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ABSTRACT

Waveguides and cavity resonators play an important role in micrcagglheations and
optical systems. Applications include filters, antennas, and electromagnetic sources, such as
magnetrons and lasers. They can also be used to enhance the sensitivity of sensors.
Electromagnetic (EM) simulation helps optimize device comégian for better performance in
the desired frequency band. With the aid of simulation software expensive reworks can be
avoided. The computation and visualization of EM fields inside waveguides and cavity
resonators is challenging even in simple rectirgtross sections. This problem becomes more
complex when dealing with circular, sectoral, and coaxial geometries. The research presented in
this thesis provides an efficient and eeffective solution to these challenges; An interactive
software(WGC vesion 3)that has been developed to enhance and expedite the design and
testing process through the computation and visualization of the electric and magnetic field
distribution inside waveguides and cavity resonators.

The software features a udeendly interface through which users can select one of seven
different configurations and specify parameters of their design, such as structure dimensions,
Transverse Electric (TE) mode or Transverse Magnetic (TM) mode, mode number, operating
frequency, numbeof pointsof anyof thefield components along the x, y, and z axis for
rectangular structures, aady 2D plane angles between 0° to 360° for cylindrical structures.
Both transverse and longitudinal field components can be visualized in vector, coturamt
both. The software makes it easy for users to see how the changes of physical diraedsions
operating frequencgffect the field distribution. Moreover, the user interface allows users to

select how visualizations of the field distribution are getezl and displayed. Five selection



options are made available: electric and magnetic field with vector; electric field vector;
magnetic field vector; electric field strength; and magnetic field strength. Field distributions can
be displayed as static imagjor video animations using appropriate sequencing of computed
field values. The software provides all necessary warning messages to users for invalid input
parameters

The software has been designed in MATLAB App Designer platform. The executable code
has been tested and verified on a personal computer (PC) platform running Windows 10
operating system. Mathematical expressions of the field components used in this software were
derived from the classical solution of the wave equations using the sepafataables
technique in cartesian coordinates for rectangular configurations and cylindrical coordinates for
all other configurations. Results obtained using this software were validated against values found
in the literature for similar types of problepand results show perfect agreement

The work developed in this thesis makes it possible for microwave engineers to quickly
model and obtain information about the performance of their designs. It has great potential in
enhancing the teaching and learnafgnicrowave engineering. Visualizations produced by the
software can greatly improve |l earners6 abilit
propagate through guided structures. Furthermore, it provides-aftaxgive alternative to
commercial softwge packages, such as Ansys High Frequency Structure Simulator (HFSS), and

Computer Simulation Technology (CST) Studio Statesuch applications
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CHAPTER 1

INTRODUCTION

In manymicrowave applications, @tromagnetievaves need to be guided from one
location to anothemsing waveguides and cavity resonatérsvaveguide is a hollow conductive
metal pipe used to carry higlequency radio waves, particularly microwaves. Rectangular
crosssections are the simplest and moshomnly used waveguides. Circular metallic tubes are
appropriate foapplicationssuchas radas. Coaxial waveguides are well suited for lesigtance
transmission because the central conductor is shielded from external electrical noise by the outer
conducing material. On the other hand, cavity resonators consist of a closed metal structure that
confines electromagnetigavesin the microwave regiort.hese electromagnetic wavesunce
back and forth between the walls of the cauitpderstanding the electragnetic wave
distribution inside waveguide and cavity resonators helps microwave engm#erdesign
manufacturing, testing and installation of electronic components in systems used to transmit and

receive microwave signals.
1.1 Motivation and Background

The history of the development of waveguides is more than 100 years old. It was first
discovered by George C. Southworth who played an important redeansystem design [1].
An electromagnetic field cannot be seen directly [17], asleffects can be observed.
Nowadays, technology is growirigster,and millimeter and sulillimeter wavesapplications
requirea combination ofactive and passive devices. Usually, wavegindged transmission

lines are preferred ithe design ofow-loss filters, hybrid couplers, power dividers, antennas



etc.[2]. These applicationgquiremicrowave devices toperateat higher frequencies (above
100 GHz). Fooperatingatthis frequencypandswaveguide feature size needs to be smalher
toleran@ requirements need to be tightenednedical applications, there is a growing need for
wireless sensing systerfi]. Passive wireless sensasch as those ugén harsh
environmental conditionaregenerally composed of resonant circ(i@s Cavity resonators are
the most commdy usedcomponentn passive wireless sensoFar cavity resonators, EM
waves bounce back and forth between the cavity walls which prdidictcescillatiors.
Evanesceniode cavity resonators inherently fulfill the dder high frequencyassive
wireless sensor applications because thecsinebegreatly reduced. But, with the growing
demandor high speedsmalkr sizedevices that consume less powsmventional
manufacturing is becomingore and morehallengingevery day[4]. To thedemandgor small
size and lonpower consumptigmmicrowave engineemsustfully understand electromagnetic

wave propagation inside waveguides aauity resonators
1.2 The Need for Software

WGC (version 2.1yasdevelopedy Dr. Atef Elsherbeni an®r. Clayborne Taylor, Jr. in
1994to compute andisualize EM field distribution inside waveguides anavity resonators
using an interactive BASIC languafyge a personal computeanningDOS operating systefb].
Theexecutable code of the software was available for the-BMMcomputer familybutit is no
longer useabldue to recenthanges anddvancements in computing technology and operating
systemsSeveralkoftwarepackagegor designingand simulatingnicrowave devices and
transmission lingssuch ag\nsys HFSS, CST, and ADS dreing used nowadayBor example,
thedesignand simulation of @oplanar and aigap waveguide transmission linsing ADS has

been introducedn [6, 7. CST Studio Suitehasbeen used for similar design probl¢@n9, 10]



andsimilarly HFSSasin [11, 12, 13].Thesesoftwarepackages are not only expensive, but they
also require substantial memory and computational resoircesnpute and visualize field
components inside shiconfigurations of waveguides and cavit@sher software packages like
COCAFIL [14] andXFdtd [15] areavailable, butheyrequire substantial memory and
computational resource& web application to visualize the field pattern inside waveghiate
beenrecentlyintroduced in26], butit is limited towaveguides witliectangular and circular
crosssectiors. The software package introduced in this thesis ainose¢ocome those
challengesWGC (version 3pllows users teisualize the electric and magnetic field distribution
inside several types of waveguides aadlity resonator§ectangular, circular, coaxial, baffle,
sectoral, sectoraloaxial, and baffleoaxial)almost instantaneously on current PC platform
Advantage®f using this softwaréncludethe ability to model a wide variety efaveguide and
cavity resonators, lesmemoryrequirementsnd computation timaVGC (version 3features a
userfriendly interface that makes easy for users to quickly model, compute anadigdigeires
and video animationsf theEM field distributionwithin their design structure to assess the
performance of their design

