filter. In this design, fow = 9%. This wider
fractional bandwidth helps systems to transmit high data rates while consuming less power
and makes it suitable for high-speed wireless applications [25]. ¢;,= c45 =0.0912 and c,5=
c34= 0.0437 then Q.1 = Q., = 8.4. The simulated values of c; i+1 were obtained by the
technique shown in the diagram , Fig 3.9. The distance |_s was varied and from the two
eigenmodes observed on the Sz1 parameters, the coupling coefficient was determined by [5,
145];

1 (3.38)

Ci,i+1 - f22+f12

The value for |_s was determined to be 1.8 mm, which gave a coupling coefficient
of 0.052, close to the theoretical value of 0.0912. It was noted that this same value provided

satisfactory results for all the coupling slots.

Figure 3.9 Extraction of the coupling coefficient.

To determine the value for the external quality factor, Q. , Fig 3.10 was used, the

distance g and x were varied, and Eq. (3.39) was used [45]:
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Qor = 77— (339)

where f, is the frequency at which group delay of Sy, reaches the max and fbw, gqo is the
bandwidth between +90°with respect to the absolute phase of S;; at f;. The values for x
and g, which gave a Q value of 9.2, which is close to the theoretical value, were x=2.0 mm

and g = 0.2 mm.

Figure 3.10 Extraction of the external quality factor.

The five resonators were combined using these dimensions as shown in Fig 3.11.

The filter size is 19.4 x 9.68 cm?2. Table 3.1 shows the final dimensions used.
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Figure 3.11 Fifth-order SIW filter.
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Table 3.1 Filter dimensions

Parameter | Length(mm)
X 2

g 0.2

I s 1.8

a_sw 3.88

L 9.78

3.7. Results Analysis and Discussion

The simulated results are as Fig. 4.12. The filter achieves a return loss better than -
10 dB and an insertion loss of -0.9 dB throughout the pass-band. The loss in dB between the
3dB cut-off frequency i.e. at 32 GHz and a frequency of 33 GHz is of -30 dB. This illustrates
very high selectivity as the roll-off is very high. The pass-band has a little ripple indicating
the filter's Chebyshev characteristics, and the ripple in the stop-band indicates the quasi-
elliptic filter characteristics. The bandwidth can be adjusted slightly by changing the values
of x and g as shown in Fig 3.11.

S-Parameters [Magnitude in dB]

-69.779

25 30 35
Frequency / GHz

Fig 3.12 Output results of the 5"-order SIW filter.
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Table 3.2 Comparison with the other existing works

Sa1 Freq Size .
Ref. Technology @B) | (GHz) (mm?) Selectivity
[7] SIW 14 | 14.25 30x30 Medium
[8] SIW 0.95 2.4 -- Low
[21] SIW with CR 1.5 15 12.6x60 Low
[146] SIW air-filled 1.15 | 27.92 | 7.04x46.5 High
nae] | SW 2;?;3"”"3' 213 | 2803 | 4.13x285 | High
[22] SIW 1.81 13 - Low
[23] SIwW 3.3 2.4 45x160 Low
[19] SIW 065 | 95 12'3’,;25'2 Low
[6] SIW CMRC N/S 4.5 10x48.1 Medium
This Work SIW 0.9 30 9.6x19.4 High

CR —circular ring, CMRC - compact microstrip resonant cell

The filter has a small VSWR of almost 1 within the range 28 GHz — 32 GHz as

shown in Figure 3.13. This is quite an appreciably low return loss within the range, which

is desirable for the efficient operation of the designed filter.
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Figure 3.13 Voltage standing wave ratio (VSWR)

The five-pole Chebyshev filter can be further reduced in size by half by cutting it
through the x-plane, illustrating half-mode operation, as shown in Fig 3.14. The electric
field is maximum at the vertical center plane and can be viewed as a magnetic wall. This
allows it to be cut into half and maintain its field distribution properties[147]. This in turn,
reduces the size by 50% but still maintains the same field distribution. In Fig. 3.15, the
output of S22 and Si12 is shown. Due to the fields not being confined in the waveguide, the
insertion loss and return loss become more impoverished than the complete structure. Better
S22 and S12 properties can be obtained by increasing the substrate height. Figure 3.16 shows
the VSWR of the filter operating in half mode. The results show an acceptable return loss

of below 1.8, which shows that the designed filter can still operate satisfactorily in the half

mode.

llll elolelnlalelalotelolalnlololeleiolololslolelololololalvlolole’
0 o o Lo O (o
C [ o o o o
a 0 O o cr o
O o a a o} o
Cr o O 0 9, O
G'O a Cr O [0} O

Figure 3.14 SIW filter cut in half.
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Figure 3.15 Output results of the half-mode filter.

Voltage Standing Wave Ratio (VSWR)

—/SWR1
100 -

80 -

60 -

40 -

20 1

0 : . ;
20 30 40
Frequency / GHz

Figure 3.16 The VSWR in half mode

3.8. Chapter Summary

This chapter discusses the theory and background of the rectangular waveguide. The
design Eq.s are presented, and the propagating and non-propagating modes in the waveguide
are illustrated. A brief discussion of the rectangular cavity resonator is presented and how it
is derived from the rectangular waveguide by short-circuiting both ends of the waveguide

is illustrated. The resonant frequencies in the rectangular waveguide cavity are also
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discussed. This chapter also introduces the substrate integrated waveguide (SIW) as a
compromise between planar technologies and the conventional rectangular waveguide. The
background and history of the SIW were discussed. The SIW structure, its parameters,
operation and construction are presented. Different SIW transition mechanisms include
microstrip to SIW transition and CPW to SIW transition. The losses associated with the SIW
technology are presented with their mathematical models. Finally, a SIW band-pass filter
design with high selectivity is presented. The design procedure and practical
implementation of the filter are illustrated.
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Chapter-4
SIW MINIATURIZATION

4.1. Introduction

With technological advancement, substrate integrated waveguides must be
miniaturized to give a small footprint structure. A smaller footprint implies low cost as less
material is used and can be incorporated in many integrated circuits as many applications
are being developed and added to the communication system. In wireless technology,
various functionalities must be added to mobile phones and other electronic gadgets. This
has necessitated miniaturizing microwave components such as filters [8]. On the other hand,
the amount of traffic conveyed by these communication devices is increasing tremendously,
leading devices to operate at high frequencies and filter devices needing sharp edges or high
selectivity to reduce interference between different applications [18]. The SIW structures
are more beneficial due to their high-power handling capabilities, low loss, high-quality
factor, etc., than conventional planar structures [13, 148, 149]. Their structures are similar
to the traditional waveguide; however, it is easier to integrate with planar circuits [8]. The
field distribution and propagation modes are the same as in the conventional waveguide
[13]. Even though the structure has its advantages, SIW has the disadvantage of being bulky.
In this regard, it becomes imperative to find ways to reduce the structure so that it becomes
more compact while at the same time maintaining an acceptable level of operation in terms
of low radiation losses and high efficiency. Many techniques have been considered for

miniaturization in literature.

4.2. Ridged Substrate Integrated Waveguide

To reduce the width of the rectangular waveguide structure, ridges can be placed
inside the waveguide to increase capacitance at the ridge step, as shown in Fig. 4.1 [150],
[151]. This capacitance lowers the cut-off frequency of the TEip mode of the waveguide
[152, 153]. Compared to the rectangular waveguide of the same dimensions, the ridge

waveguide can operate at a much lower frequency of the fundamental mode [154, 155].
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(a) (b)
Figure 4.1 (a) Ridged waveguide (b) Equivalent circuit.

Introducing the ridge means that the physical structure of the rectangular waveguide
will be reduced, which plays an important role in component miniaturization. The other
benefit of the ridge waveguide comes when there is a proper selection of the dimensions w
and h2 from Fig. 4.1. This tends to push the higher modes frequency further from the
fundamental frequency, which is desirable in filter design to avoid spurious pass-bands
associated with higher order modes. This, in turn, increases the single-mode bandwidth of
the filter. To build a ridged SIW, a row of vias that do not connect to the ground (blind vias)

is placed in the middle of the SIW structure, as shown in Fig. 4.2.

top_copper

bottom copper

blind via through via

(@)

L

(b)

Figure 4.2 Ridged SIW. (a) 2-D view (b) front view
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The middle row of vias introduces capacitance the same way as the ridge rectangular
waveguide, which decreases the cut-off frequency of the fundamental TEio mode. To
improve the performance of the ridge SIW structure, a metal strip can be added to the bottom
of the middle via row, as shown in Fig. 4.3. The metal strip connects all the metal vias at
the bottom. The bandwidth of this modified structure improves three-fold [156].

— —

metal strip

Figure 4.3 Ridged SIW with a metal strip.

A half-mode ridge SIW structure can further reduce the size of the SIW by cutting
the original SIW structure into half along its length and placing the ridge, as shown in Fig.
4.4(a). One line of the through vias is cut out and the half structure still exhibits a
propagation pattern similar to the full structure. At the same time, a significant amount of
size reduction of up to 50% is achieved compared to the original structure [155]. The ridge
can be moved inside the main waveguide channel to form the folded ridge, as shown in Fig.
4.4(b) [156, 157]. This now produces a folded ridge half-mode SIW structure, which can
further reduce the footprint by 56.7% [156].

(@) (b)

Figure 4.4 (a) Half mode ridged SIW and (b) Folded Half mode ridged SIW.

4.3. Using Complementary Slip Ring Resonator (CSRR)

The reduction of SIW footprint can also be achieved by using slip ring resonators
(SRR) which were first introduced by Pendry et. al. [158, 159]. The SRR is formed by
conducting rings coupled by the capacitance between the rings. An SRR structure is shown

in Fig. 4.5 alongside its equivalent circuit.
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Figure 4.5 (a) SRR and (b) Equivalent circuit.

According to the equivalent circuit, it can be observed that the SRR operates as a

tuned circuit with a resonant frequency given as:

1

fr=orr= (4.1)

The dimensions g1 and g. are used to determine the inductance of the SRR, while
the distance d is used to determine the equivalent capacitance. The SRR loaded waveguides
provide a stop band when their resonance frequency is above the cut-off frequency and
behaves as a pass-band when their resonant frequency is below the cut-off frequency of the
waveguide. SRR are considered as resonant magnetic dipoles [159]. By introducing a time-
varying magnetic field near the rings, the current is induced in the split rings. The induced
current is directly proportional to the capacitance [158].

Complementary slip ring resonators (CSRR) are the dual of the SRR and can be
viewed as electric dipoles. CSRR can be used in the design of stop band filters when their
resonant frequency is greater than the cut-off frequency of the waveguide [159]. The
structure of the CSRR is shown in Fig. 4.6(a) and its equivalent circuit is in Fig. 4.6 (b).
When the resonant frequency of the CSRR is below the cut-off frequency of the waveguide,
then a pass-band can be realized. The resonant frequency of the CSRR is given by Eq. (4.1),
which is the same as the resonant frequency of the SRR. CSRR was applied in [159] to

design a miniaturized filter.
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metalic plate

(a) (b)
Fig. 4.6 (a) CSRR (b) Equivalent circuit.

