ANALYSIS OF CIRCULAR WAVEGUIDES
COUPLED BY AXIALLY UNIFORM SLOTS

A THESIS SUBMITTED TO
THE GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES
OF
MIDDLE EAST TECHNICAL UNIVERSITY

BY

MENSUR OZTURK

IN PARTIAL FULFILMENT OF THE REQUIREMENTS
FOR
THE DEGREE OF MASTER OF SCIENCE
IN
ELECTRICAL AND ELECTRONICS ENGINEERING

SEPTEMBER 2006



Approval of the Graduate School of Natural and AgapSciences

Prof. Dr. Canan OZGEN
Director

| certify that this thesis satisfies all the reguoments as a thesis for the degree of
Master of Science.

Prof. Dr. smet ERKMEN
Head of Department

This is to certify that we have read this thesid #rat in our opinion it is full
adequate, in scope and quality, as a thesis fategeee of Master of Science.

Prof. Dr. Fatih CANATAN
Supervisor

Examining Committee Members

Prof.Dr. Altunkan HIZAL (METU, EE)

Prof.Dr. Fatih CANATAN (METU, EE)

Prof.Dr. Nilgiin GUNALP (METU, EE)

Assoc.Prof.Dr. Sencer KOC (METU, EE)

Assist.Prof.Dr. Onder Haluk TEKBA(KHO)




| hereby declare that all information in this document has been obtained and
presented in accordance with academic rules and etal conduct. | also
declare that, as required by these rules and condticl have fully cited and

referenced all material and results that are not oiginal to this work.

Name, Last name : Mensur OZTURK

Signature



ABSTRACT

ANALYSIS OF CIRCULAR WAVEGUIDES
COUPLED BY AXIALLY UNIFORM SLOTS

OZTURK, Mensur
M.S., Department of Electrical and Electronics BEegiring
Supervisor : Prof. Dr. Fatih CANATAN

September 2006, 121 pages

The characteristics of slotted circular waveguideth different dimensions,
including cutoff frequencies of TE and TM modespadance and modal field
distributions will be analyzed using the generalizpectral domain approach. The
Method of Moment will be applied, basis functionsatt include the edge
conditions will be used and a computer program Wwél developed. Obtained
results will be presented for different number, theand thickness of coupling
slots, and compared with available data to dematestthe accuracy and the
efficiency of the approach. Plots of the electrindamagnetic field lines
corresponding to the dominant as well as a numbargher order modes will be

presented for quadruple ridge case.

Key words: Slotted circular waveguide, cutoff frequency,thtal of Moments.
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EKSENSEL OLARAK E OYUKLARLA KUPLEED LM S
DA RESEL DALGA KILAVUZLARININ ANAL Z

OZTURK, Mensur
Yuksek Lisans, Elektrik ve Elektronik MihendisIBAlimu
Tez Yoneticisi : Prof. Dr. Fatih CANATAN

Eylil 2006, 121 Sayfa

Oyuklu dairesel dalga klavuzlar nn 0OzellikleriETve TM modlar nn kesim
frekanslar, empedanslar ve alan danlar n icerecek ekilde genelletiriimi
tayf alan yaklam kullan larak analiz edilecektir. Moment metodygulanacak,
kenar artlar n iceren temel fonksiyonlar kullan lacak ke bilgisayar program
geli tirilecektir. Farkl say da, gerikte ve derinlikteki kuplaj oyuklar icin elde
edilen sonuglar sunulacak ve yaktan do rulu unu ve etkinliini gésterecek
ekilde mevcut verilerle kada trlacaktr. Dort oyuklu durum igin, baskn
modlar n ve bir miktar daha yiksek dereceli modiaelekirik ve manyetik alan

gizimleri sunulacakt r.

Anahtar Kelimeler: Oyuklu dairesel dalga k lavuzu, kesim frekans ,nvmtler

Yontemi.
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CHAPTER 1

INTRODUCTION

1.1  Scope of the Study

Ridges in waveguides increase the operating frejudmandwidth through
lowering the cutoff frequencies of certain modesc&use of this advantage of
ridge waveguides, they are useful in wide bandieafibns. They have been used
as transmission lines in systems, where a wideuénegy range must be covered
and only the fundamental mode can be toleratedyeRidvaveguides are important
components in modern microwave filters, septum nm#es and matching

networks.

Ridged waveguides are also called as slotted wadegin the literature. So many
numerical techniques have been employed in theysisabf different types of
ridged waveguide structures. In this study, theuar waveguides with axially
uniform slots (ridges) are analyzed. The analysisione by the same method

presented in [1].

The scope of the study can be summarized as fallows

Derivation of the details of the formulation pretezhin [1]

Demonstration of the validity and the efficiencytioé method
Applications of the solution to the structures wdifferent dimensions
Development of a computer program using MATLAB wiahgraphical
user interface (GUI)

Determination of the operating modes and their bielias while changing

dimensions.



Calculation of the power handling capacities gilgiand quadruple ridged

waveguides for the fundamental mode

1.2 Previous Studies and Motivation of the Study

The first analysis of the ridge in circular wavedgs was done by Dally [2] for
double ridge case. His work showed that the ridgadeguide has the advantages
of reduced cutoff frequency and impedance, andeas®d bandwidth over the
ordinary circular waveguide. He used finite elemmaethod in his analysis, but the
results of his work are not of satisfactory preasdue to the mesh size chosen.
Another study done on the ridged circular wavegsiidethat of Canatan [3]. He
analyzed both double and quadruple ridged circwarveguides using Ritz-
Galerkin method. His results and computational epgh used for the quadruple
ridged waveguides were new. He showed that the rgpbke ridged circular
waveguides possess low cutoff and wide bandwidtpeties similar to those
found for double ridged circular waveguides [4].[%his work was restricted to

the symmetrical TE modes.

The analysis done on the ridged waveguide showecttie introduction of ridges
inside the guide could greatly increase the bandhwiaf the dominant mode.
Further improvements can be achieved by dieleldeding or adding more ridges

in the guide.

The ridged waveguides have been used successHlilipaching or transition
elements. The cavity structure with the cross sacshown in Figure-1.1 is
introduced as a solution to overcome the mode cttigre problem for the

gyrotron applications [6] [7]. It is stated in [6)at a gradually changing slotted

waveguide has a perfect function of convertingTtkg, mode to T+, mode.



In [6] and [7], it has shown that how a mode contjoet can be reduced by the

way of mode converter.

A B C
= l_ l_ 1
_q¢_|_____________________________il__ltf
| |

L L L

A B G

Figure 1.1 T+ TEon+p Mode Converter.

In [6], a conventional field matching method hasepplied to analyze the
composite waveguide in Figure 1.1. But this meth®dot suitable for this

structure because the expansion functions do tiitthe edge conditions at the
slot edges. This leads to oversized matrices, stmwergence and inaccurate field
distributions [8]. In addition to this, since TM wais not taken into account from

the beginning of the analysis, it is impossibleatculate TE-TM coupling.

The triple and quadruple ridged waveguides areyaadlin [9] by radial mode
matching technique. The characteristics of squareilar and diagonal quadruple
waveguides are analyzed in [10] systematically bya@ surface magnetic field
integral equation and found that the fundamentatlescare primarily dependent

on the ridge gap and thickness, not on the typeaekguide cross section.

Various numerical techniques have been employedhen analysis of these
structures. The cutoff wavelengths of the first tmmodes of a septum polarizer



were determined by the finite element method (FEWRhe mode matching
techniqgue (MMT) was used to investigate the eigkrevgroblem of single and
multiple symmetric ridge waveguides. The methodlinés (MoL) was also

applied to the eigenmode problem of a partialh\dkxhridge waveguide [11].

The Method of Moments (MoM) has been used extehsivi®@ solve
electromagnetic problems. However, due to its denatix, especially for large
structures, the MoM suffers from long matrix sadatitime and large storage
requirement. In this thesis it is shown that usedge conditioned basis functions

result in a MoM matrix that is smaller and moreidapconvergent size.

1.3  Thesis Organisation and Contributions of the Sidy

The work can be outlined as follows: In chapterttis waveguide structure is
analyzed and the basic formulations to find thewavenumbers of TE and TM
modes and to determine the corresponding fieldribligions in the composite
waveguides are introduced. In this chapter, the edagdition is discussed and the
convenience of edge conditioned basis functioggased. The infinite sums over
the eigenmodes, which appears as a result of thkcation of the generalized

spectral domain method to the analysis of waveguidee given in Appendix A.

In chapter 3, the computer programs developed inTM¥B for the numerical

evaluation of the problem are described and theulsition results carried on
MATLAB are presented. The convergence behaviourcwtoff wavenumbers
according to the different numbers of field andreat expansion functions are
investigated for triple ridge waveguide. The cutafivenumbers and field plots
are provided for triple and quadruple ridged wavwegs. The breakdown
conditions and power handling capacities are ingatdd for the dominant mode
as a contribution. Graphical user interface of cotepprograms is described in

Appendix B. Finally, the conclusion part is provide the last chapter.



CHAPTER 2

BASIC THEORY AND FORMULATION

2.1 Introduction

To analyze waveguides, dielectric and magneticnmbgeneities are replaced by
polarization and magnetization currents, respelgtivehile metal inserts and slots
are replaced by electric and magnetic surface otgye@espectively, so that the
structure can be treated as empty and completédydsd. The method here is
based on short circuiting the coupling slots, reipig the non vanishing slot
tangential electric field at the short circuitedubdary by two surface magnetic
currents at the two sides of the short circuit amthlyzing the structure

decomposed into circular and sector waveguidesatgha

Figure 2.1 Transverse cross section of waveguidedanensional parameters.



The electromagnetic fields in the individual wavielgs, which are isolated from
each other, are analyzed using the equivalent surfaagnetic currents which

guarantee the continuity of the tangential eledieicl across the slot.

The expectation of the study is to calculate théof€uwavenumbers of the
waveguide structure with the cross section givekigure 2.1, and to develop a

method, which is efficient, accurate and without amplification assumptions.

In the following sections, the waveguide structisrelescribed and the problem is
stated first. The formulation begins with the deteation of field expansion
functions and the relation between the expansioefficeents. Then, the
expressions are transformed to a matrix formulatfamally, the integral equations

and infinite sums are derived to make the matrixien analytic fully.

2.2 Description of the Waveguide Structure

The structure of the slotted waveguide is chareetdrby the slot number ‘N’, the

angle of the slot *’ and the radii ‘a’ and ‘b’.