WGC (version 3) allows user tibserve the change of electric and magnetic fields
distribution for different dimensions of the physical or electrical parameters of thesexigms
at different plane cut®\lso, users do not need to limit their intergsany specificmode of
operaton or order. They haw lot offlexibility in choosing amonghaps, dimensiors, mode
numbes, planeviews (x-y, x-z and yz). Moreover, this softwares capable of generating video
animatiors of field distribution as the view angle and position changbs codeis executable
on all modern computer families with installed MATLAB version 2021a laber versionsNo

internet connedtity is neededo run this software.



1.3 Thesis Organization and Overview

This Thesis work is divided into five cpiers.

A Chapter Iprovidesthe motivation ancbackgroundnformation anchighlights the
significance of this work

A Chapter Zresents théheoreticafoundation and mathematical formulations used to
compute andisualizeEM fields insidevariouswaveguides andavity resonator
types.

A Chapter Providessoftwaredesigndetails andiescribes the graphical user interface.

A Chapter 4 presents examplesidferent waveguide and cavity resonator models and
simulations results

A Chapter Bsummarizes the research and developmeWaC and introducefiiture

directions for research



CHAPTER 2

MATHEMATICAL DERIVATION OF FIELD EQUATIONS

The objective of this chapter is to introduce the field equations for different configurations
of waveguide and cavity resonators used in WGC (versiorh&) mathematical expressions of
the field components are derived from the classical solution ofdkie equation using the

separation of variables technique.
2.1 Waveguide and Cavity

Waveguides and cavity resonators play an important role in microwave appli¢a8hns
Waveguides haveefinite boundaries which direct the propagation of electgmetic waves and
prevent them from scatterirggtside the guideOn the other hand, cavity resonators can be
considered shoitircuited transmission lines and are constructed by -gliroriiting the
waveguides. The boundary wallswsveguides andavity resonators are higjhconductive
materials and, thus, the electromagnetic energy is confined [19]. The modes of wave propagation
in the waveguides ar@hvity resonatorsan be classified into two types: transverse ele€Tiii)

mode and transverse magngfid/1) mode.
2.2 General Equations Derivation

General equations of the propagating field components inside waveguidesvand
resonatorgire presented in this section. Seven different esesgons are considered. These are
rectangular, circar, sectoral, baffle, coaxial, sectoral coaxial, and baffle coaxial (see Figure

2.1). The electromagnetic wave is propagaalong the zaxis and the boundary walls are



assumed to be perfectly conductive. The medium inside the waveguides aaditthessonators
are filled with homogeneous, isotropic, and lossless material with permeability denoteahdby
permittivity denoted by . The field equations for TE and TM makae obtained after solving
the Helmholtz wave equation inside the guide usingéparation of variables technique. For
rectangular geometry, the Cartesian coordinates system is considered and for the circular,

sectoral, baffle, coax, sectoral coax, and baffle coax, the cylindrical coordinates system is used

DS &#

[20].

Rectangular Circular Coaxial Sectoral
Baffle Sectoraloaxial BaffleCoaxial

Figure 2.1: Different crossections of waveguides ané\ty resonators

2.2.1 Rectangular CrossSection

Rectangular waveguides are one of the earliest types of transmission lines which are
commonly used for the transport of radio frequency signals at frequencies in the SHF Band (3

GHz) and higher [21]. On the other hanestangular cavity has been comryomsedin



Electron Paramagnetic Resonance (ERRlear Magnetic Resonance (NMR), and Magnetic
Resonance Imaging (MRI) experimer#2]. The fields in a rectangular waveguide and cavity
resonatorconsist of several propagating modes which depend aglgb&ical dimensionghe

type andtheposition of excitation. Assuming the inner dimensions of the rectangular waveguide
arecand®andQalong the x, y, anez axes as shown in Figure 2.2. A rectangular waveguide
supports TM or TE mode but not TEModebecause hollow rectangular waveguide does not

have any inner conductor. TEM modeisaracterizedthy electric fields and magnetic fields
perpendicular to each other and perpendicular to the direction of propagation. If a TEM mode
exists inside a waveguide, it must have at least two conductors so that the electric fields can have
a start and an end. Fa hollow waveguidghere is no inner conductdrenceelectric fields

create loopand that is why TEM mode it an optiorin this configuration

Figure 2.2: Rectangular cresection of a waveguide or cavity.

For”YOmodes in rectangular cresgection of a waveguide or a cavity, the field equations are

given by:
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Here,
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where' andj are the permeability and the permittivity of vacuum, respectively.

™ pm HmMT yYyduvipm F/m

a 3
f KHT = ¢ v

In most of the equations there are two entries. The top part is for waveguides and the bottom

one is forcavity resonatorsThe variablesftfiQin these equations are the dimensions atdny

and ¢ axes, respectively. The valuesépfandé starts from O but cannot be equal to 0 at the

same time for TE modes. For TM modes the valugs ahd¢  phchot8 The constant®

andd are the amplitudes of the mode designated by the intégarsdé . And for the cavity
resonator subscript Tiphchot8 for TM modes andt  ph;hott (8 for TE modes. Like

waveguides the constariis and0  are the amplitude of the mode dgsated by integers

a, &£ andda The value ofx , € andais the halfperiod variation of the field components along

oftoandd axis, respectively. The culff frequency, Qof a rectangular waveguide is calculated
as’Q —= and for tle rectangular cavity, the resonant frequency is give"mby?;

where

I I I f P o



2.2.2 Circular and Coaxial CrossSection

For the crossection of circular waveguide and cavity, the radius is denoteshing for the
coaxial crosssection,®is the inner radius andis the outer radius. The paramegis the

dimension along the propagation of waves as shown in FigBire 2.