A square CSRR was etched on top of the SIW resonator and different orientations
of the square CSRR were implemented to vary the pass-band characteristics. The pass-band
center frequency was below the cut-off frequency of the original waveguide and this showed
that miniaturization was achieved through the square CSRR. The shape of the SRR / CSRR
was also changed in work done by [160]. In this work, the square CSRR was replaced by a
diamond-shaped CSRR. Two diamond CSRRs were used to implement a two-stage /
second-order filter operating at a center frequency of 8.86 GHz. The filter was found to
operate at a lower frequency than that of a SIW with similar dimensions. In ref. [161] a
miniaturized SIW filter was also designed using a modified CSRR in the form of an "S"
shape. The CPW-SIW interconnection mechanism was used to improve impedance
matching, and the filter worked below the operating frequency of the waveguide. This also

generated a pair of transmission zeros on both sides of the pass-band.

4.4. Bisecting the SIW Structure

The structure can be divided through the symmetry lines to achieve further
miniaturization to the SIW waveguide, as shown in Fig. 6. The structures derived from these
divisions have the same propagation characteristics as the full wave structure. Fig. 2 [162]
shows the electric field distribution of the full SIW structure as simulated in the electronic
simulator. There are four symmetric lines as indicated by A-A’, B-B’, C-C’and D-D', which
can be regarded as virtual magnetic walls [59, 162, 163]. By bisecting this structure through
the symmetry line A-A’, a Half-Mode SIW (HMSIW) as shown in Fig. 4.7 (b) resonator is

achieved. If the structure is further dissected through the B-B’ symmetry line a Quarter
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Mode (QMSIW) resonator is achieved as indicated in Fig. 4.7(c). By further bisecting the
quarter-wave resonator through the line O-C' or similarly, an EMSIW resonator is obtained
as shown in Fig. 4.7(d). The EMSIW is only 12.5% the size of the original structure, which
implies a smaller final design as required. To get a sixteenth mode structure, the EMSIW is
further bisected through the line O-E’ illustrated in Fig. 4.7(e). It has been demonstrated that
the field distribution of the HMSIW, QMSIW, and EMSIW resonators is the same as the

conventional full SIW structure and they resonate at almost the same frequency [58, 164].

P
.

- 4
o-"

c

Figure 4.7 (a) Full SIW resonator structure (b) HMSIW (c) QMSIW (d) EMSIW (e) SMSIW [162]

4.5. Miniaturized Filter Design 1

This research work used QMSIW to design a fourth-order high-selectivity filter.

(@) (b)

Figure 4.8 Electric field distribution of EMSIW resonator (a) First orientation, and (b) second

orientation.
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Fig 4.8(a) and (b) show the two orientations used in the design, with field intensity
observed to be highest towards the center that is point O. Dimensions of agmsiw and bemsiw
are 7.5 mm and 20 mm, respectively. The resonant frequency of the TE101 mode, freio1 of
the EMSIW, can be approximated by [165, 166]:

TElOl (_) ( )
27N &t \/ 4.2)

j (4.3)

j (4.4)

2 2
[079(‘3‘?" )+104(ae:1/) % 277}

3,

2

= (0 05+ ws)

where &r and |r are the relative permittivity and permeability, respectively, and c is the speed
of light in a vacuum. agmsiw and bewmsiw are the initial sizes of the EMSIW, while aer and bes
are the edges of the equivalent EMSIW resonator. d and p are the via diameter and the
distance between centers of two adjacent vias (also known as the pitch) and the substrate's
height, respectively. Lastly, Aw is the effect of the fringing field of the equivalent magnetic
walls. From Fig. 4.7 extracted EMSIW cavity resonators as presented in Fig. 4.8. However,
due to the magnetic walls and fringing effects associated with the EMSIW resonator, the
dimensions of a and b need to be modified according to Eq. (4.2) through Eq. (4.5) and use

the values of aerrand besr, respectively in the fourth-order filter.

4.5.1 Proposed Fourth-Order Filter Design

Using the EMSIW resonator (as proposed in previous sections), a fourth-order SIW
band-pass filter has been designed. Rogers-5880 substrate with &r = 2.2 and a thickness 0.3
mm was used. Four-EMSIW resonators are placed in topology as indicated in Fig. 4.9, where
R1-R4 represent the four-EMSIW cavity resonators, cii+1 represent the coupling coefficient
and Qe represent the quality factor, i = 1 to 4 and n = 1 and 4. The physical implementation

of the filter is shown in Fig. 4.10.
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R2

Figure 4.9 EMSIW filter topology.

» 463

00000000000000000000000000000000002000000000000000000000000000000000

Figure 4.10 Forth order EMSIW filter.

For a fourth-order Chebyshev band pass filter with 0.1 dB ripple, the g parameters
are as follows; go =1, g1 = 1.1088, g> = 1.3062, g3 = 1.7704, g4 = 0.8181, and gs = 1.3554.
The coupling matrix of the filter in Fig. 4.10 can be determined by [4], [5]:

fow

e \’ gi *gi+1 (46)

C

9.9
Qen — oJYn
fow 4.7)

Because of the shape of EMSIW resonator, two of such resonators can be arranged
in different orientations to achieve various electrical coupling schemes, as shown in Fig.
4.10. The coupling between R1 & Rz and R3 & R4 is achieved by a varied separation distance,
shown as G1. The coupling between Rz and Rz is achieved by varying gap G2. Then the
coupling between R: and R4 is achieved by varying gap G3. To enhance the degrees of
freedom for coupling, instead of having a pointed edge of the EMSIW cavity, an edge is
introduced with a distance indicated as Iy in Fig. 4.10 From the field pattern, the intensity is
highest at the origin (O). Hence by manipulating the distance Ix and the gap G3, the
appropriate coupling can be achieved through simulation, which is equal to the theoretical
value. In Fig. 4.10, the R1 & Rz, R2 & R3, and Ry & R4 are simulated, and two split frequencies
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are observed on the Si» parameters, with peaks f; and f. being the lower and upper
frequencies, respectively. The structure used to extract the coupling coefficient between R1
and R> is shown in Fig. 4.11. The other resonators' coupling factors can be extracted
following the same procedure [13, 166].

R1

' T G1 = — |
1 o
.pOR" .= PORT 2

R2

Figure 4.11 Coupling factor extraction.

Table 4.1 Design Parameters

Parameter | Dimension (mm)
Gl 0.20
G2 0.25
G3 0.10
i X 1.40
iy 5.40

The coupling coefficient can be calculated by:

f7—f?

c.,=—2 1L
i,i+1 f22 + f12

(4.9)

The respective gaps are varied to adjust the electrical coupling until the simulation
value derived by Eq. (4.9) is equal to the theoretical value determined by Eq. (4.7). The
quality factor can be extracted by varying the distance i_x and i_y indicated in Fig. 4.10 and

then applying:

Alaue (4.10)
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where fo is the frequency at which Sp1 gets maximum and Afzqs is the 3dB bandwidth when
S21is maximum. The values for i_x and i_y are varied until the simulated Qe, according to

Eq. (4.10) is equal to the theoretical value given by Eq. (4.8).

4.6. Results Analysis and Discussions

The pass-band is centered at 13.5 GHz with a 3dB bandwidth of 0.5 GHz, as shown
in Fig. 4.12. An insertion loss better than -2 dBs with a return loss of -17 dBs has been
achieved. The source-to-load coupling leads to three transmission zeros on each side of the
pass-band labeled in Fig. 7 as TZ1 - TZ3. These transmission zeros increase the filter's high
selectivity on either side of the pass-band, achieving high out-of-band rejection.

S-Parameters [Maginitude in dB]
? —s11

0 v

54
-101

dB
154
-20 siflatfo
3% 5 10 15 3 35 30
Frequency /(GHz
(a)
i0 S-Parameters [Magnitude in dB]

| ——S11
- 521

(b)
Figure 4.12 Output results of the proposed filter (a) S11 output and (b) Combined Si1 and Si2

output.
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From comparative Table 4.2, it can be concluded that this filter has higher selectivity
than filters of the same category and also has the highest order of operation, fourth-order.
The proposed filter has the highest number of transmission zeros on either side of the pass-
band, as shown in Fig. 4.12. It operates at a higher frequency as compared to the other work.

Table 4.2 Comparison of the proposed design with existing work

Rt (o O e Tz selctvty
[51] single -- 8.5 2 low
[52] single 31 1 1 high
[53] single 31 28.5 2 low
[7] single - 4 0 low
[60] single -- 6.8 2 low
[54] double 4th 2.8 3 high
[20] double 4th 3.52 4 high
This work single 4t 13.5 6 high

With a filter operating at this frequency, applications requiring higher frequency
operation can be achieved satisfactorily. With a size reduction of 87.5% compared to the
conventional SIW resonators, a device with a much smaller size can be designed and
operated, which helps in the miniaturization of devices. The source-to-load coupling
increases the number of transmission zeros, increasing selectivity, which is required for

efficient operation since the pass-band will have much sharper edges.

4.7. Proposed Miniaturized Filter Design-2

A Chebyshev filter was designed with transmission zeros at +1.1258 and + 1.6050
and 20 dB return loss. For these given specifications, the general objective transfer and
reflection functions of the Chebyshev filtering function may be expressed as a ratio of two

N"-degree polynomials as [167, 168]:
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F P
Si11(w) = %’ S(w) = SEI\IIV(:VVS) (4.11)

where w is the real frequency variable related to the complex plane s by s = j(w). The E€isa

constant normalizing Sa: to the equi-ripple level at w = +1 as:

1 Py(w)

€= (w=1) (4.12)

RL_ En(w)
1010 -1

where R is the return loss in dBs, all polynomials are assumed normalized, whereby their
highest degree polynomial is 1. The Pn(w) contains the ng, prescribed transmission zeros.
The Fn(w) is an N"-degree polynomial with Ex(w), also a Hurwitz polynomial. Using the
procedure highlighted in [4] the coefficients of the numerator and denominator polynomials

of S11(s) and S22(s) are shown in Table 1.