The first point to be decided is the coordinatdesysin which the problem is to be
treated. It is convenient to work in a coordinaystem that is related to the
symmetry of the system under consideration. Sitnee groblem is to treat a
metallic waveguide of circular cross section cartaj conically shaped uniform
slot surfaces aligned with cylindrical coordinatanes, the obvious coordinates to

choose are the cylindrical coordinates, with andz.

The structure is considered as a simple homogensausguide consisting of a
metal tube containing air. As in the elementarytiiethe metal is taken to be a

perfect conductor and air is taken as free space.



2.3 Decomposing the Structure

Decomposing the structure reduces the problem srwaller and better-
conditioned sub problems that can be efficientlitimzed. It is possible to
separate the structure under consideration to gsoblgms with appropriate

portions and calculate them independently.

The slotted circular waveguide given in Figure 2ah be decomposed into one
hollow circular waveguide with radius ‘a’ and ‘N’estor waveguides with

minimum and maximum radii ‘a’ and ‘b’, and an argyulvidth * .

It is known from uniqueness concepts, that thedatigl components of only E or
H fields are needed to determine the completedidtdwill be used that equivalent
problems can be found in terms of only magneticens (tangential E). Placing a
perfect conductor over the surface between hollineular waveguide and N
sector waveguides sets up the equivalent problairttaa tangential electric field
at the slot aperture can be replaced by two eqrvalurface magnetic currents at
both side of the short circuit.[13].

s/ M) .
Z

Figure 2.2 Decomposition of the structure into sgimns



These two surface magnetic currents that can bsidened as the sources of
individual waveguides are equal in magnitude angosjte in direction, which

guarantee the continuity of the tangential eledteilc across the slot.

At the interface between two waveguide sections,réfation between magnetic

surface currents and electric field intensity ifired as:

Jf 2.1)

where N is the unit vector normal to the surface of thet €li. The surface
magnetic curren¥ is determined to satisfy the continuity of thegantial electric
field across the slot surfa&

The following relations are obtained by separating surface magnetic current
into its transverse and longitudinal components:

(2.2)

where 3, is the unit vector in the longitudinal direction.

2.4 Field Definitions and Coupling Expressions

The aim of this section is to specify the coupling conditionfietd amplitudes
that are used to expand the field components by using the orthogoaktign
between the eigenwaves.



Maxwell's equations are a summary of the laws of electromagmetnd can be
taken as the starting point for the solution of any problem inreleegnetic
theory. It is desirable to use the approach from Maxwelljlsagons since a

complete set of solutions can be obtained in this way [12].

A technique often used in solving problems is to decompose the preivid its
solution into two separate ones: TE (transverse electric) and(tiansverse
magnetic). It can be shown that an arbitrary field in a homemes source free

region can be expressed as the sum of a TE field and a TM1f#gId

In a source free region, a solution can be expressed in terins bbtentz scalar
potentials that satisfy the following homogeneous Helmholtz equasabgct to

the boundary and radiation conditions:
NEY ,+ (kyre)?Y = 0 (2.3.1)
NZF + (K)F =0 (2.3.2)

where N, is the transverse component of del operator ¥ndand F , are the

complete sets of longitudinal electric and magnetic fieldschvicharacterize TE
and TM modes respectively and are real functions of trareseerdinates, which

correspond to the cutoff wavenumb&gts: andk,tv, respectively.

Because of preferential role played by the guiding directiont zravides
convenience to decompose Maxwell’'s equations into components that are
longitudinal (along z direction) and components that are trassv@tong the r
and directions). The fields at any waveguide cross-section cadebeed as

follows:

E=( ANF)+ BNY  xe™ (2.4.1)
m (m



Ht :( Cn(NtYn)+ Dn(éz,N It: n))< e—ij (242)
(n (n)

Ez :( nTM nF n)xe 2 (243)

H,=( KkGY )xel” (2.4.4)
()

where a z-dependene? Z assumed anf,, B, C,, Dn, Fn, G, are series expansion

coefficients. The sef\,F . is complete with respect to the curl free transser
electric fields, while the sdll,Y ,” &, is complete with respect to the divergence
free transverse electric fields. The two sBity . and & N F , have the same

properties with respect to transverse magnetiddiel

The field expansions are not only complementaryabst orthogonal and satisfy
the following orthogonality relations [15]:

(F,F F -

Yo Y m)= —zdnm

(YY) k)

(NF . NF )= d,,

ORI )_ d.. (2.6)
NF.NY “&ar 0

Here;
(f,g)= fxgdS (2.7)

S

10



describes the inner product of two functiofss the area of the waveguide cross-

section and (*) means conjugation.

Replacing'”Z by -j andft by | because of the assumed z-dependence and time

dependence and introducing these decompositiopstliet source free Maxwell’

equations:
Nt, E[:- JWmHZéZ (2 8)
N,"H.= jneE.3,
N,E, + jbE, = jwm(H, &) 2.9)

NH,+jbH, =jwe@, E)

Expanding the transverse and longitudinal companehthe electromagnetic field
with respect to TM and TE normal modes of the gpomding empty waveguide,
substituting these expansions into Maxwell's eduregtiand making use of the
orthogonality relation, one obtains the interrelas between the different
expansion coefficients as well as their relatiomghe defined surface magnetic
currentsM [16].

b

(HI’NIYn) = J

)

@ ENY ) AV )

J J

ke ekiyvcay Lo Ley v e Loug

—Zob(E[,NtYn Q) b HNY Jx hdk jb(HzNzﬁ( )

_ k, av - oay (ke (2.10)
—Zob(E[,NlYn a) ib (HY )

— ko -jbz_h A bz

—ZOane ib Ge

=C,e'”

where

11



z,= |8 (2.11)
eO

is the free space wave impedance and

k=m/m e (2.12)

is the free space wavenumber.

In the same way, the following equalities are aoisdi

~ _jwi v A 1. ~
(E(’NtFn) - jb ( t EENE n) j_bN tEN Ft n)
_Zky A K i N < i N
—b(Htaz NF .} ib ENEn)Xnd*jb(EzNFr)

. (K. )2
M N [- ™M _(EF 2.13
S (HANE e 5 MA@ N Jedl- Tl (EF ) 2.13)

K, Z, e 1 o k bz
= De'”+— M F.)xdl —MF e
Jb t*az Nt n) Jb n

12



S oA ' - 1 N
ERY, ayr LEHRY ) SN ENF, 3

:Zoko(HtaNtYn)_ i EZ&Y ',1 éz);< hdl
b ib (2.15)
— koZo ¢ jbz 1 N
=20Cc g+ — M Y,) I
b n Jb . t% N n)
=B,
1 -, A
(HzlYn):_ %Nl EIY naz)
=1 E' ¢ .axnd —1 Y aE)
ikoZo . ” oz " (2.16)
- 1 '\/IzY n*dl' . 1 Bne'ijZ
ikoZ, . ikoZ,
:iGne-jbz
knTE
1 ~ o, ~
(gfgznmaNtHEnw
:-'ZTO Ht' E éz);< ndl %(@N Foow Ht)
K ik, (2.17)
:'.Z_ODne 16z
iko
= 1 Fne'“”
knTM

It is convenient to use some abbreviations fordiosed loop coupling integrals
obtained as a result of the calculations given alfov further analysis. So, these

integrals can be expressed by:

1

u=—-— MXNY)
JknTE c '

V=1 M8, RF,) xdl (2.18)
JknTM c

w,= MY dl

c
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It is possible to obtain two linear and non-homagers equality systems by using
the equalities given in (2.10) and (2.13)-(2.17heTequalities given by (2.10),

(2.15) and (2.16) are related to TE waves and dgo@léies given by (2.13), (2.14)

and (2.17) are related to TM waves.

TE Matrix:

kolkel -6 kd " [4 ¢

u
bkl K[kd T[] x Zié :-Zi 0 & (2.19)
[0] M kWkd™ W
TM Matrix:
S L R W R A 0
bkt [k [T xzD =- v e (2.20)
JF 0

[0] [ Kk ]

Here, [l ] is the elementary matrix,( ] is the zero (null) matrix;krg] and krv]
are diagonal matrices with elemeRtse andk,rv; Z\, |§, 6, 5, F andé are
the column vectors including field amplitud&s B., C,, Dn, F, andG,. Similarly,
the column vectord , V andW have the closed loop coupling integralsv, and

W, as elements.
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TE and TM matrices have the same structure. Ifatyeality systems given in

(2.19) and (2.20) are solved with respect to theffments of field expansion
series;

TE Coefficients:

knTE 2 2 b 2
(ko - KlTE) U- — knTEWn
C - kO kO eij

1
" Zo kaE_(kg_ bz)

(2.21.1)

k (bu - k W) .,
B = nl;g( e nZEZ)r‘) ot (2.21.2)
TE

1 kbokrfTEun_ kln(:E(K)z' bz)Wn _
iG, :Z_ Kf (kj bz) el’? (2.21.3)
0 TE ~ -
TM Coefficients:
bk .,V .
A = knz - 2%_”02) e’ (2.22.1)
™
1 v bz
D, :Z_Kf k‘_"(&‘:g_”bz) elt (2.22.2)
0 ™
; — _knzTMV jbz
JF, = 0 e’ (2.22.3)

" kr?TM - (koz' bz)

are obtained.
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2.5 Usage of Rotational Symmetry

As a general result of Fourier Transform, a pedaignal transforms to a discrete
signal. In our case, the complete structure repéesa in an interval 2/N, N is
the number of slots. So, it is expected that tleespm to be spread out by a factor

N with respect to an empty circular waveguide.

The field functions of hollow circular waveguide dwt have any boundary
conditions to satisfy along the azimutha) direction. Therefore, it is possible to
define the angular dependence for the eigenwavieshwotates to left (p<0) or
right (p>0), asé® . Since the boundary conditions are applicable Sector

waveguides (for example &t /2 of the first interval), here, sine and cosinente

must be used to specify the angular dependenceunfisg the azimuthal
coordinate at the first interval was given d8 then, the azimuthal relation

between first and th&'interval can be expressed as:

" =i - 1)%+ g (2.23)

It can be seen from the symmetry property of the&tesy that there is a constant
phase difference’e between adjacent slots. If the system has rotate?i /N, the
solution and the field intensity change by a phiastor. (N+1Y" interval must
show the same property as the first interval s@ait be written for the phase

factor that:

ePyW=1 D =q% (2.24)
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Therefore, N linear and independent slot modesweaéable (q=0, 1,.,.N-1). The
surface magnetic currents at the slots can besepted by:

ja(- )22

M® = M®g N (2.25)

1i N : number of related slot
0 g N-1 :slot mode (phase difference factor)

N : number of slots

While the excitation of hollow circular waveguide seen over the N apertures,

only the related sector waveguide is affected.