(a) (b)

Figure 2.3: Crossection of a waveguide and cavity, circular (a) and coaxial (b).

The field components folyYOmodes can be written as
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And for the"Y0 modes, the corresponding field components are
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In the above equations the prime indicates the derivative of the function with respect to its full

argument. Here the function

L. 01N AE40AT A-AEOAITABDAAOEIT O

~

07 w e s mow e o w viacg o~ A 2w A
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Q 1 i 01 ® & p
P " , " (bT (I) oA m o f e o nzzze W oA 2w A 2
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w

In equation (2.31) indicates the Bessel function of first kind aidindicates the Bessel

function of second kindd and® in equation (2.29) are the zeros@f 1 ” and

‘Q 1 7 ,respectivelyThe and are the constant for TM and TE coaxial cross

sections, rgsectively. The derivative of equation (2.31) can be written as

L, 0T "N AE40AT A-AEOAIIABDAAOETT O

. Tor e o L AT ABDAIGRAGET T O
Q71 ip LT W CH C
T O T : —NAEI40AT ABODAIGGRAAOETT O
w VT W
where from [28],
: : a |,
0 T ” 0 Tn _”U T ” C&-O-

andw T " can be obtaineth the same way as f " shown in equation (2.33).

To find the zeros of equations (2.31) and (2.32), one needs to find the zeroes of the Bessel
function. The approximation of the first three roots of any order Bessel function were generated
using a leassquares fit of th roots. The approximation is used to start the iteration of Halley's

method. Details about finding zeros of Bessel function is documented in Appendix Al

For both TE and TM mode in circular and coaxial cresstion of waveguide subscript
rphchot8 and subscript phchott F8 For cavity,dis defined by phchof8 for TE modes
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anda miphchof8 for TM modes. The cubff frequency of a waveguide is denoted @yand

the resonant frequency of a cavity is denotedbiQis calculated as

f
Vil

and the resonant frequendfis given by

BT

f I

2.2.3 Sectoral and SectoraCoaxial CrossSection

The field expressions for sectoral and sectooalxial crosssection are similar to the field
equations presented in section 2.2.2. The geometry of sectoral and sawdaral crosssection
are shown in Figure 2.4. The only difference is the value.dfor sectoral and sectorabaxial

crosssection subscripgk is a rational number and it is written by

r‘.]u

a — & o
%0
»
L 4
A d ",—"
“"—
A'" y
@, > P
4—----a----> X 0 x
¥A

Figure 2.4:Sectoral and sectorabaxial crosssection of a waveguide and cavity.
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Here,n is an integer whose value is definedjas miph;hot8 for TE modes and
phchot8 for TM modes anko is the sectoral angle. The interpretatiomd$ similar to the
integerd for circular and coaxial crossection. Besides, to satisfy the bourydeonditions at
% Tdegreeonly in the”YD mode field expressiond, I & %o should be replaced by
O Ed %o and the tern® EAd %oshould be replaced by theA T @%.. The YO mode field

eqguations are given here for better understanding.
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O "Rl ——l 1 " OEd% o oo e g & X
S ar . 6 AT100 1 a
” ” 0, X
O "R ——Q 1 " AT ®% 5 gsai e g & Y
. . T . ; A ” 2 "I“ 3
O "Hed —0 1 " OBd% . O OE!OT & & 0
1 - 0O | Qeowedi a
N a . 5 AT10¢ :
O THeD 0 1 " AT ©% , O L1901 ¢ & m
‘ co 6 WEN OWET &
O HVOEI?FI‘) T‘—Q fr OEd %o . ° ~AI-|OO~T CX 8 p
6 WEN OWET &
O "ok Tt 8 ¢

The field components folyOmodes can be written as

S« A 6 AT100 1 4
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2.2.4 Baffle and BaffleCoaxial CrossSection

To enhance the directivity of EM fields a conducting plate is places inside the hollow
waveguides and cavity resonators (see Figure 2.5) anddbesgurations field equatiorese

similar to the section 2.2.3 excdpt the value obeo . For baffle and baffleoaxial

waveguides andavity resonator%. ¢“ .

Figure 2.5: Circular baffle and baffmaxial waveguide and cavitgsonatar
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CHAPTER 3

SOFTWARE DESIGN

This chapter provides the design configuration of the software which will visually represent
the electric and magnetic field distribution inside waveguidesawidy resonatorfor different
modes of operation. The full software package is designed MAR&.AB App designer
platform. First, field equations in this document have been verified with existing figures
documented inZ4, 25. Then in MATLAB App designer, two windows are created to access the
crosssections of different waveguides aravity re®natorsand later seven different windows

are designed for seven different configurations of waveguidesaafity resonators
3.1 MATLAB App Designer Platform

App designer helps to design professional apps. Simple drag and drop visual component
the app designer window help to layout the design of the graphical user interface (GUI) and use
the integrated editor to quickly program its behavior. App designer has two view options, one is
design view and another one is code view. In the deseym window, one can easily layout the
visual components from the component library. Each component has callback options that allow
commanding individual components separately. Callback functions allow working in the code
view window. Also, the code view wilow has property, functions, and app input arguments
options which give the freedom to work in multiple app window settings. App Designer can
automatically check for coding problems using the Code Analyzer. Standalone applications can
be created by using MTLAB Compiler and Simulink Compiler to share them roydlige with

other users [23].
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3.2 Graphical User Interface Development

Our software has nine different windows. The front window is called the main menu which
will guide users to the next aph menu. There a user can select which esession of
waveguide and cavity they want to select. After that, the user will be able to draw figures or

create a movie for a different mode of operations in waveguide and cavity.
3.2.1 WGC flowchart of the Software

This software works in a sequential way. When a user puts all the information correctly, then this
software will create a figure or video of the electromagnetic field inside the waveguide or cavity
for different modes of operation. If theser fails to put the right information, then the software

will give warnings and tell the user what needs to be donefldwehartof this software is

given below.