Table 4.3 Polynomial normalized coefficients

shi P(s) F(s) E(s)

0 | +j3.2648 | -0.1300 | +1.2787

1 — — +2.8621

2 | +j3.8434 | -1.0334 | +4.7981

3 — — +5.1328

4 +j1.0 -1.8864 | +4.3610

5 — +2.2244

6 -1.0 +1

The polynomials F(s) and E(s) can now be used to formulate the complex even and

complex odd polynomials as:
my+ng = E(S) + F(S) (4.13)

where y21 and y22 being the short circuit admittance parameters, can be derived as:
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P(s) ny

V21(s) = — Va2(s) = — (4.14)

E€EmMmq mq

_ P(s) my

Vo1 =7 Vo2 = N (4.15)

£ENnq

and by the use of partial fractions,

N

(s) = z TniThk

Y21 J . e
k=1

(4.16)

N 72
. k

V22(8) =j Z u
k=1

W—Ak

where Tix and Tk are the first and last rows of the orthogonal matrix, T and Ak is the Eigen-
pole. The Gram-Schmidt orthogonalization process can formulate the orthogonal rows [4].
The coupling matrix can then be deduced, as shown in Table 4.3, after similarity
transformation and annihilation of matrix elements. The S and L represent the source and

load, respectively; the numbers denote the resonators.

Table 4.4 Coupling Matrix

s 1 2 3 4 5 6 L
s|o 1.2863
1]1.2863 |0 0.7875 0.8187
2 0.7875 | 0 0.8673
3 0.8673 | 0 3110 0.8947
4 0.8187 i 0 0.8992
0.3119
5 0.8992 | 0 0.6999
0.8947 0.6999 |0 1.2863
L 1.2863 |0

73



¢el r1

14

R4

Figure 4.13 Filter topology.

The topology diagram of the designed filter is shown in Fig. 4.13. There are six

resonators indicated by R: through Rs. The solid line indicates a direct connection between

the resonators and the broken line represents cross-coupling between R; and Rs & Rz and

Re. The coupling coefficients are the c12, c23, etc., while Qe1 and Qes are the external

quality factors to be determined. In Fig. 4.14, the equivalent circuit is shown where the

connections between the resonators are illustrated. The admittance inverters are shown by

Jii+1 where i=0 to 5. The admittance inverters Jo1 represent the coupling between the source

and load to the first and last resonators, and the others represent the coupling between the

respective resonators. C and L are the equivalent capacitance and inductance of the

resonators, respectively. The filter derived from the topology diagram in Fig. 4.13 is shown

in Fig. 4.14.
R2 R3 R6 s
T N T g
CF 3Lp=|G 3L s C73L Do
[T -y /Y
’,v' / ' V".‘ 1‘\ ",v ‘/v -
[ J \ \ !/ /
pef fa]
\ N\ [/
Y ] .': (LY
-J':“ C‘;ﬁ" J14 c“;‘?L Jas f‘,_;f?L
R1 R4 RS

Fig. 4.14 Equivalent circuit of the 6™ order filter.
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Figure 4.15 Filter implementation.

In Fig. 4.15, Ry and Re are operating in half-mode. Ry is directly coupled to R2 and
cross-coupled with R4 to produce transmission zeros. The Re is directly coupled to Rs and
cross-coupled to Rs. For the physical implementation of the structure, this work determines
the coupling matrix's coupling by varying the parameters as shown in Fig. 4.15, which is
Lin, Win, g1 through g7. The coupling coefficients between the resonators are given in Table
4.3. To find a suitable gap distance that gives a corresponding coupling coefficient between

the resonators, the structure in Fig. 4.16 is used.

Figure 4.16. Determining the coupling coefficient.
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The structure in Fig. 4.16 has been simulated to determine the coupling coefficients, keeping
the load and source coupling as weak as possible. From the observation of the results, two
split frequencies are seen on the S21 parameter plot [5], and the coupling coefficient is
calculated as shown in Eq. (4.9). The gap gi (i = 1 to 7, as shown in Fig. 4.15) is varied
repeatedly and Eq. (4.9) is employed until the value achieved is equal to the value in the
coupling matrix. To get the external quality factor, Lin and Win are varied. The quality
factor is determined according to Eq. (4.10). Table 3 shows the distances determined as

suitable to give the coupling coefficients from the simulations.

Table 4.5. Parameter values

Parameter | Value(mm)
Lin 1.7
Win 0.5
01 0.1
02 0.2
g3 0.05
04 0.1
gs 0.05
Js 0.2
g7 0.1

4.8. Results and Analysis of second filter design

After determining suitable gap and feedline lengths, the structure in Fig. 4.15 was
simulated. The reflection coefficient S11 is achieved as shown in Fig. 4.17. It shows that the
filter operates at 33 GHz and has a high return loss of -27 dBs. The results of both Si; and
S21 on the same graph are shown in Fig. 4.18. These results indicate a filter operating with

a low insertion loss of -1.8 dBs.
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Figure 4.17 S parameter plot, Si1.
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Figure 4.18 S-parameter plot; S;1 and Sp.

It can be seen that the filter has an observable wide stop-band, as shown in Fig. 4.18.
This helps operate the filter so that it won't pick up some interfering signals that may be
within its frequency range. The filter has a bandwidth of 600 MHz, which translates to a
fractional bandwidth of 2%, enabling many devices to operate within this range. The
Voltage Standing Wave Ratio (VSWR) graph is shown in Fig. 4.19. The graph shows that
at the operation frequency, 32 GHz, the VSWR is close to 1 or 0 dB; power is being

transferred efficiently from the source to the load without much reflection.
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Figure 4.19 The VSWR analysis.

Table 4.6 Comparison with similar work

fO IL Rl_ Size
Ref Layers | VSWR
(GHz) | (dB) | (dB) (AgXAg)
[132] 4 1.88 | 30 | multi -- 0.23x0.25

[169] 10 0.8 | 10 | double - -

[170] | 10.04 | 1.5 | 20 | single -~ | 0.48x1.10
[171] | 132 | 15 | 20 | double | - 0.4x0.4
[115]| 10 | 1.2 | 20 | single ~ | 0.62x0.62

[172] 3.9 0.9 70 | single 1.2 --

This

32 1.8 27 | single 1 0.3x1.25
work

Compared to other filters of similar nature in the literature (Table 4.4), the filter
operates at a high frequency, which means it can be used in modern technology in the mm-
wave range. This design fares very well in terms of a small footprint. A single layer makes
the design more straightforward, so fabrication will be much easier. The VSWR reaches 1
or 0 dB at the operation frequency, which fares well with related work, and it shows a good

match between the input and the output.
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4.9 Dual Band Filter

Because of many applications that need to be added to the communication networks,
different frequency bands are needed to group these applications successfully. This research
work uses SIW multi-mode resonators to design a dual-band filter. The mode frequencies
and field distributions have been analyzed. The design specifications of the coupling
coefficients and external quality factors have been determined. The Rogers-5880 substrate
has been used with a permittivity of 2.2. The first design demonstrates the filter using the
full-mode SIW resonator cavity and for miniaturization, the half-mode SIW resonator is
used in the second design. This in turn, reduces the size of the filter by 50%. To the author's
best knowledge, not much work on dual-band filters was reported using the triangular
HMSIW resonators using the multi-mode resonance. Compared to similar devices in

literature, this fares as one of the smallest filters giving a satisfactory performance.

4.9.1 Multi-Mode Dual Band Filter Design

To design the filter, the following steps have been undertaken:

A. Filter Topology

An appropriate resonator that operates at the desired frequency should be
constructed to design a band-pass filter. Then the resonators can be utilized in different
topologies to implement either single, dual, triple, quad-band filters, etc. Coupled
resonators, as shown in Fig. 4.20 can be used for a single-band filter. The coupling between
the resonators and external Q factors can be determined by Eq. (4.17) and Eq. (4.18),
respectively [173]. These parameters can then determine the physical separation distances
between the resonators and how the signals can be fed in and brought out of the filter through

ports.

Pe Qer . ki,z . Qen o

R1 R2

Figure 4.20 Second-order single-band filter topology.

where S and L represent the source and load, ki is the coupling coefficient between
resonator 1, Ry and resonator 2, Rz and Qe1 and Qen are the load and source external quality
factors, respectively. For a second-order filter, the coupling coefficient and external quality

factor are given as:
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FBW

12 = \/(9192) (417)
Qe =22 (4.18.1)
Qen = 222 (4.18.2)

where g is the element in the low pass filter prototype and n is the number of resonators in
the filter [173]. As shown in Fig. 4.21, a dual or triple band filter can be realized by replacing
the single mode resonator in Fig. 4.20 with dual or / triple mode resonators. A dual-mode
resonator node now replaces one resonator. The combination of R1-R1' and R2-R2' as

shown in Fig. 4.21 represents a dual-mode resonator.

R1’ R2'
k12’ ka2’
s A ki, o —
s == Qe _—,
R1 RZ2

Figure 4.21 Second-order dual-band filter topology.

B. Resonator Design

The following procedure has been used to determine the initial size of the resonator.
Since the SIW resonator has the same properties as the conventional rectangular waveguide,
the modified design Eq.s of the rectangular waveguide can be applied. The resonant

frequency of the TEmon in the dielectric rectangular waveguide is given by [1]:

fromon =z () + () (4.19)

where c is the speed of light in a vacuum and m and n are the mode x- and z-directions

indices, respectively. Then the sizes of the resonator length and width can be given as:

3
Wiger = — 4.20
RECT ™ 2yier \/fZTE201_f2TE101 ( )
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3
. _ e 4.21
RECT = 2 /iyer \/4'f2TE101_f2TE201 ( )

where Wrect and Lrect are the width and length of the traditional rectangular waveguide,
respectively. Now to get the equivalent length and width of the SIW resonator, Eq. (4.20)
and Eq. (4.21) can be modified as:

via_d?

Woiw = Wgecr m (4-22)
. _dz
Lsiw = Lggcr ()_;];lm (4-23)

where Lsiw and Wsw denote the length and the width of the SIW cavity resonator,
respectively, via_d is the via diameter, and pitch is the distance between two adjacent vias.
In this work via_d = 0.4 mm, pitch = 0.6 mm, h =0.2 mm, Lsiw = 12.4 mm and Wsiw = 18
mm. The first four modes in the SIW resonator of the calculated dimensions are shown in
Fig. 4.22.

0JO

(3) Mode 1 at (b) Mode 2 at
9.5GHz 13.5 GHz

OoJ0

(c) Mode 3 at (d) Mode 4 at
17.8 GHz 18.9 GHz

Figure 4.22 Resonator modes field distribution.
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The first four modes in the resonator are TE1o1 at 9.5 GHz, TEzo1 at 13.5 GHz, TE102
at 17.8 GHz, and TEszp: at 18.9 GHz. From this, by properly coupling the resonators and
allowing for the proper selection of the external quality factors, a dual-band filter operating
at 9 GHz and 13 GHz can be realized. The input and output coupling are achieved by using
a microstrip feedline with two degrees of freedom, as shown in Fig. 4.25 where the
parameters labeled insert_| and feed | are changed one at a time, and a simulation is carried
out. Two sharp frequencies are observed on the S»; parameter output graph to be used to
determine the implementation quality factor and compare it to the theoretical one.