Figure 2.3 Excitation of'i sector waveguide

For the " sector waveguide, the following expression camwbgen:

17



W =g MOXNY)d
nTE ¢
S %N YDy 2.26
= MW () (2.26)
nTE L
_ ]q(l' 1)2Wp @ ‘o D\*
=e (- K M7 N Y, dl)
nTE L,

whereL, is the length of thé"islot. Similarly,v, andw, can be defined for th&'i

sector:
. it 2P - .
W= "IN (T MOXRYE) @211)
JknTE L
. - ja( D22 o .
wW=e D MOxE N ) d) 2212)
JknTM L
Wi = - Jat ”%p D of v DY 2.27.3
=g (- MO YD) d (2.27.3)

L

The sign (~) is used to distinguish the expressitorsthe hollow circular

waveguide from the expressions for sector waveguide

The following relations are used to take out thgudar dependence of the field
expansion functions of the hollow circular waveguid
Y =Y xeP?
(2.28)

- iPnq
F,=F xe

18
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n

Figure 2.4 Excitation of hollow circular waveguide.

As a result;
_ 1 NEVAN LY
u, =—— M, {NY,) e™dl
JknTEc0
_ Nl ) o NNV Y o g
= — MUXNY,)e™dl
=1 JKe o,
(2.29)
_ " | 1 MO X IﬂlA\(n)*e_jp"(M_l)%p)dl
=1 JKare |,
N ) 022 ~ s
- (e (Pt a)(F 230) . 1 M® X QYY) e P dl
i=1 IKqre L
Substituting the following equality,
N (e-j<pn+q)<'+1)%7): N for p=rN-g r,pl | (2.30)
i 0 otherwise
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into the equation (2.29), the expressionsudpiand similarly forv, andw, can be

obtained as follows:

N _1 MO Y, ) e™dl for p =rN-q
u, = iKyre L

0 otherwise

N — 1 M®xa ‘NF)ePd for p=rN- g
vV, = iKymw L

0 otherwise

N M®xY e ™ad| for p =rN-q
W, = L

0 otherwise

wherer, andp, are integer numbers.

(2.31.1)

(2.31.2)

(2.31.3)

So it is obvious that the hollow circular waveguidesxcited only at the integer

order of N and this is related to the order p dmel delected number of the slot

mode g (phase difference between slots).

2.6 Expansion Functions of Surface Magnetic Currents

Up to now, the field expansion functions, which aoenplete and orthogonal, are

determined for the field components. It is necessar determine also the

expansion functions of the surface magnetic cusrémtthe numerical analysis of

the structure. But, it is not necessary them todraplete and orthogonal. Which is

important here, they have to have a good conveggpnaperty as far as possible.

20



In any case, it must be considered to choose fametincluding the electric and

magnetic boundary condition atO.

It can be seen from the equality systems (2.19)(argD) thatE; andE, similarly
M, andM; have a phase shift by2. Therefore, the currents at the first slot can b

determined as follows:

M@ =] [a,MP(q)+b, MP (e ¥73,
(2.32)
M,(@)= [a, MO(g)+b, MY (g).e **

Current terms marked with (c) and (s) contain cegirepresent magnetic wall
symmetry) and sine functions (represent electritt syanmetry), respectively (at
=0).

When the definitions of the closed loop couplintegrals in (2.18) are applied to
the current expansions, the integration and sunomagxpressions can be

exchanged and the following equations are obtained:

Ut = g R+ K
whet ={ g 1+ b §) (2:33)
we =( a T+ b T

And for the hollow circular waveguide:

u, e =N g B2+ b R
v, @ =NC g 0+ b ) (2.34)

woe” =N( g T2+ B T)
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For determining the coefficient®,, Sm and T, in the equations (2.33) and
(2.34), the integral is taken only along the fakit (so it is marked with')). The
closed loop integrals in (2.18), can be convertethé series expressions given in
(2.33) and (2.34) by applying the identities giver2.27) and (2.31).

The following abbreviations are used in (2.33):

1 ~ .
0 = (©
RO =_—_ M7 (N.Y ), dl

nTE L,

(2.35.1)
o L ORIy Y
an qu (NIY n)qdl
nTE L,
S 1 e
(rﬁ:k MP (3 NE ), d
nTM L, (2.35.2)
S MORNE
Karw L
T =5 MPY di
e (2.35.3)
T@=1 MY d
nm k n

nTE L

When the sign (~) is added to each related terntiseirexpressions in eqn. (2.35),

they can be used also for the hollow circular wanee;

2.7 Preparation of Characteristic Matrix

The surface magnetic current amplitudea,b;n,ayym,b7m must be calculated

together with the related wavenumbers to detern@ineeigenwave. For this

purpose, the continuity of tangential fields at #lets is used. It is enough to
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satisfy the continuity of tangential components duse the normal fields are
related to the tangential fields by Maxwell's edqoas. So, the continuity of

normal components will be satisfied automatically.

The continuity of the tangential electric fieldssvalready proved at the previous
arrangements. Therefore, only the continuity of taegential magnetic fields

remains to satisfy.

It will be enough to satisfy the continuity of ttengential magnetic fields at the
first slot; because the magnetic fields at the rogthets are directly related to the
magnetic field at the first slot. Hence, the couitiypof H, andH at first slot will

be determined.

The problem will be decomposed into TE and TM peofd and solved separately.
The solutions in terms of TE and TM modes are fdatea by equating the related

component of tangential magnetic field.

TE Waves:

TE waves do not havE,. So,M; cannot be seen at slots. The current coefficients
a, b (2.32) and the expressions v, disappear related td; (2.33 and 2.34). That
means TM amplitudes A, D and F disappear by theesaay (2.20).

Here, the field components that result a power fiowhe normal direction to the
slot surface are considered. Siti;as zero for TE mode, it is not possible to have
any power flow at the radial direction relatedHa However,E andH; create a

power flow at the radial direction, which is nornialthe slot surface.

The boundary condition at the first slot will becésed on. To extend it to the
other slot boundaries is straightforward. The cunty relation forH, can be

written using the expression in (2.4.4) as:
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H,| =H

L z

L

(2.36)

knTEGnY n

n(a)

= knTEGX }

G L
The direct MoM is the method defined by [13], bytlming a basic principle to
implement weighted measures to give precise defirgtto the egn (2.36), which
is not properly defined. The method consists ofosiiy M weighting (testing)
functions and then taking an inner (scalar) produtt(2.36) with each of the
weighting functions, resulting in M precisely defthlinear equations, which are

then numerically solved by matrix methods for thaiivknowns.
The surface magnetic current expansion functiofisbeiused as testing functions
(Galerkin’s Method). In the case of suitably chosenface magnetic current

expansion functions; they converge rapidly to tkacefields at the slots.

In generalized MoM, the inner product is usuallffimed as in eqn (2.7). After

testing the equality given in (2.36) witl ¥ and M (Galerkin’s Method)

kpeG, Y M. di= kG, Y M d m (2.37)

n L n(a) L
is obtained. Herd, is used in place oM andM .

In the case of changing the above integrals with definitions given in eqns

(2.35), the equality becomes:

GkreTom= G KreT, (2.38)

n *nTE " nn
n n(q)
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HereT . is used in place 6f© andT®.

Applying egn (2.21)u, disappears and;

2 2
%Wﬁm = % W, T, (2.39)
n knTE' (ko' b ) n(q) knTE_ (ko' b )

is obtained.

Finally, instead ofw,, the series form defined in egns (2.33) and (2.34)

substituted, and the linear homogeneous equaliopbis obtained:

c™® =0 (2.40)

o9

The element of the matrix here is:

ce = LT T+N L 241
nm , kﬁ.E _ (IQ)Z— bZ) Im 'in I(q) kﬁ_E _ (IQ_JZ- b2) TmTr: ( )

When M cosine and M sine terms are substitutecc@msofM,, then the matrix

C™ pecomes a square matrix with dimension 2Mx2M. @imeension of the

column vectorsa, and b, is M. The T, terms in the matrix C™  are marked

with (c) at the left M columns and with (s) at tight M columns.
TM Waves:

SinceH; is equal to zero for TM waveg, is also equal to zero in (2.4.4).
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G,=0 bkrel, = (K - 67w, (2.42)
Gn:O bKﬂEun:(lé_bz)V\{‘

So, it is possible to eliminate one of TE coeffitgeu, or w,. When the equality

(2.42) is substituted in (2.21), for example @y then:

—_ kOK]TE ibz
Z,C = — e e
k- b7 "

(2.43)

— kOK]TE ibz
ZOCn -_— ﬁ é
k- b7 "

For TM caseH andE; will create a power flow at the radial directiddo, by

setting up the equality fad according to (2.8):

[ C(NY)+ D(&'NF )kg| =[ C(NY)+ D(aNF )7
a9

L

(2.44)

In this caseM, will be used as testing functions and with theafithe equality

specified in (2.35) and the inner product (2.7, éxpression

Cn knTE R1m+ DnknTM nm: C:n K1TER1rrT Dn knTh/:Sr (245)
n n n( 9 9

is obtained.

By substituting the equality given in eqn (2.43)place ofC, and the equality

given in egn (2.22) in place &f,, it can be reached that:
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} knTE } kiTM -
e Rt e g o9 b

(2.46)
kZTE * kZTM
= - : unR1m - \41$m
n (K- b%) n(a knTM (k- b?%)

Finally, substituting the series expansions in edBs33) and (2.34), the

characteristic matrix for TM waves is obtained as:

cm g: 0 (2.47)
with the matrix elements:
Ccm™) = _ kITE N - leE
nm : (ko b ) RmRn i(q) (K) b ) Rn R
(2.48)
Kiru K
C R oy N e ey BT

The same relations are valid for the characterisigtrix dimension and the

indexing of the term§, andR, as TE waves section.

2.8 Properties of Characteristic Matrix

The elements of the characteristic matrices of idE BV waves have the products
of similar types of coefficients such &8 and R®. The field and current

expansion functions determine these coefficientse $urface magnetic current

expansion functions can have magnetic (cosine)etextric (sine) wall symmetry
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with respect to the point=0. Depending on the symmetry of the coefficiehg t

elements of the characteristic matrices can beorgahaginary or they can vanish.

The structure of the characteristic matrices isedsw:

o A0
© T [ o

The eqn (2.49) can be rewritten as a real valugehealue equation:

Q|

_ (A (0] a

o] g b

CTEI™)

=0 (2.50)

o

J

The relation between the free space wavenurkgethe cutoff wavenumbek.
(which is the vertical component of the wavenumisertor) and the propagation
constant (which is the longitudinal component of the waverer vector) is

given by:

kcz - K)Z _ bz (2.51)

The eigenvalues ok’ are real and positive numbers since the charatiteri

matrices are Hermitian. The eigenvectoss,and jb, which give the current

amplitudes, are also real.