17



Main GUI

A

Geometry

Selection [

v

v

v v l

l

A

Rectangular

Circular

Sectoral Coaxial Baffle

Sectoral
Coaxial

Baffle
Coaxial

Waveguide Waveguide or Cavity
Cavity?
_ Mode P
- Selection -
\ |
Parameter Frequency
> Input > Calculation
Give Warning Display
< es No > Results

Figure 3.1WGC (version 3) flow chart
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3.3 Layout and Operation of the Software

The layout of the software is mainly categorized into four main windows. Those are Main
Window, Geometry Selection, and Parameters Screen and Output Screen (Figure Creation and

Video Creation). Each of theim described below
3.3.1 Main Window

The window that will appear when a user runs the software is ¢ahéedain window. In
this window at the top of the left corner, there is a button called help. If the user $etects
button, he/she will find two options there. One is about the app and the other will help the user
find the contact details of the authomrs. |t he mai n window, there is a
Startedo. When the user presses that button i
that are shown in Figure 3.2 are originally in Gif format and those are generated by using this

software.The main window is shown here as a figure (see Figure 3.2).

Help +

Waveguide & Cavity

Zahid Hasan, Atef Z. Elsherbeni
EE Department, Colorado School of Mines

\AF

Get Started
A Rc O ELECTRICAL

Figure 3.2: Main window of the software.
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3.3.2 Geometry Selection

In the geometry selection (Options Menu) window, there are seven differensentsms
are included. Those are rectangular, circular, sectoral, baffle, coaxial, seotoxall, baffle
coaxial crosssections. For better understanding, each @tctiosssections has been shown in the
figure format. When the user clicks the button beside those pictures, the next window will open,
and this geometry selection window will close automatically. The geometry selection window is

shown in Figure 3.3.

Rectangular @ Baffle
\I
Circular Sectoral Coaxial
Coaxial @ Baffle Coaxial @
Zahid Hasan, Atef Z. Elsherbeni
Dapt. of Electrical Engineering
Sectoral Colorado School of Mines

ARC

Peme—T D el Corvpurtetiinmal EM Geroup

Figure 3.3: Geometry selection (Optibrenu) window of the software.

3.3.3 Parameters Screen

The parameters screen window is different for different geometry selections. Each of them
has a common waveguide or cavity selection button, mode choioa,dpput for waveguide

and cavity dimensions, operation frequency, and plane cut option. Also, there-aife cut
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resonant frequency calculator option which depends on the dimensions of theectasss of
waveguides andavity resonatorsThe waveguide and cavity selection button will enable or
disable some options (which are not needed) in the parameter screens. In the waveguide and
cavity dimension box, three different units (cm, mm, and inch) are added in thdayrop

menu. There islso an input for the number of points along the x, y, aagiz. It will give the

users the flexibility to see the propagation of electromagnetic waves as to how they want to see
them. In the bottom of the left corner, there are two options for figuati@neand video

creation. Users can save their works as a picture as well as a video. In the figure creation and
video creation buttons, there are 5 different options in thedioogn menu. These are vector

plot, Efield strength, Hfield strength, Hield strength with vector, and-field strength with

vector. At the end of the right corner of the
ARuno, and AReturno buttons. The AChecko butt
errorintheinpupar amet ers, this AChecko button will s

user puts some wrong inputs while trying to find theaftiand resonance frequency for

waveguides andavity resonatotrs t hi s fAcal cul atedo button will a
messages. Il nitially, the ARunod button is kept
mistakes if they do any hyyessing he fACheckd button. I f there i

will be activated and the user will be able to see the pictutiee video according to his/her

optiors selectionRight below the Create figure and Video box, there is a text area thieere

user can see the message abouttineentfigure or video creationT he fiRet ur no butt o
the user back to the geomessiection window to work furthewvith the app The parameters

screen for rectangular cresection is shown in Figure 3.4.
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) wWaveguide [

4\ Rectangular Geometry

Parameters Screen

D cavity @

Mode Selection m= 0
# TE Mode n= 1

TM Mods |-

Waveguide & Cavity Dimensions

a 0 cm v
b [ cm v

d cm v

Number of Points along X-axis 0
Mumber of Points along Y-axis 0

Mumber of Points along Z-axis 0

Plane Cutting
® x-y Plane at -z = 0
%-Z Plane aty = 0

y-z Plane atx = 0

1.7

z

Fezonance Frequency: 0 GHz w

Cutoff Frequency: 0| |GHz v

Operating Frequency: 0 GHz

® Create Figure

Create Video

v Check

v

Calculate

Return

3.3.4 Figuresof EM Fields

When the user selet h e

ACreat e

Figurebo

butt on,

Figure 3.4: Parameters screen window for rectangular waveguide and cavity.

n

But the user can change the view option by pressing theddnop menu just beside the button.

After creating ondigure the usedoesnat need to exithe figure window to see another

configuration of input parameters. This will help the user to compare figures by placing them

side by side. And after that, the user can save those images in whichever directory they want to

select.

3.3.5 VideoAnimations of EM Fields

t

The video creation option is pretty much similar to the figure creation option. For creating a

video, more time is needed than figure creation. So, at that time a progress bar and successful bar
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are included so that the user can undadthat the video iseingcreaed, and it will take some
time. When the video creation is completed, a success message will appeamaytthealiser
that the movie creation is successful. In the next chapter, all of these processes and how the

softwareis working will be described.
3.3.6 Programming and Special Functios

Before implementing the code the App Designer platform¢odefor all crosssectionshas
been writterasMATLAB script. Figuresarevalidated against values found in the literature for
similar types of problems, and results show perfect agreement with each-alteequation
previous chapternsave been usetb create figures and videmimationsof all configurations
Code for the rectangular geometry is straight forward and no special funatmreeded. But
for the circular and all other crosgctionsa special function is used to generate the zeros of the
Bessel function. The function is callsed fibess
secti ogmeercsa md fior c o-eo’xialzahd,baffle@axial acrosssdctionsThe

procedue for computing the Bessel function is described in Appendix A.
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CHAPTER 4
ILLUSTRATED EXAMPLES

This chapter providellustrated examples of softwafenctionality. For both waveguide
and cavityresonatorsthe crosssections can bgroupednto two categoriesrectangularand
circular.Sectoral crossectionsof w 1 § P Tahdg X rarkpart of full circular crossections,
coaxial crosssections hava conducting core insidénhe circular crosssectionsFor thebaffle

configuration a conducting plate iglacedinside the circular crossection.
4.1 Waveguide

Each of theparameters screshas tle option to switch between waveguide and cavitye
default position of thewitch is for waveguide. When a user slides the switch to cavityethe
light next toit turns green and thgreen light next to the waveguitlegns red When the user
changes thewitchposition back tavaveguide, théight colorwill change againThisway, a
userreceives feedback from the software confirming which of the two configurations is. active

Figure 4.1 shows light color is chagas thewitch moves fromwaveguideo cavity.