C. Realization of the Filter

This work builds a dual-band filter based on the full- and half-mode SIW structures.
Because the two pass-bands can be implemented individually, the synthesis procedure of
single-band filters can be applied [174]. Eq. (4.9) and Eq. (4.10) can be used to derive the
design parameters. In this work, the two center frequencies are f =9 GHz and f, = 13 GHz,
with a fractional bandwidth of 10% and 6% for the first and second pass-band, respectively.
For a maximally flat response, the g parameters as obtained from Tables in [175] are go =1,
g1=1.414, g2= 1.414, g3 = 1, which gives ki 2' = 0.0707, k12" = 0.0424, Qe' = Qen' = 14.14,
Qe1''= Qen''= 23.57 where k is the coupling coefficient and subscripts ' and ' represent pass-

band 1 and pass-band 2, respectively.

The filter can be implemented physically after finding the values of the coupling
coefficients and the external quality factors. To get kij, weakly coupled input and output
ports are employed. Two split resonant frequencies can be observed by simulating the
structure in a full wave simulator [5], and the coupling coefficient is given by Eq. (4.9). The
distance | shown in Fig. 4.23 is varied until the desired value of k is achieved for the full
mode resonator filter. The graph of variation of k and | is shown in Fig. 4.23 for the full-
mode SIW resonator. For the half-mode SIW resonator, in Fig. 4.24, the distance indicated
as tl is varied and in the same graph, the variations of the coupling factor with the distance
t1 are also shown. A second-order filter has been designed using Rogers-5880 substrate with
permittivity 2.2.
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Figure 4.23 Determination of coupling coefficient using full mode resonator.
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Figure 4.24 Determination of coupling coefficient using half-mode resonator.

The external quality factor is determined according to [98]. Figure 4.25 shows the
structure used to determine the external quality factor. The distances labeled insert_|I, feed_|
and gap are varied using a parametric sweep in the simulation software. From the Si1
parameter output results, the 3 dB bandwidth is used in Eq. (4.10) and the center frequency

to derive the external quality factor.
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Fig 5.25 Determination of external quality factor.

From these experiments, Table 4.5 shows the optimum values of the parameters,

together with all the dimensions used to design the filter.

Table 4.7 Filter dimensions

Parameter L((ra:r%t)h
Wsiw 18
Lsiw 12.4
height 0.2
pitch 0.6
via_d 0.4
insert_| 0.5
feed | 3
gap 0.7
tl 0.2
I 94
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4.10 Results and Analysis of Dual Band Filter

In Fig. 4.26, the results of the filter using full-mode resonators are shown. It can be
seen that the dual-band filter operates at the first pass-band of 9.5 GHz and the second pass-
band at 13.5 GHz. The return loss of the first and second pass-band is -12 dB and -22 dB,

respectively. Insertion loss of the first and second pass-band being -3dB and -2.2 dB,

respectively.
S-Parameters [Magnitude in dB]
10 15 :
— 51,1 (23) [}
— 52,1 (23) [
i
10 15 20

Frequency / GHz
Fig. 4.26 Results of dual-band filter utilizing full mode SIW resonators.

In Fig. 4.27, the filter implemented using half-mode SIW resonators is simulated,
and the results are shown. It can be seen that the dual-band filter operates at a first pass-
band of 9 GHz and the second pass-band at 14 GHz. The return loss of the first and second
pass-band is -15 dB and -19.7 dB, respectively. Insertion loss of the first and second pass-
band is -1.4 dB and -4 dB, respectively.

S-Parameters [Magnitude in dB]
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Figure 4.27 Results of dual-band filter utilizing half-mode SIW resonators.
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The results of the dual-band filter utilizing multi-mode resonators operating using
full-mode SIW resonators and half-mode SIW resonators are in agreement. This shows that
the footprint size can be reduced by 50% while maintaining satisfactory filtering
performance. And this, in turn, plays a significant role in coming up with smaller

miniaturized devices.

Table 4.8 Comparison with existing work

Freq IL Size

Ref. Technology
Z mm

(GHz2) (dB) (mm?)

6] | w16 | 1.em9 | PCSTHamIn 0050
resonator

[114] | 9112 1'441'0 SIW 26x13.3
[177] | 13.47/14.05 1/1 waveguide 40x7.89
[45] 36/71 | 13/18 SIW 48x24
[178] 3.64/8.06 | 0.8/1.2 SIR --
[179] | 5.50/850 | 272 CSRR* -
[180] 4.48/5.25 | 1.2/1.2 SIW 28.5x57
s osnas |13 SIW 18x12.4

*Deformed Ground Structure (DGS), Complementary Slip Ring Resonator (CSRR).

From this comparison, Table 4.6 shows that the filter designed from the half-wave
SIW resonator has the smallest size compared to similar work. The filter also operates at a
higher frequency except for the work [177], which was bulky. Hence for dual-band filter
miniaturization, the half-mode dual-mode resonator can be used effectively to reduce the

size of the structure by 50%.
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4.11. Chapter Summary

This chapter deals with miniaturization of microwave system devices in particular
microwave filters. The need for miniaturization is explored. Different ways used to achieve
miniaturized devices are presented. The ridged and folded ridge SIW filters are presented
as a way to reduce microwave resonators. Slip ring resonators (SRR) and Complementary
slip ring resonators (CSRR) are also presented and their theory behind explained. Another
method for miniaturization presented was through the bisection of the full SIW into, for
example, the half, quarter, etc. to get HMWSIW, QMSIW etc. structures. These structures
will be small but exhibit the same propagation characteristics as the original structure. This
chapter presents a proposed design utilizing Half mode (HM)and eighth-mode (EM)
substrate integrated waveguide structures. A second-order filter was presented, operating at
13.5 GHz. In the proposed second design, a sixth-order cross-coupled filter was presented.
EMSIW structures were used to achieve miniaturization. This chapter also presents the
theory behind dual-band filters and methods for the filter design of dual-band filters. A
proposed second-order dual-band filter utilizing triangular HMSIW structures is presented.
The filter operates at center frequencies for the first and second pass-bands of 9.5 GHz and

13.8 GHz, respectively.
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Chapter-5
DESIGN OF BALANCED FILTERS

5.1. Introduction

In communication systems, it’s essential to maintain signal integrity. Balanced
circuits can be used for this purpose as they can suppress an undesirable signal while
permitting the wanted one. In typical communication systems, one of the two conductors is
connected to the ground, one for signal propagation and the other for the return path.
However, signals are transmitted as complementary pairs in balanced circuits, also known
as differential circuits [80]. In this way, one wire carries a positive voltage while the other
carries an equal but opposite polarity signal. Hence the signals on the two wires are 180°
out of phase. The signal to be transmitted is the difference between the two signals carried
by the two wires. Since the signals in the wires are equal in amplitude but opposite in
polarity, a cancellation effect occurs in case there is noise presented on both wires. Noise
often appears on the systems as an identical signal on the two signal wires; hence it's
common to both wires and this noise is also referred as a common mode (CM) signal. It's
imperative to reduce this CM signal as much as possible to maintain the integrity of the
communication system. An adequately designed balanced filter offers low electromagnetic
interference, high immunity to electromagnetic noise, low cross talk, high out-of-band
rejection ratio, and high selectivity. Figure 5.1 shows the different transmission lines

representing differential mode transmission [80].

I L
I I e gl
+ o <—o + Vi ] "
| % 2 ”
V V s a ,"' b S 0 —
s L 2 %
— e o — - Coupled-lines —i—
) (b)

Figure 5.1 Differential mode transmission lines (a) Two conductors and (b) Three conductors.
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In balanced or differential transmission systems, as shown in Fig. 5.1(a), the
conductors are at the same potential from the ground but with a 180° phase shift. Differential
ports feed these lines. The conductors also have the same impedance going to the ground.
Most practically, balanced lines use a third conductor to act as ground as shown in Fig. 5.1

(b).

5.2. Propagating Modes

The three-wire transmission line can propagate two fundamental modes: the
balanced and unbalanced modes. In this case, the balance mode is the fundamental mode,
also referred to as the odd mode, and the unbalanced mode is the even mode, also referred
to as the common mode. Figure 5.2 shows the single-ended voltages and currents for even
and odd modes found in a differential system where Zo is the source/ load reference

impedance.

Electric wall Magnetic wall
(short circuit) (open circuit)

v > /
Zeo Ereo Zeo Eree | Zeo &

(a) (b)
Figure 5.2 Single-ended voltages (a) even mode and (b) odd mode [80].

The odd and even voltages are defined by:
vy =2 (V1 — v3) (5.1)
Ve == (V1 + ) (5.2)
And the odd and even currents are defined as:
I =2 (1 — 1) (5.3)

le =2 (I + 1) (5.4)
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The characteristic impedance of each mode is given by:

Zeo = ?O for the odd mode (5.5)
Zee = %e for the even mode (5.6)
where Z ., = L= L and Zeo = L= 1 , C being the speed of light, C, and

VpoCo N ¢y/CoCoo VpeCe - ¢4/ CeCoe
C, representing the per unit length odd and even capacitances, C,, and C,, denote per unit
length odd and even capacitances by replacing the relative dielectric constant of the

substrate by unity.

Upo = Jeren (5.7)
c
e = Joree (8)

where &, , , £re o are the dielectric constants of the odd and even modes given by:

Co

Eree = a (5-9)
Co

Ereo = a (5-10)

In this work, a 5"-order SIW filter operating at 39 GHz with a fractional bandwidth
of 2 % has been designed and analyzed. RFSim99 software has been used to simulate the
lumped element circuit, and later on, CST microwave studio has been used to implement

the filter using SIW resonators.

5.3. Balanced Filter Design

The design of the balanced filter begins with the Low Pass Filter (LPF) prototype.
The design specifications are as follows: 0.01 dB ripple and the filter is fifth-order for high

selectivity. For such specifications, referring to the tables presented by Matthaei et. al. [175]
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go =1, g1 = 0.7563, g2 = 1.3049, g3 = 1.5773, 94=1.3049, gs=0.7563 and ge = 1. With this
information, the lumped filter design procedure outlined in [5] has been followed to develop
a lumped band-pass filter. Once the lumped band-pass filter is synthesized, the method
presented by Mutepfe and Srivastava [13] has been followed to determine the resonators'

size.

Figure 5.3 shows the SIW resonator with all dimensions and the values are as
follows: length (l) = 5.77886 mm, width (w) = 2.994 mm, the distance between centers of
adjacent vias (pitch) = 0.4 mm, via diameter (d) = 0.2 mm, the substrate is Rogers 5880, and
substrate height (h) = 0.5 mm. The electronic device simulator is then used to model this
resonator. The designed filter operates at 39 GHz, higher than other filters of the same
technology. This helps to have more bandwidth, and more data can be sent using higher

frequencies.

via holes

top coper

PORT 2'

I height, h

substrate

bottom copper

Figure 5.3 Substrate Integrated Waveguide (SIW) resonator.