In general, the modes that belong to the slot novder g and N-g have the same
k? eigenvalues. However, the modes g and N-q are@mtient from each other.

The -dependence of g mode in hollow circular waveguidedetermined

according the equality given in (2.30) by the osdgiven below:

28



...-g-2N, -g-N, -g, -g+N, -g+2N...= {p},

and they take the form for N-q mode as:

"'-(N-q)-ZNv -(N-q)-N! -(N-q)v -(N-q)+N1 '(N'Q)"'ZN’--:---, q_2N1 q_Nv q! q+N,
g+2N,...= {-p}

The current-field relations for the orders {p} af3ad} are as follows:

Ripm=(Re )
Sipm=(S¢ g (2.52)
Toom =T )

The characteristic matrices of g and N-g modedrarespose conjugate and their

eigenvectors are conjugate.

As special cases, when g=0 (zero phase differeeteelen adjacent slots) or

g=N/2 (adjacent slots are excited by inverse phdsahese cases, the transverse
blocks of the characteristic matrice{sDﬂ) vanish, since the components with the

orders p and —p cancel each other according tedolity (2.52). The current

coefficients that are related to the magnetic wthmetry @, for TE case and,

for TM case) and the electric wall symmetty for TE case andi_)q for TM case),

are decoupled. Thus, the dimension of the eigeevphoblem decreases to the
half of the original one. For these cases, the modéh cosine (vertical)
polarization (belonging to the magnetic wall symmpetf the current expansions)
and with sine (horizontal) polarization (belongiiogthe electric wall symmetry of

the current expansions) have different cutoff wawvebers.
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For the general case (excluding the same and tieesa phase cases), the addition
of g and N-g modes forms standing waves with coamsine polarization. These

two polarizations are independent of each other.

2.9 Determination of Field Expansion Functions

The elementary wave function§, and F , for a homogeneous source free region

must satisfy the Helmholtz equation and the necgdsaindary conditions.

The tangential component of electric field and lbemal component of magnetic

field vanish at the surface of a perfect conductor.
A" E = fxH|_ =0 (2.53)

For this reason, it is necessary to formulate tvfi@rént eigenvalue problems for
TE and TM waves.

TE Eigenvalue problem (Neumann Problem):

NZY + (k)Y = 0

(2.54)
at the boundry%k =0

TM Eigenvalue problem (Dirichlet Problem):

NZF + (k;, )F = 0

(2.55)
at the  boundryF|.=0
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TE field expansion functions for the hollow circula waveguide:

As a result of the method of separation of varigbtee solution of Helmholtz

equation can be written as:

Y, =Cr I, (KD €™ (2.56)

Ce, is the normalization constant and will be deteedirater. The boundary

condition given below must be satisfied:

J¢ (KyreN| =a=0 (2.57)

The gradient of elementary wave function for TE @s&n cylindrical coordinate

system is:

NY 1= Cre (kured (ke 274 202 3, (Ko ) €

(2.58)
NY, &= Cre (% J, (KD as Kedh(Kied 3) &7
TM field expansion functions for the hollow circular waveguide:
Similarly, the solution of Helmholtz equation camWritten as;
F o= Cou, Jp (Kima D €™ (2.59)

Gy Is the normalization constant and will be deteedinater. The boundary

condition given below must be satisfied;
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Jp (KM 1=a =0 (2.60)

The gradient of elementary wave function for TM wa\n cylindrical coordinate

system is;

N 1= Co, (s 98 (a3 220 3, (ki) ) €
(2.61)

& RE = Cogt o0, (03 Ko (k) p) &

TE field expansion functions for the first sector vaveguide:

The following relation is used for the radial degence of elementary wave

function;
Fyo(kr) =YEkD J,(ky- J€ kb Y( Kr (2.62)

k is any wavenumber and r is any radial distancesdxen the inner radius ‘a’ and

the outer radius ‘b’.

TE modes at the first sector waveguide which satise necessary boundary

condition are specified by the wave functions
Y 511) = CTE“ Fn(;‘TE)(knTEr) COS@ n @' qn)) (2-63)
whereC, is the normalization constant and will be deterrditaer.

The values ofk .., n,, g, can be extracted using the boundary conditions

(Neumann Problem). For the first sector waveguide;
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19 |=5 g |=3
|r—a - |r:b =0
fir r

Using the conditions above;

F/;TE)¢(knTEr)| r=a = 0

and

miN

can be written.

"af £ b
(2.64)
" Q
|gE >
(2.65)
(2.66)

The gradient of elementary wave function for TE @&n cylindrical coordinate

system is;

~ ~ N . ~
NY D= Crg [KoreFyy 2k cOSO (G- 9 )35 - Fr” (kd)sing g g% ]

NY " a7 Crl %FXE)(knTEr)Sin(ﬂ @ aNa, kR Pk cost 47 g ))a ]

(2.67)

33



TM field expansion functions for the first sector wvaveguide:

The following relation is used for the radial degence of elementary wave

function;
FaM (kr) =Y, (ki J,( k) - J( kb Y Kr (2.68)

TM modes at the first sector waveguide which satisle necessary boundary

condition are specified by the wave functions

FiY= Coy, Fi (K n)SinG, (- 4,)) (2.69)

whereC,,, is the normalization constant and will be deterrdifzger.

The values ofk .., n,, g, can be extracted using the boundary conditions

(Dirichlet Problem). For the first sector waveguide

FP| o=F¥| ,=0 "& Eb
n q:—% n q:%
(2.70)
FO=F 00 T 3
2
the boundary conditions result in;
FI;TM)(knTM r)| r=a = 0 (271)

and the expressions fay, g, are the same as given in (2.66).
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The gradient of elementary wave function for TM wawn cylindrical coordinate

system is;

NIFE\ TM (knTM ngM ¢(knTM r)sin@ n(q_ qn))AaF'- Fri;gTM) (knTMr) COS(‘,n@ qn)ﬁy :

My
r
NF D= Cpyt T F(TM)(knTMr)COS(7 @ 9.4

nTM quM)¢(knTM r)SIn@ (q qn))aq)
(2.72)

Normalizations:

The field expansion functions contain arbitrary #itoge factors and they are
normalized using the orthogonality properties. Thktions given in (2.5) and

(2.6) can be derived with appropriate normalization

Y.Y Vds= 1 .

S (Kire)

FFdS —— ! —

S (knTM) (2 73)
(Y 9)2ds= 1 |
s (i)’

1
F®)2ds=
g( ) (knTE)2

These integrals can be solved analytically andféfiewing field normalization

constants are obtained [1]:

1 1 1
Cre =—— (2.74.1)
¥p 4red) Jl- (23, (ke

nTE
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1 1

1
- 2.74.2
= 5 (@ 9% (K@ (2742

B 22—0’”‘0 1 1
5 Q (knTEa)\/ b,. n 2 4 n 2\ (TE) 2
Oye(g. (M 1 (M PE™ K
@ e et & (e S e
2-4d 1 1
Cry =42 0 (2.74.4)
" Q (kyud 4 ) 2
Jpz(knma)z e

d is the Kronecker delta.

2.10 Edge Condition

In the structure under consideration, there is ntloa® one inner edge. The edge
condition is a constraint that is needed for a waiqand effective solution

whenever a geometric singularity, such as a shagp, exists.

The edge condition states that the energy densitlya vicinity of an edge, or any

geometrical singularity, must be integrable; tlsat i

(e EXE +mH *)dV <! (2.75)

\%

whereV is any volume region containing the corner. Thgeedondition dictates

that the edge shall not radiate any energy bedhisseot a source.
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Figure 2.5 Perfectly conducting wedge.

The two-dimensional perfectly-conducting wedge shawfig. 2.5 can represent
many edge problems. To satisfy the boundary canditi the transverse
components of eithee or H fields, denoted by andH;, respectively, may be
singular near the edge along the z-axis, while éis¢ of the field components are

regular.
The fields at the perfectly conducting wedge canelkpanded by cylindrical

functions. To satisfy the boundary conditions (Chtet for E, and Neumann for

H,) E; andH; can be expressed by;

E, 1 J,(k)sing(g- a))

(2.76)
H,u J,(kr)cos@? @- a )y consi
and
n=—""° : niN (2.77)
2p-a
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For the wedge problem in Fig. 2.5, the edge comdisiated in eqn. (2.75) takes
the following simple and useful form: as r appraelzero, the field components

near the edge cannot be more singular than thaafimly expressions:

E,pur’ H,u r"+ const

n-1 m1
E,ur Hopr (2.78)
Er u rﬂ»l Hru rh-l

And at the edge, the minimum allowed value :

n=_P (2.79)
20- a

For waveguides and periodic structures having edgesdge condition is used to
truncate the number of modes and, in particulapcioieve relative convergence,

which is essential to numerical accuracy.

2.11 Selection of Current Expansion Functions

In the structure in Fig.2.1, the inner edges withdhgle of 90are appeared at the
boundary between hollow circular and sector wavegpal#s. According to egn
(2.79), the characteristic exponentgives the result of =2/3 for the edge
condition. This means that the transverse fieldmmments become singular at the
edges, and that the longitudinal components remegular. If r is taken as
distance from the associated edge, according tq2d8), near the edgdés and

E become:

E “ r2/3

(2.80)
-1/
Eq “ r 1/3

To guarantee numerical efficiency, the basis fumgtishould include the singular

nature of the transverse electric field at the pharetallic edges of the
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discontinuity. In the present situation, the comgmunof the electric field
perpendicular to the metallic edge becomes infisittee it is related to* where
r is the radial distance from the edge where asdneponent parallel to the edge

vanishes as r goes to zero since it is relatet(to

According to eqns (2.1, andE are proportional to the surface magnetic current
componentdM; andM;, respectively, at the slots. To optimize the cogeace of
the current expansion functions, it is requiredspecify the current expansion
functions to satisfy the edge condition by takintpiaccount the field behaviour at
the slot edges. The dimensions of characteristicicea relatively become smaller
and the current expansions converge well with theeedgnditioned basis

functions. So, the calculation process becomegieasi

The possible complete series for current expanstars be specified by the
modified cosine half-waves (cos-symmetry regardihg edges at +2) and

modified sine half-waves (sin-symmetry regarding #uges). Cosine and Sine
functions constitute a complete set. The basis tfome are modified by

appropriate edge condition.