() Waveguide [ | ) cavity (@

& waveguide € ) cavity (.

Figure 4.1: Light color changeith switchposition
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4.1.1 Rectangular Waveguide

Step by steperation of the softwarfer the rectangular waveguide is shown below

Step 1: Click nGet Startedo button in the mai

Help +

Waveguide & Cavity

Zahid Hasan, Atef Z. Elsherbeni
EE Department, Colorado School of Mines

Click here

N
A Rc O ELECTRICAL

Figure 4.2: lllustrateéxampleof how to start with the software.

Step2Choose ARectangul ar o push obrasssécion. f or wor ki

Step 3: Enter wvalid inputs and check all of t
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4 MATLAB App - m} X

Click here

Rectangular @ Baffle
Circular & Sectoral Coaxial
Coaxial @ Baffle Coaxial
@ Zahid Hasan, Atef Z. Elsherbeni

Dept. of Electrical Engineering

Sectoral Colorado School of Mines
ARC

Figure 4.3: fARectangul ardo push
{4 Rectangular Geometry - a X

Parameters Screen

TGS | ./
d

Mode Selection m= | 07 /

®) TE Mode n= 1 i
T™ Mode s b
Resonance
Waveguide & Cavity Di i —a — x calculate
a ‘ o] [m v [ button disable
b [70| m v Resonance Frequency: | o| [GHz ¥
d cm v | e
Cutoff Frequency: 0| [GHz Vv
Number of Points along X-axis [ 0‘ Operating Frequency: r 0} GHz v
Number of Points along Y-axis 0 ’
Number of Points along Z-axis | 0| Run button
disable :
Plane Cutting ® Create Figure | v \ ‘ Check ‘
®xyPlaneat-z= | 0] »
: r _ Create Video | v
x-zPlaneaty= | 0|

y-zPlaneatx= [ 0 ‘ Return

Figure 4.4: Initial parameters screen window for rectangular-sexsson.
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{4 Rectangular Geometry

Parameters Screen

@ waveguide (I cavity @ y yy
d
Mode Selection /
®) TE Mode &
TM Mode b
Waveguide & Cavity Di i —i —H x
m v “
CIES Y Resonance Frequency: 0 [GHz ¥
d m v

Cutoff Frequency: 1767| |GHz v | | Calculate
Number of Points along X-axis Operating Frequency: 2 GHz v
Number of Points along Y-axis|
Number of Points along Z-axis

Plane Cutting { Check ‘

®) x-y Plane at -z = 9 ® Create Figure v

x-z Planeaty = 0 Create Video | v
y-zPlaneatx= | 0 Return

Figure 4.5:All valid inputs for rectangular waveguide.

In Figure 4.5 all inputs are valid and those are marked with green circle. After clicking the

AfChecko button no error i s shown and that ena
Pi
Sectoral Angle, ¢ | 45 | Degree Cutoll [/ YoCoe Fiot 0| |[GHz v
E-Field Vector

Operating | |, rieid vector 24| (GHz ¥

E-Field Strength
H-Field Strength

Number of Points 200

* Create Figure | v Shees
Plane Cutting -
o) x-yPlaneat-z =| 8 Clede Video (X Ri Return
Plane at angle 8 = 0

Figure 4.6: Dropdown menu for plottig different figures.
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Figure 4.6 shows the dragpwn menu for differenfigure creationoptions As mentioned in
previous chapter, user can create video or figure in five different wbgric and magnetic
field with vector; electric fieldrector; magnetic field vector; electric field strength; and magnetic
field strengthNow, we entelinvalid inputsto check warning messagesthe parameters screen

of the rectangular waveguide

(®) TE Mode E

1 TM Mode :

Mode Selection = m = E
n
I

z Rectangular Geometry - m] X

Invalid

For TE mode m and n value cannot be 0 at the same
time.

Figure 4.7: Checking the error messagerigalid mode number.

For TE mode@x and¢ values can be 0 but not at the same time. This error message clearly
tells the user what the correction should be. While checking the error, the software automatically
di s abl e sbuttoh @d thisknakes the user understand some corrections need to be done.
Similarly, some other error messages are checked in the below.
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[4] Rectangular Geometry — ] X

Operating frequency must be higher than Cutoff
Frequency.

|40 Rectangular Geometry - O b4

Invalid

Number of Points along X-axis and Y-axis need to be
/- declared and must be greater than 0.

[4] Rectangular Geometry - O x

Invalid x

For TM mode m and n value cannot be 0.

Figure 4.8: Other error messages for rectangular waveguide.
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For valid inputssomefigures of the rectangular waveguide for different \sene shown

here.Figures4.9 shows the vector plpFigure4.10shows field strength dherectangular

waveguide ak-y plane for'YO mode

E and H- field vectors of Rectangular Waveguide for TE01

b [cm]

U VR VU A U U A U U U U

I I I I I I

T T T T e

0 1 2 3 4 —=E-Field| g

— H-Field

a[cm]

E-Field vectors of Rectangular Waveguide for TE01

a fom)
H-Field vectors of Rectangular Waveguide forTE01 YO Mo d e
’ 1rr1rr1rr‘1 [ T T B B
25 a = 6 c¢m
2
S5, 15} 1
“ ) | xy pl anie cutd icm
A N N A O O N O O
LU T I R I I B T Cut of f fref&elzc
% 1 2 3 4 5 6 .
a fem] Operating frequ

Figure 4.9Vector plot of rectangular waveguidexay planefor “YO mode.
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E field of Rectangular Waveguide for TE01 H field of Rectangular Waveguide for TE01

3 1 3 1
2 —2
0.5 0.5
1 1
0 0 0 0
0 2 4 6 0 2 4 6

a [cm] a [cm]

b [cm]
b [cm

Figure 4.10: Hield and Hfield of rectangular waveguide @ty plane for'YO mode.