Using even and odd mode theory [80], the SIW resonator already has a line of
symmetry, which is a requirement for implementing a balanced filter. From Fig. 5.4 (a) it
can observe a TE102 mode inside the cavity from the field distribution. The field distribution
is odd symmetric w.r.t. to the middle symmetric line. From Fig. 5.4 (b) it can be seen (by
the field distribution) that the field lines of the TEi0 mode have equal and opposite
intensities and hence can be excited by a pair of feed lines properly arranged symmetrically
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to the symmetry line of the field distribution. That is ports 1 and 1' on the input side and

ports 2 and 2' on the output side as shown in Fig. 5.4.

o o

(b)
Figure 5.4 TE102 (a) field intensity, and (b) Field pattern.

By simulating the resonator in Fig. 5.3, it can be seen that there is a good suppression
of the common-mode signal and good passage of the differential mode signal when the
resonator is fed in the balanced mode configuration. This is illustrated in Fig. 5.5, where the

subscripts DM and CM represent differential and common modes, respectively.

S-Parameters [Magnitude in dB]
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Figure 5.5 The DM and CM S12 response.
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Figure 5.6 Substrate Integrated Waveguide (SIW) filter.

Figure 5.6 illustrates the differential filter. Port 1 and 1' represents the input ports
and Port 2 and 2' are the output ports. The coupling between resonators is achieved by the
coupling windows represented by L1 and L2. The quality factor is achieved by adjusting
distances a and b in Fig. 5.8. This resonator is used in the final design of the filter. Using
the method in ref. [5] the coupling between the resonators, as shown in Fig. 5.7, Cj i+1, where

1=1...5 can be determined by using:

fbw
Ciit1 = Jigig 61D (5.11)

where fow is the fractional bandwidth and g stands for the g-parameters.

0.14
032 PORTY ‘ _ . PORT 2 /J)
£ 01 v
© It , v
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-
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0
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Figure 5.7 Coupling coefficient simulation.
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Figure 5.8 External quality factor simulation.

The external gquality factor on the input and output ports can then be determined by:

Qe1 = Qen = g:bvgvl (5.12)

The calculated values are, c12 = ¢14 = 0.0362, c23= €34 = 0.0251, Qe1 = Qen= 21.008.
CST microwave studio electronic device simulator has been used to determine these
couplings in simulation. For the coupling coefficients between the resonators, the width
opening, L between the resonators is varied, and the structure in Fig. 5.7 is used. After
simulation, two split frequencies have been observed on the Sz1 parameters plot; from these
two frequencies, the coupling coefficient is calculated using Eq. 5.9 [5]. The graph of how
the coupling coefficient varies with the distance | is shown in Fig. 5.7 and the external
couplings are then determined in simulation using the structure in Fig. 5.8. From the output
response of the simulation, the quality factor is calculated by Eq. 5.10. The graph on how
the external coefficient varies with distances a and b are also shown in Fig. 5.8. The

optimum distances for Ls, Lo, a, and b are 2 mm, 1.2 mm, 0.3 mm, and 2 mm, respectively.
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5.4. Results and Analysis of Balanced Filter

Figure 5.9 shows the results, from these, it can be realized that the common-mode

signal is suppressed to the tune of at least — 30 dB throughout the range of interest. The

simulated differential mode pass-band is centered at 39 GHz and has a fractional bandwidth

of about 2 %. The filter was also simulated in half mode configuration to reduce the size, as

shown in Fig. 5.10. The results are shown in Fig. 5.11. These results show that the filter can

operate satisfactorily at 39 GHz since there is a high return loss and a low insertion loss, as

shown in Fig. 5.11. The selectivity around this frequency range is also satisfactory. These

results show that the structure can be halved without much performance degradation. This

is useful in size reduction.
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A comparison with other single-layered SIW filters is presented in Table 5.1. From

this, it can be realized that the filter in this research work operates at a much higher

frequency than all its other counterparts. This helps with larger bandwidths which helps to

transmit more data in one instant. It also has the highest return loss to the other filters. The

size is also small compared to most of the presented filters. This filter also operates at a

higher mode than the rest of the filters, which aids in higher selectivity. The common mode

signal is suppressed heavily in the differential mode transmission range, ensuring that it

doesn’t have spurious signals being transmitted.

Table 5.1 Comparison with similar work

Ref fo Filter IL RL Size

" | (GHz) | order | (dB) | (dB) | (3,x3)
[98] 35 3 0.9 20 1.2x0.83
[55] 3.09 3 128 | 20 0.7x0.7
[181] 10 4t 1.4 11 1.7%x2.2
[04] | 13.45 4t 215 | 13 1.9x3.5
VTVL‘:SK 39 5 4 28 1x2.4
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5.5.  Common Mode Suppression Techniques

In the design of balanced circuits, the CM signal has to be suppressed as much as
possible in the region of interest, known as the differential-mode pass-band. The differential
systems must have a high Common Mode Rejection Ratio (CMRR). In some cases, the
CMRR in the region of interest is low and has to be improved. In practical applications, CM
noise is unavoidable due to the timing skew between the differential lines [182]. Common
mode noise suppression is achieved through symmetric resonant elements [80]. If a
transmission line is loaded with a resonator coupled to it, a stop band, also known as a
transmission zero, is generated at the fundamental frequency of the resonant element. Hence
the signal is inhibited from propagating because the injected power is reflected. In this work,
a dual-band balanced filter has been implemented using SIW technology. A multi-mode
resonator and TE1o2 and TE201 modes have been used to develop the dual bands. A patterned
ground structure is then used for CM signal suppression enhancement. The dumbbell-
shaped defective ground structure and conductor patch with meandered lines have been used
for the patterned ground.

5.6. Common Mode Suppression Filter Design Process

To design the dual Band-Pass Filter (BPF), a Low-Pass Filter (LPF) prototype was
developed. The prototype specifications are: 0.01 dB ripple, second-order filter, center
frequency 10 GHz. The g parameters are as follows: go= 1, g1 = 0.4489, g>= 0.4078, g3 =
1.1008 [24]. Filter design procedure outlined in ref. [5] has been followed to develop a
lumped element LPF and then converted to a band-pass filter. To implement this filter, SIW
resonators were used. Fig. 5.12(b) shows the 3D view of a SIW resonator. To develop the
resonator size, the procedure in ref. [5] has been used, and for an operating frequency of 10
GHz, the resonator's dimensions are 1=27.386 mm, w = 15 mm. The Rogers-3003 substrate
has been used with & = 3, a height of 0.22 mm, a hole diameter of 0.2 mm, and a pitch of
0.4 mm. Figure 5.12 (a) shows the schematic topology of the proposed filter. Here Ry and
R2 represent the resonators operating at TEi02 and TEz201 modes. The Ci2 represents the
coupling between the resonators, and the quality factor is represented by Qe, while Fig. 5.12
(b) shows the 3D view of the whole filter structure.
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(a) (b)

Figure 5.12 (a) Schematic filter topology, and (b) 3D view of the filter structure.
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Figure 5.13 (a) Top view of the filter, and (b) Bottom view of the filter.

The top and bottom view of the filter are shown in Fig. 5.13. To determine the
couplings, the standard method for filter design is followed [5]. From Eq. (5.11) and Eg.
(5.12) and for fractional bandwidth (FBW) of 4%, c1> = 0.0935 and Q. = 11.22. Once these
values are determined, the CST Microwave Studio suite is used to determine the physical
dimensions of the magnetic coupling window length (w_I). The procedure in ref. [5] is
followed to determine c1,2 and Qe through simulation. For c12 two split frequencies have
been observed once the simulation is done and the coupling factor is calculated using Eq.

4.9 is discussed in chapter 4 [5].

The magnetic coupling window length is then varied until a value of c1> = 0.0935 is
achieved. From the simulation, window length w_I = 2.8 mm gives the desired value for c1»
according to Eq. (4.6). The Qe is then determined by following the procedure in [5] through

the use of Eq. (4.10): x and y are varied accordingly until a value of Qe = 11.22 is achieved
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according to Eq. (4.7). The simulation values for x and y as shown in Fig. 5.13(a) are 0.2
mm and 2.4 mm, respectively. It can be observed from the designed filter that the dual band-
pass balanced filter is operating at 8.4 GHz and 13.6 GHz. The CM signal is being
suppressed to the tune of 80 dBs. The results of a dual-band filter with no suppression

mechanism are shown in Fig. 5.14.
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Figure 5.14 Output from the filter without any suppression mechanism.

5.7. Common-Mode (CM) Suppression Mechanism

It is of paramount importance to suppress the common-mode signal in balanced

circuits. To achieve this, two methods have been employed on the ground plane:

5.7.1 Dumbbell Structure

A resonator coupled to a transmission line exhibits a stop-band at its fundamental
resonance frequency because the injected power is reflected to the source [80]. When the
symmetry planes of the line and the resonant structure are of the same electromagnetic
nature, i.e., both electric or magnetic walls simultaneously, the resonator is excited, and CM
signal propagation is prohibited. This principle applies in this work, where the dumbbell is
used as a resonator. The dumbbell-defected ground structure is shown in Fig. 5.15(a), where
a and b are the length and width of the rectangular shape, g = gap, | = length between the
squares. For simplicity of construction a_d = b_d has been assumed. The dumbbell can be
modeled as a parallel resonator, shown in Fig. 5.15(b) [183, 184]. The capacitance is mainly
dominated by g_d and w_d, while the inductance is dominated by a _d and w_d, which
results from the electromagnetic field distribution in the defect, and R represents radiation
and conductor losses that occur in the defect [183]. The actual values for L, C, and R can be

extracted using the parameter extraction method highlighted in ref. [185].
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Figure 5.15 (a) Dumbbell unit cell geometry, and (b) Dumbbell unit cell equivalent circuit.

According to ref. [186], the dimensions of the dumbbell Defected Ground Structure
(DGS) are determined by choosing the initial value of g_d from the range 0.2 to 0.5, then

w_d is ~3g_d to 4g_d, and the value of a_d is calculated as represented as:

2 -2 —0.9424 —0.8896 0.0013 -0.4593
a q :96_440.923 f 0.9238r 0.923 w q 0.923 g q 0.923 h 0.923

(5.13)

where a_d, w_d, and g_d are in mm, h is in mil and f is the desired frequency in GHz. The
above values are achieved: a_d =3 mm, g_d = 0.2 mm, w_d = 0.8 mm. Having found the
correct dimensions, the dumbbell-defected ground structure is then etched on the ground
plane, as shown in Fig. 5.16. The positioning of the dumbbell is such that its symmetry lies

on the same line as the symmetry of the whole filter, line A-A’ as shown in Fig. 5.13 (b).
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Figure 5.16 (a) Dumbbell DGS etched at the bottom surface of the filter, and (b) The top surface
of the filter with a view of the DGS at the bottom.