The modification function is chosen as:

Q

m@g) =) - ¢

(2.81)
iim (mg) p (- )
q®1% 2

Therefore, the following series expansions fulfeé thoundary and edge conditions

at the slot interfaces [1]:
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p P
costh=q) sinfm=q )
M= akl—s—2—+  h K

’ m=0,2,4... Q2 2\13  m=1,35,... Q2 1/3
2 (G- gy mss () @)
(2.82)
cosm? q) sinp? g)
M, = i aquf,;)Q;Q—+ b, K T()_)
msse (Y- g s T ()% )

It is obvious that the current expansion functioogesponding tdJ, (or E ) tend
to infinity at the slot edges, whereas the onesesponding taM (E,) vanish at
=t /2.

Current Normalizations:
The current expansion functions are required todrenalized to the same vector
length to improve the behaviour of the characteristatrices and to obtain equal

current amplitudes.

The expressions below will be used as the normadizatbndition:

1
MOPdi=——  "m
L1( 2) %

1
M(S) ZdI:_ um
Y=o

(2.83)

1
MOYdi=——  "m
Ll( qm) Qa

1
M(S) 2d|:— um
Mg)) %

L
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Qa is the integration length (slot length).

These integrals can be solved analytically. Usimgftiiowing definition:

Qe
J(=—=t—— (1- )" cos(xt)dt (2.84)
JpGn +) -+

and substituting n=-1/6, the following current nolizetions are obtained [17]:

5 ! - for m=2,4,6,...
=193 | %6 J1+G<2)(”f)63.1,6(mo)
o 1
" \/'EG(é) 1 for m=0
V2
5
1| G
Kk =§(%) 3 61 = n for m=1,3,5,..
VPey) Jl—e(g)(”f)w.m(rm)
5
1| G()
k() =§(%) 8 61 1 - for m=1,3,5,..
Ype(y J1+G(2)(”f)w.m(rm)
5
1| 7))
5 —l(g) 3 6 1 for m=2,4,6,.
" oa 2

1 1
Vpety) \/1-6(2)(”;’)6&1,6(@)

(2.85)

where (x) is the gamma function.
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2.12 Determination of Current-Field Coupling

It is necessary to solve the line integrals spedifn (2.35). The integrands are the
products of the current and field expansion fumgiand the integration length is

one slot length (a). It will be done along the first slot.

The Euler Identity gives a relationship between s#alisoidal functions and the

complex exponential functions.

e’ =cos@ )+ j sing (2.86)

By using this relationship, it is possible to exgze¢he -dependency of the field
expansion functions by sine and cosine functionsoAlt is known that the
-dependent terms of the current expansion functaaescomposed of modified
cosine and modified sine functions. Considering tr¢hogonality relation
between sinusoidal functions, it can be seen tlainttegral of the product of sine
and cosine functions alongwill vanish [17]. So, the current functions areatet
only to the field functions, which have the same wlinmetry. Through the

equation (2.84), the integrals ofdependent terms are as follows [17]:
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| (mm) 2 cos@ g)oostnl’ )

d
ch(mm) Q i/(Q)Z_ q2 q
2

2

Jusm- D) 3 4F)
+

ety e

for mim

1 Jl/e(m"' B)
—g(%)sqg 17 + | /7}'2 for m=mt0
&) §/|m+nf'z
2 for m=m=0
G(g)
(2.87)
Q . )
:%Emzi _ 2 sm(mg q)sm(mO q)dq
Gs m % 3’((2?)2_ q2
Jus(m- D) L A
- for m m
_JE(Q);G@ §/|m' "y §/|m* s
= (565
1 Jl/6(|m+”i7%)
7 F for m=nmn O
ag gl nt?
(2.88)
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Q P
:zc(p,m) _ 2 coslpg)costny g )dq
o (P, M) Q i/(Q)Z- g’

2 2
J:L/G(W) Jl/e(w) ; |qQ
+ or mpt
i/|r1r10-|I0|Q| €/|”7’+|¢Q|
4 4
0P Qg2 1 Q) for  mp=|dQ*0
2 2 G(Z) i/ Q
o {lP3
i7 for mp=|gQ=0
G(g)
(2.89)
L (p.m) 2 sin(pg)sinm? q)
|ZS( m Q “
4P 2 i/(z)2 q°
ceano VP Ry
-sgn(p)T&Z)gG(gs)
1/6 2 ) 1/6 2 for mOl |F¢?
§/|rnv-|r1Q| dlwlﬂfél
4 4
1 i 31/6(|p|Q) for W}0z|quo
7 Q
6(6) 6|p|§
(2.90)
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The field expansion functions defined in Sectio® 2re inserted instead of

current-field relations specified in equation (2.88d then, it is found out that:

© = (kn 5 Coe 7 @R (red (o, n)sm(nzﬁ)

(s) — _ 9 |:(TE) e |

) (knTEa) K9 aR™ (K a L (m, rr)cos(rrzﬁ oo
© —_ ;i 0

o J(knTE) CreK?al, (kred | (P, ™

= )CTFH&S)J (Keed |, (P M

© =, KO aE™% k2 L(m, rmsin(nzf>

SRENN'S ﬁTM‘D( ke & (1, n)ICOS(ﬂzQ) (2.92)

= C, K2 2k (kw24 R ™
(2 =- JCrM" lémS) a:%"( Kirm & J,-S( R M

K?a Frfz,TE)( Kired Iz(m"‘ n)COS(/nnE)

Tﬁqzn

T =-Cre K?aF ™ (k18 1,(m, n)sm(mng) (2.93)

T =Cre KPad, (Ked 1( Py M
T =- jCrekPal, (Kyped 1,( P, M

2.13 Field Coefficients and Polarizations

In this section, the relation between the expansiogfficients of the transverse

fields for both TE and TM waves will be shown.
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Substituting the expressions given in (2.42) im® équality (2.21) eliminates the

terms W, at the field amplitudes and the following equabtare obtained:

TM waves:
A1 = bknTMVn eij
kr?TM - (koz' bz)
_ bk, it
" (k- 69)
]F — B kr?TMVn ejbz

" knzTM-(kOZ- bz)

TE waves:
A =0
B = Kere Wa ol

:i kOknTMVn ébz
" Zo IﬁTM_ (Ié' bz)
G =- L KoKieth gor (2.94)
Zo (ko -b )
jG,=0
D, =0
1 zkr?TEWn
- - __ 0% ébz
“ Z, Ke (K 0%
k
(- 0w,
]G 1 kO ejbz

" =Z_o K12TE- (kg' bz)
(2.95)
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The relation between transverse field amplitudea @M wave can be expressed

as.

b
B, =— Z,C, = Z,
n kOZO n Q1

(2.96)

b
A, =—2,D,=Z,,D,
I n

The transverse fields are related to each othénansame way as in the case of
uniform plane waves propagating in the z- directibat is, they are perpendicular

to each other and their cross product points irzteection and they satisfy:
E™ = Z,, XH™ “&) (2.97)
where Z,,, is the transverse wave impedance and equal to

Zow =—2, (2.98)

Similarly, the relation between the transversedfienplitudes of TE waves can be

expressed as:

b
Cn = kOZ Bn :YI'E31
0
(2.99)
A] =D =0

And the relation between the transverse field camepts of TE waves is:
H™ =Y. (3, "E™) (2.100)
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whereY,; is the transverse wave admittance and can be ssqutes:

1
Y = - (2.101)

b
k Z,
The field components will be examined in the follogvsections. As it is shown in
section (2.7), the modes related to the phaserfgcioe complex conjugates of the
modes related to the phase factor (N-q) at thes.sldie field components related
to g and N-q modes can be explained as the wavesmgtorward and backward
at the azimuthal direction. When they are addeckdoh other, a real valued
standing wave is obtained and when they are subttaat this time, a fully
imaginary standing wave is coming up. In this manmeo different types of

polarizations (cosine and sine) that a hollow djical waveguide can have are

obtained.

So, it can be concluded that the field componeritis @osine polarization are the
real parts of a g mode and the field componentd wiihe polarization are the
imaginary part of a g mode. Only for the same ambise phase cases, field
components become fully reab €0;a? 0) or imaginary @=0;b* 0). That
means in these special cases, a single polarization is aeaftabthe related

modes of the slotted waveguide.

2.14 Determination of the Elements of the CharacteristidVatrices

The elements of the characteristic matrices for TE and TM shada be
expressed by substituting the equations (2.91), (28@)2.93) into the equations
(2.41) and (2.48) as follows:
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TE Waves:

The summation term for hollow circular waveguide is:

2
K17 =
i kiTE' kc

- kéE ké:)alzc(pi’ m lé:) alk( S 272

T2 K2 ik A9 (CTE) Jp(kiTEa)
| kiTE kc szm al%(pl’m) Jk(zn alzs( pi’ r)

_ kPa  KPa  L(pm IL(pn) K
- kPa  jkPa g 1, (p.m) 1L (Pn) i ke - K

(Crg )’ J5(ked

(2.102)

And for sector waveguide:

. kal, (m, m)cos(r(%) K al, ( m7n)cos( /% )
 Krem K -k:)al%(m,m)sin(m%) - K2 al, ( mn)sin( v‘%)
(Cre )’ (FIP (kyed)®

©a K0a L (mmcos(#) 1, (m)cos(%)

K 9 m . ; .

7 & a Ié(mm)sm(n%) I, (rm)sin( %)
K
i(m k|'2I'E - kcz

(Cre ) (Fy (kred)?

(2.103)
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TM waves:

The summation term for hollow circular waveguide is

S R o

e RRT g TS

_ K - ikPal (pm) KPal (.1
o k& -kPal, (p.m Koal (p. N

'(CTE)ZéJ;(kiTEa)
L K kgal(pemo KPal(pon
o ko - kS - kPal, (p,m) jK2al, (R, 0
(Cry (3¢ (K @)

kPa K’a L(pm 1, (p.n)
- kP k9 b 1, (M) 1, (p.N)

x - p2 2J2 ¢ kl'?'M 2 2
i(p)[ (kca)z (CTE') p( k'TEa +ki$'M _ kcz( CFM) ( ‘]E( IﬁTM 3’) ]

(2.104)

And for sector waveguide:
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kiTE Rm Rn+ IﬂTM $n §:

i k_cz i K'ZI'M - K;Z
() i c) .
kg Kl el (asin(A)
ke (keed k®al, (m, m)cos(m%) K9 al, (mn)cos(i,% )
(Cre (P (kre @)
© i c) .
@ Koal (mmysin(rE) KD a, ( mmsinG &)

BLTTRS k&al, (m, m)cos(m%) K al, (,mn)cos(i,% )
Co VP (ES iy )2

Wa Koa  la(mmisin() I (m)sin( %)

kf,:)a k;?a m Iqs(mm)cos(n%) Iqs(pﬂ)COS(%)
< - n’ 2( TE 2 Kiru 2( £(TM 2
e G (o hned)” +4m2 ( Co) Cema)’]

(2.105)

When the elements of characteristic matrices foame& TM modes derived in the
equations (2.41) and (2.48) respectively are exadiiit can be seen that infinite

number of solutions exist for everyand p values.