Vector plot of rectangular waveguidexat plane is shown in Figure 4.11 and in Figure

4.12, field strengtls presentedar “Y'O mode.

E and H-field vectors of Rectangular Waveguide for TE01
3

P ¥

—1— B LA B Y C T
Aoy (o Oy RN Lt
. 7 l
My AV I B
2F I - = - 7 Ve Y Y= T L T;
515# = = ‘>T =1 - :j - _ v l _ B Te
o] —T - - - ‘)T S :I Vo /S l L Tk
L] SR U G O L W Y
JJ - i - = i -\ i b
0.5 4 | U S B . L 1]
0 : ‘ L ‘
0 1 2 3 4 5 6
a [cm] —=E-Field
——= H-Field

Figure 4.11: Vector plot of rectangular waveguide-atptane for'YO mode.
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Figure 4.11continued

E-field vectors of Rectangular Waveguide for TE01
A

T
1
1
21 1
1
1
1
1
1
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: -
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| o
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N
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|
|
!
!
!
!
!
|
|

a[cm] —=E-Field

And Figures 4.13 and 4.14 show the vector plot and E afieldHstrength inside the
rectangular waveguide, respectively. At the plane, the electric field is zero and that is clearly

noticeable in these figures where the magnetic field is aitiogl around the boundary walls.
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E-Field of Rectangular Waveguide for TE'_.',I H-Field of Rectangular Waveguide for TE

1 3 1
0.8 0.8
0.6 E‘z 0.6
O,
04 o~ 1 0.4
0.2 0.2
0
6 0
a [cm] afom]

Figure 4.2: E-field and Hfield of rectangular waveguide iz plane for'YO mode.

E and H-field vector of Rectangular Waveguide for TE01

b [cm]
o = N W

a[cm] ——=E-Field

Figure 4.B: Vector plot of rectangular waveguideyat planefor “YO mode.

H-Field at Y-Z plane of Rectangular Waveguide for TE

3
2
1
0

d [cm]

b [cm]

Figure 4.4: H-field of rectangular waveguide gtz plane for'YO mode.

Now, the TM button is selected in the mode selection box. For that, agaiff tnequency
has been calculated and the operating frequency is kept higher thanttieatutfoff frequency.
Figures 4.15 shows the vector plot ¢iieelectric and magnetic field inside the rectangular

waveguide, Figures 4.16 shows field strengtk-pplanefor “YO mode.Figure 4.17 and
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Figure 4.1%how the vector plot atz andy-z plane for the same mode number, respectjvely

and Figure 4.18 and Figure 4.20 shioeid strength of those.

H-Fleld vectors in X-Y plane of Rectangular Waveguide for TM11

3

X-Y plane vectors of Rectangular Waveguide for TM11

3

b [cm]

——=E-Field
——=H-Field

E-Fleld vectors in X-Y plane of Rectangular Waveguide for TM11

3

25F
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T
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Xy pl anig eutd icm
Cutoff frequency,

Operating frequen

Figure 4.5: Vector plotof rectangular waveguida x-y planefor “YO mode.
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H-Field in X-Z plane of Rectangular Waveguide for TM,,

E-Field in X-Z plane of Rectangular Waveguide for TM11
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4.1.2 Circular Waveguide

Like rectangular waveguides, steps sirailar tothe circular waveguide till the parameters
screen. In the parameters screen, some inputs are different. For circular waveguides, users need
to only input the radius of the waveguide in the waveguide dimensions box. Switching over TE

and TM mode will givehe different values of cudff frequency for the same mode numblerst

like rectangulawa vegui de, t he f Cllwbethérbe inputstate gatid omniotl | v er
Foranyi nval i d input, t he #fA Rufrthereabenotetros, pressirighel remai
AChecko button wil Iforexecdob.l e t he ARuno button

4 Circular Geometry - m] X

Parameters Screen

) waveguide ( I cavity @@

Mode
Mode Selection Number
®) TE Mode
T™ Mode O

Waveguu:le & Cavity Dimensions
Number of Points 20 Cutoff Frequency: 4721 GHz w Calculate

Plane Cutting Qperating Frequency: g4 |GHz +
®)x-y Planeat-z = 6
Plane at angle ¢ = 0 Check

® Create Figure | v

cm v

Create Video | v Return

Figure 421: Initial parameter screen window for circular waveguide.
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4 Circular Geometry - m] X
Parameters Screen
) waveguide ( I cavity @

Mode
Mode Selection Number
®) TE Mode
TM Mode

Waveguude & Cavity Dimensions
Number of Points 20 Cutoff Frequency: 4721 GHz Calculate

Plane Cutting Operating Frequency: 4| |GHz

®)x-yPlaneat-z =| 6
Planeatangle¢= 0 Check

® Create Figure | v

Cl'l'l v

Create Video | v Return

Figure 422 Parameters screen showing input and disable options for circular waveguide.

Figures4.21 and 4.2Zhow the parameter input options and disable field for waveguide
selection mode. All green circles indicate input fsdd red circles indicate disable fields. For
wrong mode number, bothecheck button and cuiff frequency calclate button show error
message Mode numbet cannot bezeroin both TE and TM mode of operation for circular
waveguide. Putting the value ©f T1Tin the parameters screghgerror message is shawn

Figure 423.
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(4] Circular Geometry — O *

Invalid

For TE mode n value cannot be 0.

Figure 423. Error message fonvalid mode number in circular waveguide.

f every input is valid, then the fAiZhecko but

{4 Circular Geometry - O X

Parameters Screen

0 Waveguide C’ Cavity o

Mode Selection m=
(®) TE Mode n=

() TM Mode 1=
guide & Cavity Di
a om v
d oo fm v Resonance Frequency: ljl GHz v Calculate
Mumber of Points Cutoff Frequency: | 2621 | [GHZ v J [ ca|culate]

Plane Cutting Operating Freguency: GHz ¥
(@ %y Planeat-z = E

() Plane at angle ¢ = Ijl

(®) Create Figure | v
() Create Video | v

‘ Run ‘ ‘Retum‘

Figure424. For all wvalid input ARunodo buttc
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Some examples of electric and matiméelds distribution inside circular waveguidéedifferent

plane cutare shown in Figures2b, 4.6, 4.27, and 4.28
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Figure 425: Vector plotof circular waveguide at-y axisfor “YO mode.
Figure 4.5 shows the vector of electric and magnetic fields inside the circular waveguide.