5.7.2 Center conductor patch with meandered line

The pair of feed lines attached to the ports are loaded with a centered conductor
patch on the ground plane. The patch is then connected to the ground by meandered lines of
high impedance, which behave as inductors in a specific frequency range [80]. The
structured shape is shown in Fig. 5.17 (a), where t is the meandered line thickness, p_l is the
patch length, p_w is the patch width and m_1I is the meandered line length. The transmission
lines loaded with the DGS behave as low-pass filters. This implies that the CM signal will
be inhibited above a certain frequency range [187]. The equivalent circuit can demonstrate
this in Fig. 5.17 (b) and (c), where L1 is the inductance of the individual feed line. L> is the
inductance of the meandered strip line and C is the capacitance between the conductor patch
and the individual feed lines. The structure and feed lines operate as low-pass filters for the
CM signal. Hence the CM signal will be rejected above a certain frequency. For the DM
signal, as shown in Fig. 5.17 (c), the filter operates as an all-pass structure and the DM signal

can pass.
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Figure 5.17 (a) Center patch with meandered loop, (b) Equivalent circuit for common-mode, and

(c) Differential-mode.

The dimensions affecting the structure are t, m_I, p_I, and p_w. The procedure to

determine the values is highlighted in [188]. The values were t =0.2 mm, m_I =10 mm, p_|I

=3 mm, and p_w = 2 mm. When applied to the dual-band filter, the DGS is shown in Fig.

5.18. The DGS line of symmetry falls on the same line as the filter, A — A’ indicated in Fig.

5.13 (b).
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Figure 5.18 (a) The bottom surface of the filter with conductor patch and meandered loop, and (b)
Top surface of the filter with a view of the DGS at the bottom.

5.8. Results and Analysis of Filter with Common Mode Suppression

As compared to the filter without any DGS, it can be observed that about 5 dBs have
further suppressed the common-mode signal. At the same time, the differential signal is
allowed passage without any degradation. This shows that the dumbbell structure can further
enhance the CM signal suppression ratio. The output results of the filter with (a) dumbbell
DGS, and (b) conductor patch with the meandered loop are shown in Fig. 5.19, wherein (a)
the blue graph represents the CM signal, brown graph is the S11 and red being the S21 of
the differential mode. In (b) the blue graph is the CM signal, orange represents S11 and

brown represents S21 of the differential mode.
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Figure 5.19 Output result of the filter with (a) dumbbell DGS, and (b) conductor patch with

meandered loop.

This patterned ground structure significantly suppressed the CM signal compared to
the filter without a DGS. From these results, it can be seen a further suppression of about 8
dB. The differential signal is not affected, it is allowed to pass without any degradation. The

meandered ground pattern has a better suppression magnitude than the dumbbell structure.

104



Table 5.2 Comparison with similar work for SIW technology

IL (DBS) | S2icm (DBS)
Ref Frequency o iy S o ~nd No. of
: (GHz) 1¥and 2 &2 resonators
band band

[100] 10.25/14.60 ~1/15 40/35 2
[87] 9.42/ 9.99 2.2/2.3 41/41 6
[101] 9.23/14.05 2.9/2.7 48/40 4
[28] 6.22/8.24 0.86/1.32 41/36 1
[102] 9.40/9.98 2.24/2.01 55/55 6
This 8.4/13.6 2.8/1.6 90/40 2
work

Compared to similar work, as in Table 5.2, of almost the same frequency range, this
research work has superior CM signal suppression, especially in the first band with a
rejection of up to > 90 dBs in the first band when either of the DGS is used. To increase the
rejection ratio in the second band, more DGS unit cells can be employed. The proposed

filter also uses two resonators which results in a compact size.

5.9. Chapter Summary

In this chapter, the theory behind balanced filters is presented, and the way noise is
suppressed using as a way to maintain communication integrity in balanced circuits is
explored. The differences between differential and common mode signals is explained.
Topologies for differential and common mode transmission lines are presented. The
propagating modes and how they get propagated on the transmission lines are explained.
The basic principle of balanced filter design is also presented. A proposed balanced filter
design utilizing SIW technology is presented in this chapter. The filter passed the differential
signal at 39 GHz and had a common mode suppression of -30dB in the pass-band region.

Two common mode suppression techniques are presented in this chapter. The first is through

105



the use of dumbbell defected ground structure and the second is through the use center
conductor patch with meandered line. A balanced filter design was presented utilizing these

two common mode suppression techniques.
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Chapter-6
RECONFIGURABLE SIW FILTERS ANALYSIS

6.1. Introduction

Tunable filters are indispensable in reconfigurable applications in microwave and
mm-wave communication systems. They are used to replace bulky filter banks. Most work
done on tunable filters is on microstrip technology [75, 113, 189, 190]. However, microstrip
filters have low power handling capability, lower quality (Q) factor, and the Q factor
degrades when the microstrip filter is integrated with the tuning elements, which limits the
practical applications that can be used with microstrip technology [191]. The availability of
reconfigurable filters provides efficient means of managing hardware resources while
achieving multi-standard requirements [4] and optimizing network capacity. Tunable filters
reduce the cost of modifying existing hardware or reinstating the system if there are changes

in bandwidth requirements or operating frequency.

Different technologies used for tuning are ferromagnetic materials, ferroelectric
materials, semiconductors, and mechanical systems. Below is a comparison in Table 6.1,
which shows differences between these technologies in terms of linearity, power

consumption, size, and insertion loss.

Table 6.1 Comparison table of tuning technologies [4]

Mechanical
Parameter and semiconductor BST Ferromagnetic | MEMS PCM
piezoelectric
Unloaded Q High Low Medium High High High
Tuning range Medium Low Medium Wide Medium Medium
Power ) . ) ) )
) High Low Medium Medium High Medium
handling
Tuning speed Slow Fast Fast Fast Moderate | Moderate
Size Large Small Small Very large Small Small
Linearity Excellent Poor Good Good Excellent | Very good
Frequency
<20 <30 <3 <20 < 40 <100
range (GHz)
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6.2. Ferromagnetic Materials

Materials such as Yttrium — iron- granite (Y1G) crystal can be used for implementing
tuning in microwave filters. The YIG is a ferromagnetic material whose resonant frequency
can be changed by applying an external magnetic field. This material exhibits low losses,
making it a good candidate for tuning applications [32]. The concept of operation of YIG
was first explored in 1961 by Philip S. Carter [192]. The basic principle of operation is
shown in Fig. 6.1. The axis of the two coils is at right angles. A small sample of YIG ferrite
is placed at the filter's center. No power will be transferred between the coils when the ferrite

sample is not magnetized because the loop axes are perpendicular.

Fig 6.1 Operation principle of YIG [192]

When a magnetizing force is applied to the x-coil, the magnetic moments of
electrons in the YIG ferrite process orbits around the x-axis and produce a moment along
the y-axis, which then induces a voltage in the y-circuit [32]. Hence, the filter's resonant
frequency can be altered by simply changing the external magnetic field applied to the YIG
ferrite. The major drawback of the YIG filter is its large power consumption ranging from
0.75W to 3W [193] during the magnetic field generation. This limits the suitability of YIG
filters in portable wireless devices where battery life is crucial.

6.3. Ferroelectric Materials

Materials such as Barium Strontium Titanate (BST) fall under the ferroelectric
material category [193]. In these materials, spontaneous polarization is reversible in the
presence of external electric fields. When the material is polarized by an external field, the
induced polarization (P) is directly proportional to the external electric field (E). Above the

curie temperature Tc, a nonlinear polarization is present versus an external electric field,;
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this condition is known as the paraelectric state. Figure 6.2 shows the paraelectric and
ferroelectric states [32]. When the temperature goes above Tc, the material loses its
spontaneous polarization. It obtains paraelectric properties — where polarization can occur
even when no permanent electric dipole exists in the material. The polarization becomes
zero in the absence of an external force. The hysteresis loop, as shown in Fig. 6.2 arises
because spontaneous polarization can be reversed by applying a strong external electric

field- and it depends on the current electric field and history.

Ferroclectrie Paraclectric

Potarzaton Polan zation

In Ferroalactric State: In Paraelectric State:

(below Curie Point) T (above Cune Poinb
(!) Electreal Fett Elecined Fett

Figure 6.2 Illustration of the ferroelectric, paraelectric region, and hysteresis loop [32].

6.4. Semiconductors

Many tunable filters have been reported utilizing semiconductor pin and varactor
diodes [30, 194, 195]. These are suitable where high-speed tuning is required [193].
Varactor diodes are p-n junction devices operated with a reverse bias voltage. When the
reverse bias is varied, the junction's depletion region changes, which alters the diode

capacitance. Figure 6.3 shows a varactor diode.
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ANODE CATHODE

Figure 6.3 Varactor diode.

The relationship between capacitance and voltage is given as:

Co
n
v
—+1)
(Vbi

where Cy is the zero bias capacitance, V is the reverse bias voltage, Vi is the built-in voltage

(6.1)

potential and n represents the slope of logC vs logV. The disadvantage of semiconductor

varactor tuning is low power handling, low-quality factor, and poor linearity.

6.5. Mechanical Systems

Microelectromechanical systems (MEMS) is a system that makes use of mechanical
and electrical components at the same time. These devices can control, sense, and actuate
on the micro-scale [4, 32, 193]. They can be found in medical, automobile, electronic, and
defense appliances. MEMs components are illustrated in Fig. 6.4 [196].

Actuatnrs<,' Sensors

Micro-

) icro-
Electronics structure

Figure 6.4 The MEMs components.

The MEMs comprise microsensors, actuators, and microelectronics integrated into

one chip. MEMs utilize a d.c voltage to control the mechanical structure of the capacitor to
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change, for example, the area under the plates or the distance between the plates. By
changing these two parameters, the capacitance can be effectively changed and hence the

center frequency of operation can also be changed.

6.6. Dielectric Rods Tunable Filter

In this work, a second-order dual-band SIW has been designed (based on the
triangular half-mode SIW resonator). Dielectric rods have been inserted in the main
substrate to alter the structure's overall permittivity. The diameter of the rods is changed
simultaneously, and the position of the rods, together with the permittivity of the rods is
changed to change the operating frequency of the two pass-bands. Fig 1 shows a SIW

structure together with the dimension parameters.