For TE as well as for TM modes, each element of ¢dharacteristic matrix

contains a doubly infinite sum, which has to be semmvith respect to the

azimuthal and the radial indices correspondindnéorhodes of the circular and the
sector waveguides. It has been found that the suimmsatover the index

corresponding to the direction normal to the swfaarrent have closed-form
expressions [8] [19] [20]. The detailed analysis ba found in Appendix-A.
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This increases the numerical efficiency of the téghe significantly. Furthermore
the cutoff wavenumbers ., and k.= of the modes corresponding to the

individual waveguides need not to be determinedr aftdstituting the infinite

sums by closed-form expressions given in Appendix A.

Substituting the closed form expressions into theadons (2.102)-(2.105) by

replacingk?, andk®?. with the cutoff wavenumbeg (k™ and k™) leads to:

For hollow circular waveguide;

2
S T, T =
i Kie - K
T (2.106)
:i k;:)a k;@a Izc(p n IZC( pn i\]p(kca)
20 - jkPa  jkPa pq I (pm 1,(pn) kaJika
Kep ge Ko o
- 2 m $n §_
[ kcz i kl'?’M - I@Z
(2.107)
_1okJa kla I (pm) 1 (pn) 1 k.3
2p _sz(yj)a sz(yns)a p(a) Iqs(plm) Iqs(p! n) kca' ‘]p(K:a
For sector waveguide;
2
T
! iTE
K9 K9a Izc(mm)cos(n%) Izc(m)cos(%i) 5 FU) (k )

kPa Ka , -Ié(mm)sin(”%) - 1, ( m)sin( "%’) (L+ )k AQ F Ik 2)

(2.108)
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L W

K s AN

a K9a ch(mm)sin(n%) 1, ( m)sin( é;’q) > FM%Ka)
kf,:)a léns)a m1 Iqs(mm)cos(/%) | (m)COS(m )(kca)Q F/;TM)(kca)

(2.109)

2.15 Determination of Magnetic and Electric Field Comporents

The following expressions for each field componait$E and TM waves can be
obtained as a result of substituting the field egoan functions given in section
2.9 into the equations (2.4), setting the field himges derived in section 2.13
separately for TE and TM waves and using the séomss ofu, v, andw, given
in the equations (2.33) and (2.34) by replacingtémnsR,y, SmandT,,with the
expressions derived in the equations (2.91), (2a88)(2.93):

TE waves in1 sector waveguide;

E[(TE) Jq(l )N [azm lé“c) a |zc(m I’T)COS(f%)"' i jb‘,ﬂ )li) a |g( mmsin( %)

G C FI (K el 2 FIP(kyedsin(@ - 9))2,

n(m knTE (ko bz)
nTEFSE (Kyen)cost @ 9.)3, ]
(2.110)
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jH, =- kok;zf e'iq(Fl)Wp i [azmkg)am |zc(m I’T)COS(/%)

+j(jb, ka lzs(mm)sin(ré—)]

e Gl T ) FP (e o5t - 9,)
n(m BnTE

(2.111)

TM waves in {' sector waveguide;

m

- (b, ka1, (mm)cos( )]

>(ﬂ(/72 (ko b ) 2 CTEn m E)(knTEa)[ knTEaF(TEqi knTEDCOS@ (q qn)) a,

BT (K el)SinG (@ 4,))4, ]

r/a
knid ez ponody g ROk coso @ g,),
T (k- D)@ ™ /a
+K e aFT™%K D sing (@- ¢,))3])
(2.112)

L 2
- ja(- D22

E=e™ [gK)a L(mnsin(m)- [y K a | (mmcos( )
kS

nT™M 2

(TM) F(TM) . )
”('77)knTM (k- b?% ¢(k””"a) m (K DsSiNG(@- g,))

(2.113)
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TE waves in hollow circular waveguide;

E®=N [gK'a L(pm-(jk) K a L(poi
m M0 0

i/ anTE 2 _j_p ~ ~
o v LR - S JUR
(2.114)
=N e k0a 1 pm-(b) a1 p i
kiZo m ) M9 (2.115)
. :
ipg TE 2 J e Jp e
N ”(P)anTE_ (koz' bz) CrE,, p(K 6) (K] D
TM waves in hollow circular waveguide;
H™ = N2 [agmk;;>a NELESILENIY
ipg p
€ (n(p (ko bz) 2 CI'En 'Jp( K]TE 3[ KnTE a‘w;( KTE) at r/ J£ KTE)r ﬁ
Kirm @ 2 _£ A -
T e T SR CRUL RS R EY)
(2.116)
E,=N [g K’a L(pm-(ih)k a |(pni
i " " (2.117)

Ipg kr?TM 2 3 3
© n(p) anTM - (koz- bz) CrMn g:( Kirw 3 p( K ¥
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Since the phase factgy, is related to the indepy, it will be more convenient to
use the terny,, for the phase factor and to avoid the radial sutiuna belonging

to the orders other than

After setting for the wavenumbers in the relatigngn in Appendix A2 that:

(2 k
— nTE _ - 2 2
k<2T>E = 7 =k =JK - b (2.118)
nT™M ™

The field components can be expressed by subattutie relations derived in

Appendix A2 as:
TE waves in'f sector waveguide;

- jat- 022

e =¢""N [a K0a I (mrcos(A )+ i(b)K a1, (mmsin £

2-dy n 1 FIOK) _ L Pt i
Oa %E%SW‘W((/ -G,)3, +%COS@ @- g,)R,]

T2
=105 8, "RH)

(2.119)

x [a k9 Izc(mn)cos(n%)ﬂ(jb%)k‘;)a Ig(mn)sin(%):

2y FP (k1)
Qa F(9%k a)

cos(? @ -q,,))
(2.120)
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TM waves in {' sector waveguide;

Lo 2P
H (TM) - ﬁie' ja(r l)Wl

TG,
(3, ka1, (m m)sin(ng—)- iCio, K@ 1, ( mmcos %)]

m m
2 . n 1 F™(kr) . F™%n
x— kc COS@ (q _Qm))ar - FT™)

sin@ @ g,)R,]

Qa r/akaF™ (k3 (k3
- bY. ~ R
=" " NE -
% (NE," &)
(2.121)
e=e™ " [a0a Lmnsin(A) (ig)K a |(mmicos( By
F(TM)
éﬁsmm )
(2.122)
TE waves in hollow circular waveguide;
E™®=-N [a K’a L(pm(ih)K a 1(p0ni
m P9 9
w1 ip 1 (kD). Ik
® palraka B(ka ' Igka T 2123)
~I0Zre 3 R
% Xa, "NH,)
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. 1 c i s
JHz:-N_? [a;nk(;n)a I%(pn)'(Jb;) Rz: ap(c) Ié( prm]

0 m p(a)
IR RRACY .
2pa J¢(k.a)
TM waves in hollow circular waveguide;
H™ =N [a, K% L(am- () K a (Pl
e Lo m ) Ha
pe 1 oip 1 3,(kn) . JHKD)
ot —[——— 3]
2pa‘r/aka (k9 J(ka (2.125)
=2 e, “3)
E,=N [g K'a L(pm-(jh)k a |(pni
m ) Ha
o 1 ‘]p(kcr) (2.126)

2pa J,(k.a)

The transverse componerits™ and E™ of the field expressions can easily be

obtained from the equations (2.97) and (2.100)alRinthe field distributions at

all over the waveguide can be seen by taking tla¢ aad the imaginary parts

(cosine and sine polarized fields) as it is ex@dialso in section 2.12.

2.16 Power

The total power carried by the fields along thedgudirection is calculated by

integrating the z-component of the Poynting veot®r the cross sectional area of

the guide;
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P=%Re E H*.azdS—-%Re E H.adS
S

S

1 . . 1 1
:ERe (Et, th - th Htr )ds:z ¥E/TM | E‘z dS_Z é/TM | Idf d
s

S S

(2.127)
Transverse components of electric and magnetidditHat are required to find the
Poynting vector can be derived as follows:
TE Waves in'f sector waveguide;

Substituting the equation (2.119) into equatiod@R) gives

L 2P
- b 1 Sreny

Y2
- la,Ka 1 (mmcos(ry )+ (b, K a 1, (amysin( )]

2-d, n 1 FMkr) . - F™%n ]
" ———k°3ln(ﬂ(q -Cl,,,))aq-—kcCOSQ7 @ 9.k ]
Qa “rakar®ka Feo fa
(2.128)
TE Waves in hollow circular waveguide;
Inserting the equation (2.123) into equation (2)@elds
(TE) — b 1 0 i )
H™=N== [a K’a IL(pm-(ib)K a I(pni
Ko Zo m T M9 (2.129)

gL jpin(Kr)A ) JE(k.D)
>e 2pa r/algan(lge)a” Jpogga"’”
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TM Waves in ' sector waveguide;

Substituting the equation (2.121) into equatio@T2leads to

E™) :-ﬁe'"‘”“' T lg,K0a (mmsin(A)- [ig)K a | (amcos( B)
)(i FIEITM)¢(kCr) . A n fglM)( ) -
Qa[ F;TM)(kCa) Slnm(q _q”z))ar T_ l?n )( ls a S@ (q_ %hq]

(2.130)
TM Waves in hollow circular waveguide;
Inserting the equation (2.125) into equation (2\@&lds

g™ =0 g K98 1 (nm-(i) K a |(p0i
o " 9 (2.131)
.equi_ jp 1J (kcr)f\_ J%(kcr)A

akal(ka ¥ I(kal

So, the analytical derivations are completed fanerical evaluation.
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CHAPTER 3

SIMULATION RESULTS AND DISCUSSIONS

3.1 Introduction

The formulation of the matrix eigenvalue problentddne in the previous chapter.
In this chapter, the numerical approach to the reigkies of the system of
homogeneous equations and the results of compubgrgm are explained and
presented.

The convergence study is realized for the tripleged waveguide and the
behaviours of the cutoff eigenvalues and corresimgneigenvectors are analyzed
with recpect to the numbers of field and surfacegmesic current expansion

functions.

Power handling capacities and modal field distitmg for quadruple ridged
waveguides are presented with different ridge patieh depth and angular width

at the end of the chapter.