Field maps are also showmFkigure 4.3. This figureshowswherethe E-Field and HField are

strong. Thdield distribution in Figure 4.2& identicalbecause the field strength of both electric
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and magnetic fields denser in the same location. The differesa be observeasingthe

vector plotsasthe arrow directiosaredifferent.

H

Figure 426: E-field andH-field of circular waveguide fofY0D mode.

Vector plot of Circular Waveguide at 60 degree for TM 1
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Figure 4.27: Vector plot of circular waveguide fdt0 mode atp Ttplane.
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Figure 4.27continued
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Field vectors ap Tiplane angle are presented in Figure 427Y0 mode. Contour plot

helpsuserunderstand the field strength inside the hollow waveguide and that is shown in Figure

4.28.
E-field of Circular Waveguide at 60 degree for TM | H-field of Circular Waveguide at 60 degree for TM,,
4 0.8 0.8
= 0.6 0.6
S,
< 2 0.4 0.4
0.2 0.2

d[cm] d [cm]

Figure 4.3: E-field and Hfield of circular waveguide forY0 mode atp mtplane.

4.1.3 Coaxial Waveguide

In the coaxial waveguide a conducting corplecedinsidethe hollow cylindrical
waveguide. This conducting core helps to active the TEM mode in this transmissidinéne.
parameters screen is shown in Figure 4.29. For the coaxialsgoissn, an exér dimension is
included in the waveguide and cavity dimension box. The dimension of the innerdaslitne

radius of the conducting core and the outer radids is
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Parameters Screen

£ . “— N
() Waveguide cavity @

Mode Selection m= 0

#) TE Mode n= 1

TM Mode 1=

Waveguide & Cavity Dimensions z

Inner Radius, a 0 cmow

Outer Radius, b 0 p— Resonance Frequency: 0 GHz *

Length in Z, d cmoow Cutoff Frequency: 0 GHz =¥ Calculate

MNumber of Points 0 Operating Frequency: 0 GHz ¥

*) Create Figure | 4
Plane Cutting Check

@ %y Planeatz = 0 Create Video |

Plane at angle ¢ = 0 Return

Figure 4.29: Parameters screen of coaxial waveguide.

Like circular waveguidehe software will generat®ome warning messages iiavalid inputs.
The cavityswitch enables the mode numbeg lengthin -z axis’Q and the resonance calculate

button. The vector plots and field strength'fd modeis shown in Figures 4.30 and 4.31.

“YO Mode
l nner radi us, a =
Out er radi us, b =
L\' . .
o) Xy pl anig u®B icm
el
N =
=L m 1
3
7 n = 2

Cutoff frequency,

Operating frequen

—E-Field
—=H-Field

Figure 4.30Vector plot of coaxial waveguide féY0

43



Figure 4.3Ccontinued

—=H-Field

Field

——E

Also here, the field maps ardentical tut the arrow direction is different. Figure 4.32 shows the

0 mode.

s

vectors and field strength of coaxial waveguide dtplane angle fo

H-Fleld TM12 Mode for Coaxial Waveguide

E-Fleld TM12 Mode for Coaxial Waveguide

orYo

Figure 4.31: Erield and HField of coaxial waveguide f
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E-Field and H-Field of Coaxial Waveguide at 60 degree for TM Mode
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Figure 4.32Vectors and field of coaxial waveguidegatiplane angle fofYd mode.
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Some other vector plots for different madie coaxial waveguide ashownbelow.
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4.1.4 Sectoral Waveguide

When the cylindrical waveguide cutwith different angles then it is called the sectoral
waveguide. Sectoral waveguide can be any arbitrary angle frora #ptoThe parameter screen

of the sectoral waveguide is shown in Figure 4.34. H&rés the sectoral angle amds the
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integer for modeumber. For TE modg  miphchof8 and for TM mode)  phchot8 Some
figures forw frand¢ X sectoral waveguide are documented here and compared with the

previous worlpresented ifi25].
Parameters screen of the sectoral waveguide is shown ireEd@4. The angi for the

sectoral crossection is arbitrargnd that giveusers flexibility toselect any angle from 0 to

o @i

Parameters Screen

) waveguide I cavity @
Mode Selection p= 0
e TE Mode n= 1

T™ Mode

Waveguide & Cavity Dimensions

a 0 =L
d m
¢ 0] |Degree Resonance Fraquency 0 |[GHz *
Number of Points 0 Cutoff Fraquency D |GHz ¥ Calculate
Plane Cutting Qperating Frequency: 0 GHz =
) x-y Plane at-z = ]
Plane at angle & = 0 Check

* Create Figure ~

_ Return
Create Video |+

Figure 4.34: Parameters screen for sectoral waveguide.

Some field vectors of sectoral waveguide at diffetenangle are shown in Figure 4.35.
Herew rand¢ x’sectoral angle is selected. Figure 4.36 shows the field strength tinssge
sectoral waveguideSY'O mode is selected for both structur€sitoff frequency is calculated
for w Tisectoral waveguide arg X 'sectorawaveguide i5 . 0 7 ar@ B.£5 GHz, respectively.