6.6.1 Dielectric rod tunable filter design

A dual-band filter operating at a center frequency of 9 GHz and 14 GHz first and
second pass-band, respectively, has been designed. Dual mode resonators utilize TE101 and
TE201 modes for the first and second pass-band. To determine the resonator's dimensions
[1], the modified equations of the traditional waveguide can be used. In a dielectric
rectangular waveguide, the resonant frequency of the TEmon mode is given in chapter 4 in
Eq. (4.19). Then the resonator length and width sizes can be given as shown in Eq.s (4.20)
and (4.21). To get the equivalent length and width of the SIW resonator, Eg.s (4.22) and
(4.23) are employed. In this work L = 12 mm and a_siw = 18 mm, via diameter = 0.4 mm,
pitch = 0.6 mm and h = 0.2 mm. To reduce the size of the footprint of the SIW resonator, the
structure can be bisected on the diagonal line of symmetry [162] as shown by line A-A’ in
Fig. 6.5(a). Boundary A-A' becomes an imaginary boundary and the operation of this half
structure is still similar to that of the full structure [13].
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Figure 6.5 (a) Line of symmetry to form HMSIW, and (b) Dual band filter.

A second-order dual-band filter can be constructed by combining two structures, as
shown in Fig. 6.5 (b). The coupling between these two resonators can be determined by
varying the distance t; on Fig. 6.5 (b) [188]. And the quality factor can be determined by
varying ai, b1, and gap, as shown in Fig 6.5(b). For this work t; = 0.1 mm, a; = 0.7 mm, b;

= 3 mm, gap = 0.7 mm. The s-parameter result of the filter is shown in Fig. 6.6.
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Figure 6.6 The S11 and Sz1 Parameter.

6.6.2 Reconfigurability of the filter

Figure 6.7 illustrates the dual-band filter loaded with dielectric rods. A dielectric rod
with a different permittivity from the substrate and having a diameter rod_diam is inserted
into the main substrate to alter the permittivity of the original structure. Using transmission
line theory, the SIW cavity can be taken as a transmission line operating at the corresponding
frequency and assuming that the rod is placed at the center of the SIW cavity. The equivalent

circuit of the structure is shown in Fig. 6.8.
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Figure 6.7 Dielectric rod-filled SIW filter.
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Figure 6.8 Equivalent circuit.
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where X, and X are the reactances associated with the dielectric rod. From [197, 198] the

characteristic Eq. of the SIW resonator with rod is given as:

%tan (%l (f? —fcz)z) —%(1 —%)% cosec? (%x) (6.2)

222 (€-3) 4a X
(e—Dm2d?  4(e-1) In (E Sin (7)) *

_0 (6.3)
+2sin? (n—x) - 2%, sin? (%) — -2

a a 2\2 n
(n-(3))
where a is the width of the SIW resonator, x is the position, ¢ is the permittivity, | is the
length of the transmission line, ¢ is the speed of light, A is the wavelength, and f is the
frequency of operation. Eq. 6.3 can be solved for f, and by varying the diameter of the rod
and its permittivity, the author can change the operating frequency. And in this work, these

two parameters have been varied to change the frequency of operation.

6.7. Results and Analysis of Filter Tunability

From Eq. 6.3 it can be noticed that the frequency of the filter loaded with dielectric
rods depends on the diameter of the rod, rod_diam, change of permittivity of the dielectric
rod, and change of the position of the electric rods as indicated by x1 and x2 in Fig. 6.7. In
this work, the dielectric rod diameter was changed first, followed by the permittivity and
then the positions were changed. Figure 6.9 shows the S11 parameter for different dielectric
rod diameters.
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Figure 6.9 Variation of dielectric rod diameter.
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In Fig. 6.9, there is a frequency shift as the diameter of the dielectric rod is changed
from 0.2 mm to 0.8 mm. The first pass-band frequency changed from 8.91 GHz to 9.15 GHz,
while the second pass-band changed from 14.61 GHz to 16.10 GHz. By varying the
permittivity of the dielectric rod, the frequency can also be changed, as can be deduced from
Eq.8. while the permittivity changes, the dielectric rod diameter, rod_diam, is kept constant
at 0.8 mm. Figure 6.10 shows the S-parameters of the filter when the insert dielectric rod is
Gallium Arsenide with a permittivity of 12.94. The Center frequency of the first pass-band
is 8.9 GHz and the second pass-band center frequency is 14.61 GHz.
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Figure 6.10 S-parameter results for e=12.94

When the dielectric is perturbed by a dielectric rod with permittivity 11.2, Rogers-
3010 substrate, the center frequency for the first pass-band shift to 9 GHz while that of the
second pass-band becomes 14.65 GHz, as shown in Fig. 6.11.
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Figure 6.11 S-parameter results for e=11.2
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When the dielectric rod material is changed to Rogers RT6006 with a permittivity
of 6.45, the first pass-band center frequency changes to 9.2 GHz, while the center frequency

of the second pass-band changes to 14.7 GHz, the results are shown in Fig. 6.12.
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Figure 6.12 S-parameter results for £=6.45.

This shows that the center frequency of both pass-bands can be reconfigured by

changing the perturbing material used by the dielectric rod.

6.8. Chapter Summary

In this work, a miniaturized dual-band filter was designed and implemented. For
miniaturization, triangular HMSIW resonators were used to build a second-order filter with
Roger-5880 substrate with a permittivity of 2.2. The operation frequency of the first and
second pass-band is 9 GHz and 14 GHz, respectively. Dielectric rods were used to perturb
the structure for reconfiguring the center frequency of operation. Firstly, the diameter of the
perturbing dielectric rods varied from 0.2 mm to 0.8 mm, and the center frequency for the
first pass-band changed from 8.1 GHz to 9.15 GHz, while the center frequency of the second
pass-band changed from 14.61 GHz to 16.10 GHz. The second change was made on the
permittivity of the dielectric rod, Gallium Arsenide with a permittivity of 12.94, followed
by Rogers-3010 substrate with a permittivity of 11.2, and Rogers RT6006 with a
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permittivity of 6.45 was used. With the electric rods’ permittivity change, the center
frequency for the first and second pass-band changed from 8.1 GHz to 9.1 GHz and 14.61
GHz to 14.74 GHz, respectively. For future work, the authors will build the physical

structure and expand the filter to become a multi-band-pass filter.
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Chapter-7

TERA HERTZ FREQUENCY BAND TUNING USING
GRAPHENE

7.1. Graphene Material

Graphene is a material that has excellent electrical, optical, and chemical properties
[199, 200]. This makes such material find many uses in various applications, including
tunable filters. With the advent of new technologies and many applications having to be
added to the communication system, devices must operate at high frequencies in the
terahertz (THZz) region to increase bandwidth. Conducting surfaces mainly used at
microwave and RF frequency ranges have diminishing conductivity at the THz frequency
region; hence other materials, such as graphene, are being explored as a substitute [38, 125].
From chapter 6, Table 6.1 shows that most technologies used for frequency tuning are only
suitable for frequencies less than 100 GHz. And as such suitable tuning, mechanisms need
to be explored. Graphene was exfoliated for the first time from graphite by Andre Gein and
Konstain Navoselov in 2004 [199]. Graphene is a two-dimensional (2D) material with semi-
metallic properties [201]. It is a single layer of graphite crystal with a single atomic layer of

covalently bonded hexagonal carbon atoms. Fig. 7.1 shows the lattice structure of graphene.

Figure 7.1 The lattice structure of Graphene [202].
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Due to its ability to support surface plasmon polaritons (SPPs), graphene is
tremendously good in electrical tunability and has low ohmic losses [200]. This is made
possible through the change in the chemical potential of graphene, which can be achieved
by doping or simply applying an external DC voltage. Various components have been
developed using these electrical properties together with the optical properties of graphene,
including phase shifters, antennas, modulators, etc. [37, 127, 201, 203-205].

7.2. Graphene Conductivity

The tunability of graphene occurs due to the configurability of the surface charge
conductivity defined by Kubo’s model [38, 206]. Surface conductivity, g, is a function of
chemical potential, u., which is a function of the applied external electrostatic field, Eo.
Surface conductivity is due to the contribution of inter and intraband transitions through
which the real part of the interband conductivity is negligible in the THz region of operation.
This leaves only the intraband being the contributor to surface conductivity. The intraband

conductivity can be represented by [38]:

ezka

U
— it [ K kT
%1 = ) 2 w—j2r) (ka Nk (e v 1)) (7.1)

where w is the angular frequency, u. is the chemical potential, T is temperature, e is the
electron charge, h is the reduced Planck's constant and k;, is Boltzmann's constant. The

interband conductivity can be investigated by:

_ —je? 2|ucl—(w=jDh
92 = m In (2|u5|+(w—jr‘)h) (7.2)

where I' is the scattering rate, at lower frequencies 0.5 THz to 5 THz the interband
conductivity of graphene remains negligible and the surface conductivity is only due to

intraband transitions. However, the o, term at higher frequencies becomes complex with a

negative imaginary part. Graphene material can be characterized by the displacement vector
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D, = &,E, = eng/2, where ns is the two-sided surface charge density of graphene, and g,

is the dielectric permittivity:

ng = —— [ E(f4(E) — fa(E + 2.) )dE (7.3)

2,2
mth vf

Where f;(E) is the fermi — Dirac function as a function of energy, vs is the fermi — velocity
(~108c¢m/s) and

-1

E-pc
fa(E) = (e BT 4 1) (7.4)
The relationship between the surface conductivity and chemical potential is given
below in Fig. 7.2.
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Figure 7.2 Relationship between chemical potential and center frequency [38].

The filter tuning can be achieved by changing the voltage across the graphene sheet.
This gives us an easier alternative method for changing the filter's center frequency than
changing the filter's entire geometry. The geometry of the filter can be changed in case there
is a need to operate in a dual-band mode. The relationship between surface conductivity and

chemical potential is given as [207]:

120



where Vy is the bias voltage and t the substrate thickness, the relationship in Eq. (7.5) shows
that as the external bias voltage is changed, the chemical potential is also changed; hence it
can control the chemical potential of graphene using an external bias voltage which in turn
can be used to vary the center frequency.

7.3. Graphene Tunable Filter Design

Figure 7.3 shows the 3D image of the designed second-order SIW filter. The
dimensions of the filter are arrived at by following the procedure in [13], [78] where it can
be seen that the width of the structure is proportional to the center frequency, hence by
changing W, the width of the resonator, the operational center frequency of the filter can be
changed. The magnetic iris of length indicated as d1, according to the procedure in [13],
provides the coupling between the two resonators. The external quality factor can be

determined by a varying distance al and gap, as shown in Fig. 7.3.

Figure 7.3 Second-order SIW filter 3D image.

A band-pass filter is designed for operation at a resonant frequency of 1.2 THz. Fig.
7.4 is the cross-sectional side view of the proposed filter. The top and ground plane are made
up of gold of thickness 0.17 um. A double layer of silicon (Si) and silicon dioxide (Si02)
permittivity of 11.9 and 3.9, respectively, is used. Graphene of thickness 0.0034 pum is
placed between the Si02 substrate and the top gold plate. The applied external DC bias
voltage is indicated as Vb. Table 7.1 shows the dimensions of the parameters indicated in
the cross-sectional diagram of Fig. 7.4.
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Figure 7.4 Cross-sectional side view of second-order SIW filter.