3.2  Solution of the Matrix Eigenvalue Problem

A graphical user Interface is developed to makantple to manage and a brief
description about GUI is given in Appendix B. Theogram is written in
MATLAB. The parameters that have to be defined teefarting to the analysis

are as follows:

N . Number of slots
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Inner radius of waveguide
b : Outer radius of waveguide
Angular width of a slot
M . Number of surface magnetic current expansiorctions (specifies

also the dimension of the characteristic matrix)

Ns - Number of field expansion functions in sectoveguide
Nc : Number of field expansion functions in hollowatilar waveguide
q . Phase difference factor between adjacent ghigfines different

class of modes)

The eigenvalues of the matrix eigenvalue problenved in equations (2.40) and
(2.47) with the matrix element given through theatpns (2.106) and (2.109) are
calculated by the program. The truncated summationsach element of the

characteristic matrix are computed by separategcutnes.

The analysis is started first to find the cutoffweaumbers within the specified
interval if there is any. The multiplication of ienradius of waveguide and the
cutoff wavenumber (Ja) is used as the output parameter of the cutattyais. The

program computes the determinant of the matrix &gkbsubstituting the cutoff
wavenumber. The eigenvalue is determined by ndirapange of sign between
successive determinant values by using bisectidhadg21]. With the use of this
method, it is easy to find very accurate resultenvithe axis of frequency is

sampled sufficiently.

If there is one or more cutoff within the specifieehrch interval, they are listed in
the ‘Select kca’ box of GUI and the determinantsusr kca graph is displayed.

Using this graph, it is easy to recognize zerosimgs and asymptotes.

Finally, it is possible to find and plot the fietdmponents Ez (for TM mode) or
Hz (for TE mode) within the activated ‘Field Evalioen Panel’ for any selected

kca.
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The Bessel Functions of the first and second kirailable in MATLAB are used
for the orders smaller than 100. For the ordersitgrethan 100, the following
approximation defined in [22] is used and a sulcfiom is written for the high

orders of Bessel functions.

J3,(2)

N,(2) \/7(—)”

3.3  Convergence of Eigenvalues and Eigenvectors

(3.1)

Cutoff wavenumber is a characteristic quantitydareigenmode. For this reason,

it can be used for making a decision about the egence property of a method.

The amplitudes of current expansion functions dre eigenvectors of the
characteristic equation system. Especially at lowoff wavenumbers, it is
expected that the large part of the fields willdemstituted by the small indexed
current terms. Since the amplitudes of current egjga functions normalized to
the same length, the current spectrum must convamdly. To make a decision
about the convergence behaviour of the solutios important to test that the
higher order components of eigenvectors are dampate the orders of the

current and the field expansion functions increase.

3.4  Convergence Behaviour with Increasing Field Expansn Order

The highest degree of the current expansion funstwll be kept constant and the
convergence behaviour of the eigenvalues and esgp¢ons will be examined by

increasing the degree of the field expansion fonsti
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The field expansion functions at the highest degresst be approximately the
same for whether the hollow circular or the seat@wveguide parts so that the
fields could converge with the same ratio at badles So, it can be written for the

degree of the field expansion functions that:

rrggX(p)= maxg | (3.2)

If the highest degree of the current expansiontfans is chosen too large (or the
highest degree of the field expansion functionshigzsen too small), the equivalent
surface magnetic currents cannot be formed aganeatty because the degree of
eigenfunctions remains too small. Thus, the higegree current terms remain
indefinite. By this reason, the highest degreeheffteld expansion functions must
be chosen larger than the highest degree of theerduexpansion functions.

Satisfying this condition, it is possible to defitne ratio below as a parameter:

hz%z%”l (3.3)

Here, M is the number of sine and cosine terms asing the surface magnetic
current.
The variation of ka eigenvalues and the convergence behaviour ofegéors of

TE and TM waves for the case of the smallest cogolarized waves (TEO1 and

TMO1) with the same phase over the slots are pteden the two tables below,
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Table 3-1 TM Eigen Vector for TMO1 Mode (N=3, b/a=2=60)

M/Ns/Nc 10/20/60 10/50/150 10/100/300 10/150/450 /300/900
ka 2.14012 2.141138 2.14122 2.14125 2.14125
Vi(ay) 1.00000 1.0000( 1.000Q0 1.00000 1.00000
Vy(as) -0.03332 -0.03229 -0.03220 -0.0320.7 -0.03215
Vs(as) 0.00904 0.00822 0.0081)5 0.00813 0.00811
V4(aq) -0.00426 -0.00354 -0.00347 -0.00345 -0.00344
Vs(ag) 0.00268 0.0020( 0.00193 0.001p1 0.00190
Ve(a11) -0.00203 -0.00135 -0.00128 -0.00126 -0.00125
Vi(a13) 0.00179 0.00104 0.00097 0.000p5 0.00094
Vsg(a 15 -0.00182 -0.0009( -0.00083 -0.00081 -0.00080
Vo(ai7) 0.00226 0.00089 0.00081 0.000[79 0.00077
Vi¢(a19) -0.00490 -0.00111 -0.001400 -0.000p7 -0.00094

Table 3-2 TE Eigen Vector for TEO1 Mode (N=3, b/a=260)

M/Ns/Nc 10/20/60 10/50/150 10/100/30( 10/150/450  /3@0/900
k.a 1.58361 1.58297 1.58292 1.58290 1.58p87
V1(8,0) 1.00000 1.0000( 1.000Q00 1.00000 1.00000
V,(a,0) 0.08256 0.08002 0.07987 0.07983 0.07978
V3(8,4) -0.02756 -0.02639 -0.02638 -0.02687 -0.02636
V4(86) 0.01347 0.01332 0.01340 0.01342 0.01344
Vs(a,s) -0.00684 -0.00769 -0.00786 -0.007p0 -0.00794
V(810 0.00245 0.00449 0.00475 0.00483 0.00489
V(8,19 0.00139 -0.00227 -0.00264 -0.002[75 -0.00283
V(8,14 -0.00586 0.00041 0.00093 0.001p7 0.00119
Vo(8z16) 0.01311 0.00152 0.00079 0.00060 0.00044
Vio(819) -0.03359 -0.00462 -0.00341 -0.003110 -0.00283

The facts below can be concluded when the resaltsoth tables (3.1) and (3.2)

examined:

The cutoff wavenumbers &) converge too rapid, especially for TM case.

Even if small numbers of high order field expansfanctions (=1) are

used, it can be reached the correct value.

65



The coefficients of higher order components shawiag behaviour in the

case of small number of field expansion order (eigilg for =1).

The coefficients of low and medium order componets quite accurate

even for the values that are not so large (i.e5).

Therefore, it can be seen that it is not necesgaryse very high order current

components at the beginning since the higher ardeent expansion coefficients

can be calculated correctly only with a huge amadifield expansion order.

3.5 Convergence Behaviour with Increasing Current Expasion Order

The convergence behaviour for the increasing curespansion order will be

examined. The numbers of field expansion functitorsindividual waveguides

must be chosen as constant and sufficiently laafigeg so that they will not effect

the convergence behaviour (i.e. Ns=150, Nc=450% dlbtained results are listed

at the following tables:

Table 3-3 TM Eigen Vector for TMO1 Mode (N=3, b/a=2-60)

M/Ns/Nc 1/150/450 3/150/450 5/150/450 8/150/450
kea 2.14269 2.14135 2.14127 2.14125

Vi 1.00000 1.0000( 1.00000 1.000P0
V, -0.03292 -0.03232% -0.03219
Vs 0.00997 0.00836 0.00816
V4 -0.00384 -0.00350
Vs 0.00278 0.00198
Ve -0.00137
V5 0.00113
Vg -0.00123
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Table 3-4 TE eigenvector for TEOL1 mode (N=3, b/a=260)

M/Ns/Nc 1/150/450 3/150/450 5/150/450 8/150/450
kea 1.58021 1.58285 1.58290 1.582090

Vi 1.00000 1.0000( 1.00000 1.000P0
V, 0.08281 0.08008 0.07973
Vs -0.03312 -0.02674 -0.02646
V4 0.01408 0.01329
Vs -0.00967 -0.00774
Ve 0.00460
V5 -0.00238
Vg 0.00027

The coefficients of current components show a &=ing tendency. The
amplitudes of the first current components decreabde the values of M

increase; since the higher harmonics also affecspectrum.

Since the dimension of calculation is proportiot@lthe number of maximum
current degree (matrix dimension), the maximumaenirexpansion degree has to
be chosen not too large (i.e. M=3) taking into actdhat the maximum number

of field expansion functions specifies only the tn@mof summation terms.

3.6  Comparison of the Results for Triple Ridged Wavegue

Table 3-5 Comparison of the first ten cutoff wavertner, kca, (N=3, =60, b/a=2,
M=4, Ns=30, Nc=90)

Type q Polarization kcain [1] kca
1 TE 1 Cos 0.794 0.7965
2 TE 1 Sin 0.794 0.7965
3 TE 0 Cos 1.583 1.5831
4 TE 1 Cos 2.076 2.0542
5 TE 1 Sin 2.076 2.0542
6 TE 0 Sin 2.128 2.0887
7 ™ 0 Cos 2.142 2.1410
8 TE 1 Cos 2.373 2.4052
9 TE 1 Sin 2.373 2.4052
10 ™ 1 Sin 2.933 2.9322
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The comparison with the eigenvalues of the first ieodes published in [1] is

tabulated in Table 3.5. The agreement betweentsasujood.

3.7  Field Distributions of Triple Ridged Waveguide

Some field plots for the first TE and TM modes fduaccording to the phase
difference between adjacent slots are presentetheatfollowing figures with
parameters b/a=2 and=6(°. The accuracy of the plots can be controlled fgy th
continuity property of the fields across the slatgl also compared with results
given in [1].
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Figure 3.1 Electric Field Lines for the first TE BM®with N=3, =1, cos pol.
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Figure 3.2 Electric Field Lines for the first TE B®with N=3, g=1, sin pol.
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Figure 3.3 Electric Field Lines for the first TE M®with N=3, =0, cos pol.
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Figure 3.4 Electric Field Lines for the first TE B®with N=3, g=0, sin pol.
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Figure 3.5 Magnetic Field Lines for the first TM Bi®with N=3, q=0, cos pol.
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Figure 3.6 Magnetic Field Lines for the first TM Bi®with N=3, q=1, cos pol.
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Figure 3.7 Magnetic Field Lines for the first TM Bl®with N=3, q=1, sin pol.
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Figure 3.8 Magnetic Field Lines for the first TM Bi®with N=3, g=0, sin pol.