Operating frequency is selected 6 Gidzisectoral and 3 GHz fay X 'sectoral
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E-Field of Sectoral Waveguide for TE21 H-Field of Sectoral Waveguide for TE21

0.8

0.6

0.4

0.2

Figure:4.36: EField and HField forw ttand¢ X sectoral waveguidi®r YO mode

4.15 Baffle Waveguide

As previouslymentioned in chapter hat a baffle waveguide is createdthginserton by
a metal plate into the hollow circular waveguidibe parameters screen of the baffle waveguide
is shown in Figure &7. All the parametes here are as same as circular waveguide only
difference is the parametgr Mode numben is replaced here by because the value af is

non integer for the baffle waveguide.
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Parameters Screen
@ waveguide (D cavity @

Mode Selection p= Ijl y
(#) TE Mode n=

() TM Mode 1=
Waveguide & Cavity Dimensions J
a EI [em |
u] — |
d [em ¥ | Resonance Frequency: Ijl |GHz ¥ |
Number of Poinis | 0] Cutoff Frequency: 0| [GHz ¥ | | calculate |
Operating Frequency: Ijl |GHz » |
Plane Cuttin ) — B
- 9 (®) Create Figure| v | Check
(@) x-yPlaneat-z = El - ec
() Planeatanglee=| 0| () Create Video |L| —

| | ‘ Return ‘

Figure 437 Parameters screen of Baffle waveguide.

Field pattern has been verified for {idO mode. Vector plots and field strength for both E

Field and HField are shown in FigureBand 3®, respectively
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E-field of Baffle waveguide for TE,, Mode H-field of Baffle waveguide for TE,, Mode

Figure4.39. : E-field and Hfield of baffle waveguide forY0

To validaie ourwork, vector fieldpatternof some modes of operatiovere analyzed and

compared withthe figures documented in [24]. Those figures are given below.
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Figure 4.40Field vectors for (&)’ YO (b) YO (c) "YO mode in baffle waveguide.

4.16 SectoralCoaxial Waveguide

SectoralCoaxial waveguide is combination of sectoral and coaxial <sestors. Like

sectoral crossection this is also for an arbitrary angle friafvio o @ mAs the conducting core is
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placedinside the waveguide, from the center to radius of the conducting core no field vectors are
presentThe mrameters screen of this cresection isshownin Figure 4.41. lllustrated examples

have been given fap fandp yr’sectoralcoaxial waveguide in Figure 4.42 and 4.43.

Parameters Screen

' Waveguide Cavity O

Mode Selection p= 0
® TE Mode n= 1
TM Mode 1=

Waveguide & Cavity Dimensions

Inner Radius, a 0 cmow
Quter Radius, b 0 cmow
) Resonance Frequency: 0 GHz ¥
Lengthin Z, d cmow
Sectoral Angle, ¢ 0| |Dearee Cuteff Frequency: 0] |GHz ¥ Calculate
Operating Frequency: 0 GHz
Mumber of Points 0
. Check
s Create Figure | »
Plane Cutting
, Create Video ¥
# -y Flane at-z = 0
’ Return
Flane at angle & = 0

Figure 4.41: Parameters screen for sectopakial waveguide.
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E-Field of Sectoral-Coaxial Waveguide for ™.,

08 E-Field of Sectoral-Coaxial Waveguide for TM11

H-Field of Sectoral-Coaxial Waveguide for TM11

H-Field of Sectoral-Coaxial Waveguide for TM11

Figure 4.43: Erield and HField of w fandp (’sectoralcoaxial waveguide.

4.17 BaffleCoaxial Waveguide

In the bafflecoaxial waveguide a conducting core and a metal plat@dedinto the
cylindrical waveguide as shown in Figure 2.5. Parameters screen ofduai@l waveguide is
shownin Figure 4.44. Like coaxial waveguide, it has inner and outer radiusirrcethe baffle

is insertedthe mode number m is replacedh r) asthe value of m is non integer
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Parameters Screen

) waveguide _ I cavity @

Mode Selection p= 0
* TE Mode n= 1
TM Mode I=

Waveguide & Cavity Dimensions

Inner Radius, a 0 cm
Outer Radius, b 0 [em ¥ Resonance Frequency: o |GHz
Lengthin Z, d cmoor
Cuftoff Frequency: 0 GHz ¥ Calculate

Number of Points 1] Operating Frequency: 0| |GHz ~

* Create Figure hd Check

Plane Cutting Create Video | ¥
e x-yPlaneatz = 0
Flane at angle ¢ = 0 REturn

Figure 4.44: Parameters screen of battbexialwaveguide.

Field vectorsare shown in Figure 4.45.
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Figure 4.45: Field vectors of bafftmaxial waveguide forY'O mode.
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Figure 4.45ontinued

Electric and magnetic field intensity is shown in Figdi46

E-Field of Baffle-Coaxial waveguide for TE,, Mode H-Field of Baffle-Coaxial waveguide for TE,, Mode

Figure 4.46: Eield and HField of bafflecoaxial waveguide fofY'O mode.
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4.2 Cavity

Switching to cavity modgactivates some input parametarshe parameters screen. Those
input parameters have no function in the waveguide mode and that is why thiosetarein

the waveguide mode. lllustrated examples have been given for rectangular and circular cavity
4.2.1 Rectangular Cavity

Figure 447 shows the parameters screen for the rectangular cavity option. Green circles are
activated after switching to the cavity and the red circle is deactivated. Proper valid input will
draw electric and magnetic field distribution inside this shape. As inguie mode, warning

messageare generated fonvalid inpus.

4 Rectangular Geometry - m] X
Parameters Screen
@ waveguide @ ) cavity ) y /
d
Mode Selection m = 0 /
®) TE Mode n= 1 %
T™ Mode b
v
Waveguide & Cavity Dimensions ~—a — X
a 0| lem v

z

b 0] lemiy @C‘/f 0| [GHz ¥ Calculate
Cutoff Frequency: 0| [GHz v )

Number of Points along X-axis

o

Operating Frequency: 0 GHz v
Number of Points along Y-axis 0
Number of Points along Z-axis 0
Plane Cutting Check
) x-y Plane at -z = 0 e Create Figure | v
x-z Plane aty = 0 Create Video | v
y-zPlane atx = 0 Return

Figure 447. Parameters screen for rectangular cavity.
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For some valid inputs, field distribution inside the rectangular cavity at different plane cuts

is shown in Figures 48, 450, and 452. Electric and magnetic field strength at different plane

cutsis shown in Figures 49, 451, and 453.
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Figure 448: Vector plot of rectangular cavity aty plane for'YO .
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H-Field at X-Y plane of Rectangular Cavity for TE1 12

E-Field at X-Y plane of Rectangular Cavity for TE112
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Figure 449: E-field and Hfield of rectangular cavity at-y plane for'YO .
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