Table 7.1 SIW filter parameters

Parameter Dimension (pum)

hl 4

h2 4

x1 0.0034

yl 0.17

W 210

al 50

di 60

gap 10

7.4. Results

The CST Microwave Studio was used to simulate the structure in Fig. 7.3. The
structure was simulated at first with no graphene and the results are as shown in Fig. 7.5.
The group delay is shown in Fig. 7.6. The surface current of the filter is shown in Fig. 7.7,
while Fig. 7.8 shows the impedance plot of the filter which confirms resonance of the two

frequencies.
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Figure 7.6 Group delay.

Figure 7.6 Current distribution.
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Figure 7.8 Impedance plot.

In this work, external voltage bias Vb, was used to change the chemical potential of
graphene as shown in Fig. 7.4. The chemical potential values started from 0.04 eV to 0.4eV.
The other parameters of graphene are as shown in Table 7.2. The change of the chemical
potential was used to change the filter's center frequency; the results are presented in the

following sub-sections.

Table 7.2 Graphene parameters

Parameter Value

Temperature 293 K

Relaxation time 0.1 ps
Thickness 0.00034 um

When the chemical potential is 0.1 eV, it was found that the SIW filter was
resonating at first and second frequencies of 1.2894 THz and 1.2398 THz, respectively, with
a return loss of -36.441 dB and -28.502 dB respectively, as shown in Fig. 7.9. When the
chemical potential was changed to 0.2 eV as shown in Fig. 7.10, the first and second
frequencies were at 1.2967 THz and 1.2439 THz respectively with a return loss of -13.323
dB and -19.508 dB respectively. In Fig. 7.11, the chemical potential was changed to 0.4eV
and the results show that the first and second frequencies were at 1.2894 THz and 1.2397
THz, respectively, while the return loss was -39.787 dB and -26.247 dB, respectively. Lastly,
the chemical potential was set at 0.6eV as shown in Fig. 7.12. For this instance, the first and
second frequencies were observed at 1.296 THz and 1.244 THz, with a return loss of -13.288
dB and -18.983 dB, respectively.
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Figure 7.10 Chemical potential=0.2 eV.
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Figure 7.11 Chemical potential = 0.4 eV.
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As shown in Eq. (7.5), the chemical potential of graphene is proportional to the
applied bias Vb; hence the external voltage is varied to get different chemical potential
values and, in turn, the center frequency is changed.

7.5. Effect of Graphene Aspect Ratio on the Center Frequency

The length and width of graphene as shown in Fig. 7.13, are changed simultaneously
and the effect on the center frequency is presented here. The top layer of copper as shown
in Fig. 7.3 is removed to expose the graphene sheet, as shown in Fig. 7.13 as the grey patch

with dimensions w1 and z1.
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Figure 7.13 Length and width of graphene.

The chemical potential is kept constant at 0.1 eV. The parameters w1l representing
the width and z1, representing the length of the graphene patch are changed and the results
are shown . When w1=50 pm and z1 = 100 pum, as shown in Fig. 7.14, the first and second
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frequencies are 1.2908 THz with a return loss of -46.9 dB and 1.2397 THz with a return loss
of -31dB. When the length is changed to 300 um keeping w1l constant, as indicated in Fig.
7.15, the frequencies of operation changed to 1.2915 THz with a return loss of -43.327 dB
while the second frequency became 1.2416 THz with a return loss of -23.963 dB. When both
w1l and z1 are changed to 100 pum and 300 pum respectively, Fig. 7.16, the first and second
frequencies changed to 1.2929 THz and 1.2425 THz, respectively, while the return loss was
-39.182 dB and -22.342 dB respectively. Lastly in this experiment, the width and length
were set at 150 um and 100 pm respectively, and the first and second frequencies as
indicated in Fig. 7.17 changed to 1.2908 THz and 1.2408 THz, while the return loss was -
38.426 dB and -23.348 dB, respectively.
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Figure 7.14 For wl =50 pm and z1 = 100 pm.
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Figure 7.15 For wl =50 pm and z1 = 300pum.
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Figure 7.17 For w1l = 150 um and z1 = 100um

7.6. Discussion of Results

In this work, a second-order SIW filter was built to operate at 1.2 THz. Two SIW
resonators were coupled together by the magnetic iris of length d1 as shown in Fig. 7.3. For
frequency tunability, Graphene material was embedded into the substrate. The filter is made
up of two layers of substrate, the first one being silicon with a permittivity of 11.9 and the
second substrate on top of the silicon substrate being silicon dioxide with a permittivity of
3.9. The ground and top planes of the filter are gold plates. A thin graphene sheet is placed
underneath the top gold plate to become sandwiched between the top gold plate and the

silicon dioxide substrate. An external bias is applied between the top gold plate and the
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ground plate. This was so as to be able to change the chemical potential of graphene. As the
chemical potential of graphene was changed, the center frequency of the designed filter
change at every instance. The aspect ratio of the graphene sheet was also changed so as to
change the frequency of the filter as well. As the with and the length of the graphene patch
changed, the center frequency also changed, however, this method means modifying the
physical filter structure for change of frequency which may be undesirable, as compared to
the change of the frequency by simply changed an external voltage without changing the
geometrics of the physical filter structure.

7.7. Chapter Summary

This chapter explores the need for reconfigurability or tunability of filters. Different
ways for achieving tunability are presented. Semiconductors in the form of varactor diodes,
ferroelectric and magnetic and MEMs methods of filter tuning are examined. To cater for
high radiation losses incurred through these methods at high frequencies of operation,
graphene material was investigated in this chapter as a substitute material to achieve the
tunability of filters in the THz region. The lattice structure of graphene and the theoretical
and mathematical models f graphene are presented. The conductivity of graphene is also
explored under different operational conditions. Relationships between the chemical
potential of graphene and frequency change are also presented. This chapter presents two
proposed filter designs with the capability of tuning. The first design used dielectric rods of

different permittivity, and the second used graphene material to achieve tunability.
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Chapter-8
RESULTS AND CONCLUSIONS

8.1. Introduction

This chapter gives the summary of the results from the conducted research work and
the conclusions drawn from these results are discussed, further work that is proposed from
this research is presented as well.

8.2.  Summary of Results

In this thesis, substrate integrated waveguide technology is used to design and
develop microwave band-pass filters. The main aim of the research was to develop
miniaturized high selectivity band-pass filters that are reconfigurable and can operate at very
high frequencies going into the terahertz region. This was achieved in stages were,
techniques for miniaturization were explored, and tunability was then effected. The work

done in the thesis is summarized as follows:

Firstly, in chapter 3, a high selectivity fifth-order band-pass filter operating at 30
GHz was illustrated. The filter was built using a single-layer substrate integrated waveguide
technology. The performance of the filter was analyzed and its S-parameter results were
presented. A similar work was compared, and the filter fared well in size, selectivity, and

fractional bandwidth.

In chapter 4, different techniques used to peruse miniaturization are discussed. To
achieve miniaturization, a fourth-order substrate integrated waveguide filter was designed
four EMSIW cavity resonators were electrically coupled and the source-to-load coupling
was achieved by modification of the of the first and last EMSIW resonators. The filter
operated at a center frequency of 13.5 GHz and it was found out that a size reduction of
87.5% was achieved. In the same line of miniaturization, a second design is presented in the
form of a sixth-order cross-coupled filter. HMSIW and EMSIW cavity resonators were
employed to develop the SIW band-pass filter. A novel cross-coupling technique was

introduced between the resonators so as to achieve as to introduce transmission zeros that
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will enhance the selectivity of the filter. This chapter presented a second order dual-band
filter utilizing triangular-shaped SIW half-mode cavity resonators. The filter operated at
center frequencies of 9.5 GHz and 13.8 GHz for the first-second pass-bands, respectively.
The results were presented and analyzed and it could be proven that the designed dual-band

filter offered the smallest size and operated at a high frequency compared to similar work.

In chapter 5, in pursuit of improving information signal integrity in communication
networks, balanced filter circuits were presented. SIW resonators were used to design a
fifth-order balanced band-pass filter operating at 39 GHz. The resonators were magnetically
coupled through iris windows. Satisfactory roll off at either end of the pass band was
achieved and CM suppression as the common mode signal was heavily attenuated while
passing the DM signal. To further increase the suppression rate of the CM signal, another
design utilizing dumbbell defected ground structure and conductor patches with meandered
loops was presented. Results showed a significant improvement of the CM signal

suppression, reaching -90 dBs in the first pass-band and -40 dBs in the second pass-band.

In chapter 6, different ways of tuning are presented, there advantages and
disadvantages are discussed. A second dual band design is then presented. Tunability was
provided by dielectric rods of varying permittivities. The operating frequencies were 9 GHz
and 14 GHz for the first and second pass-bands. To reconfigure the center frequencies of
the pass-bands, the diameter of the perturbing dielectric rods was changed and secondly,
dielectrics of different permittivities were used. The center frequency of the first pass-band
changed from 8.1 GHz to 9.1 GHz and the second pass band changed from 14.61 GHz to
14.74 GHz.

Finally, in chapter 7, the tunability of filters at high frequencies in the tera hertz
region is explored. In this work, a second-order SIW filter operating at 1.2 THz was
presented. The filter substrate was made up of two layers, silicon and silicon diode.
Graphene sheet was then placed on top of the silicon dioxide layer. An external bias voltage
was then applied to change the chemical potential of the graphene sheet. This in turn
changed the operational center frequency of the filter, it was observed that the center
frequency changed from 1.289 THz to 1.298 THz giving a bandwidth of 8 GHz. The aspect
ratio of graphene was also changed to bring about filter tunability. From this a frequency
change from 1.2908 THz to 1.2929 THz was observed which is about 2.1 GHz bandwidth.
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8.3. Conclusions and Future Recommendations

In this work, miniaturization of substrate integrated waveguide filters through the
use of bisected structures in the form of HMSIW, QMSIW, EMSIW resonator structures
was carried out. Satisfactory results were achieved without major degradation of the signal,
however more work can be done to minimize the footprint of the structures by using much
smaller cavity SIW resonators of different shapes and combining the technologies to achieve
even higher selectivity of the filters. On the issue of selectivity, more cross-couplings can
be introduced and the coupling matrix method can be used to establish the resonators that

can possibly be cross-coupled together with their coupling coefficients.

In this thesis, work was done on tuning and reconfigurability of the filter and
dielectric rods were used for tuning the center frequency of a dual-band filter. In contrast,
graphene material was used to achieve tuning at high-frequency range in the Terahertz band.
Future work can be done in identifying alternative nano-materials with superior electrical,
mechanical, and optical behavior, which can be embedded in the substrate of the filters such

that when their characteristics change, a change in frequency is also achieved.
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