3.8  Cutoff Characteristics of Quadruple Ridged Waveguie

Cutoff characteristics of quadruple ridged waveguade investigated by changing
slot angle and ridge penetration depth separatdytlae results for TE and TM
modes are listed at the Tables 3-8 through 3-1&. chiresponding plots showing
the cutoff behaviours are illustrated in Figure203through 3.24 to see the

bandwidth characteristics more clearly.
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Table 3-6 Cutoff characteristics of quadruple ridigeaveguide for TE modes with
varying slot angle (b=1 cm, b/a=2, M=3, Ns=8, NcF24

Slot

Angle | cos pol g=0 cos/sin pol g=1 cos pol g=2 sin pol g=0 | sin pol g=2

kca kca kca kca kca

10° 1.34876709 1.05465820 1.12086914 5.39972656 3.068834
20 1.41712646 0.94187622 1.0261230b 5.35353125 3.17/9716
30° 1.50032959 0.87686157 0.97281738 3.747324p2 3. 28R4
4@ 1.58582764 0.83380737 0.93950684 2.92791016 2.93685
5¢° 1.67005615 0.80547485 0.92083496 2.43001953 2.432302
60° 1.74969727 0.78747559 0.91292114 2.09740234 2.@8585
70 1.82030029 0.77788696 0.9147644 1.863681p4 1.818P23
8¢ 1.87725830 0.77872925 0.9298156]7 1.69891602 1.8306
85° 1.89954834 0.78499146 0.94491577 1.63958008 1.344876

Table 3-7 Cutoff characteristics of quadruple rdigeaveguide for TM modes
with varying slot angle (b=1 cm, b/a=2, M=3, Nski&=24)

Slot

Angle | cos pol q=0 cos/sin pol g=1 cos pol g=2 sin pol g=0 sin pol g=2

kca kca kca kca kca

100 2.39615479 3.81716797 5.09584961 7.58768750 3555D00
200 2.37154541 3.77396484 4.97094727 7.58031250 3485D00
300 2.32884521 3.68493652 4.61765137 7.54527344 2855469
400 2.26419678 3.49318848 3.90407715 6.66832031 1238081
500 2.17393799 3.18513184 3.39650879 5.63847656 69510106
600 2.06279297 2.89490234 3.06060547 4.93785156 4933594
700 1.93870850 2.66882324 2.83020020 4.43137207 7893066
800 1.80645752 2.49499512 2.67165527 4.05192871 8833594
850 1.73712158 2.42156982 2.61291504 3.89768066 2166934

Table 3-8 Cutoff Frequencies of Quadruple Ridged/&gaide for TE Modes with
Ridge Depth (b=1 cm, =60°, M=3, Ns=8, Nc=24)

cos pol g=0| cos/sin pol g=1 cos pol g=2 sinpd gy sin pol g=2
(b-a)/b fc (TEOL) fc (TE11) fc (TE21L) fc fc (TE23U
0.01 18.34607 8.859233 14.5187 25.06764 14.84615
0.10 18.68129 9.144062 13.77127 22.53372 16.38547
0.20 18.52333 9.087117 12.57327 20.99311 17.58217
0.30 17.89518 8.742911 11.22422 20.3196 18.55489
0.50 16.70166 7.516812 8.714247 20.0206¢ 19.71938
0.60 16.56064 6.801777 7.633698 20.03112 19.9456
0.80 17.37536 5.320991 5.69922 20.05044 20.049Q7
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Table 3-9 Cutoff Frequencies of Quadruple Ridged/&gaide for TM Modes
with Ridge Depth (b=1 cm,=60°, M=3, Ns=8, Nc=24)

cos pol g=0| cos/sin pol g=1 cos pol g=2 sinpdgq sin pol g=2

(b-a)/b fc (TM01) fc fc (TM21L) fc fc (TM21U)
0.01 11.52004 18.35944 24.52915 36.43153 24.71443
0.10 12.07556 19.20745 24.84838 38.67544 26.85937
0.20 13.07268 20.58483 25.56509 41.6819 29.98359
0.30 14.54495 22.46788 26.64282 44.56183 34.09966
0.50 19.6903 27.63316 29.21487 47.1340 46.28912
0.60 24.21064 29.62423 30.03392 47.38097 47.36885
0.80 45.49961 46.43551 46.4961 64.85726 64.85726

TE Modes with Changing Ridge Depth
30 T T T T T T T

8Br. 2

Cutoff Frequency in GHz

0 0.1 02 0.3 0.4 04 0.6 07 0.a
b-a/b

Figure 3.9 Cutoff Frequencies of TE modes versasitlge depth, b=1cm and
=60,
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Figure 3.10 Cutoff Frequencies of TM modes verkesidge depth, b=1cm and
=60

TE Modes with Changing Slot Angle
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Figure 3.11 Cutoff frequencies of TE modes verbesstot angle, b/a=2 and

b=1cm.
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Th Modes with Changing Slot Angle
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Figure 3.12 Cutoff frequencies of TM modes ver$igssiot angle, b/a=2 and
b=1cm.

The usage of the same nomenclature of TE and TMemoflithe empty circular
waveguide means only that the new perturbed modesrifiged (distorted)

waveguide can be traced back to the original ones.

In quadruple ridged waveguide, the ridge loadingdis the cutoff frequency of
TE11 mode and raises the cutoff frequency of TM@ithe cutoff curves of the
quadruple ridged waveguide in the Figures 3.9 atf,3t can be seen that at the
small ridge depth, the bandwidth is determined BAT and TMO01 modes, but
increasing the ridge load the bandwith is deterohime TE11 and TE21 modes.

It is clear to find out that the dominant mode (TEhas a cutoff frequency very
close to that of the second lowest mode (TE21)aAssult of this behaviour, the
single mode operation bandwidth is very small eisigavith the increasing ridge

penetration depth. A wide bandwidth characteristic be achieved only when the

second lowest mode (TE21) is suppressed or natieelci
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Although the single mode operation bandwidth is affécted so much by the
variation of the ridge angular width, it must bensidered to determine the
maximum bandwith.

The splitting of TE21 and TM21 modes as a resultiddge loading can also be
observed from the Figures 3.9 and 3.10. Mode-sglitbehaviour comes out as a

result of symmetry of the structure and transverede of the waveguides.

3.9 Field Distributions of Quadruple Ridged Waveguide

The transverse field distributions of quadrupleged waveguide belonging to the
first TE and TM modes for different q factors andlgrization are obtained.
Firstly, the plots of each mode are presented effdhowing figures for various
ridge penetration depths. The parameters b anare fixed to 1 cm and 80

respectively and (b-a)/b ratio is varied to 0.08, 0.5 and 0.8.
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Flgure 3 13 Electrlc fleld Ilnes for the first TEoate with N=4, q=1, cos pol.
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Figure 3.14 Electric field lines for the first TEoae with N=4, q=0, cos pol.
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Figure 3.15 Electric field lines for the first TEoae with N=4, q=2, cos pol.
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Figure 3.16 Electric field lines for the first TEode with N=4, q=0, sin pol.
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Figure 3.17 Electric field lines for the first TEode with N=4, q=2, sin pol.
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Figure 3.18 Magnetic field lines for the first TMoate with N=4, q=0, cos pol.
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Figure 3.19 Magnetic field lines for the first TMoate with N=4, q=1, cos pol.
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Figure 3.20 Magnetic field lines for the first TMoohe with N=4, g=2, cos pol.
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Figure 3.21 Magnetic field lines for the first TMoate with N=4, =0, sin pol.
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Figure 3.22 Magnetic field lines for the first TMoate with N=4, q=2, sin pol.

As seen from the Figure 3.21, it is curious to ewtihat the first mode found for
the circular waveguide happens to be jJfMhode. This is the first circular mode

which has sine polarized and zero phased quadsypienetry enforced.

Finally, the plots of TE and TM modes are presemtethe following figures for

various angular widths of slots. The parametersd [@a ratio are fixed to 1 cm

and 2 respectively and is varied to 20, 40, 70 and 85 degrees.
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Figure 3.23 Electric field lines for the first TEoae with N=4, q=0, cos pol.
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Figure 3.24 Electric field lines for the first TEoate with N=4, g=1, cos pol.
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Figure 3.25 Electric field lines for the first TEoae with N=4, q=2, cos pol.
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Figure 3.26 Electric field lines for the first TEoae with N=4, q=0, sin pol.
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Figure 3.27 Electric field lines for the first TEode with N=4, q=2, sin pol.
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3.10 Variation of Power Handling Capacity with Dimensiors

The maximum power that may pass through a wavegwitledepend on the

maximum electric field strength that can exist with breakdown. Experimental
data on allowable field strengths at ultra highgérencies indicates a value of
30 000 V/cm applicable for air filled waveguidesdan standard sea level

pressure, temperature and humidity conditions.

Supposing that the maximum electric field strengtBmax then the upper limit of
the transmitted power B« in the waveguide can be computed through the
following relation:

P =2 ) Re (B H, -E, H)dg

_ (3200(32 P

max

(3.4)

With this maximum allowable field strength spedifiethe variation of power
handling capacities of the slotted waveguides fe3 Mind N=4 with changing
azimuthal and radial dimensions are computed aaddbults are presented at the
following tables.

Table 3-10 Power handling capacity of dominant m@del1) for triple ridge
waveguide (b=1 cm, =6(°, M=3, Ns=8, Nc=24 and$10 GHz)

(b-a)/b kca(TE11) Cutoff Frequency | Maximum Power | Waveguide Surface

(GHz) (watt) (cn?)
0.01 1.83840820 8.86641674 813,507.393 3.110
0.10 1.73668213 9.21338485 547,697.814 2.843
0.20 1.54390869 9.21452624 369,670.193 2.576
0.30 1.30252686 8.88443950 227,969.091 2.340
0.50 0.79769897 7.61746405 186,234.443 1.963
0.60 0.57622375 6.87816436 160,722.575 1.822
0.80 0.22450867 5.35974969 84,825.281 1.634
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Table 3-11 Power handling capacity of dominant m@del1) for quadruple ridge
waveguide (b=1 cm, =6(°, M=3, Ns=8, Nc=24 and$10 GHz)

(b-a)/b kca(TE11) Cutoff Frequency | Maximum Power | Waveguide Surface

(GHz) (watt) (cn?)
0.01 1.83784180 8.86368506 814,753.267 3.121
0.10 1.72432617 9.14783445 648,330.p57 2.943
0.20 1.52315674 9.09067216 420,708.501 2.765
0.30 1.28231201 8.74655550 322,325.515 2.608
0.50 0.78748169 7.51989621 255,031.679 2.356
0.60 0.57004700 6.80443484 220,449.573 2.262
0.80 0.22297668 5.32317612 112,115.869 2.136

As seen from the Tables 3.12 and 3.13, the powedlimy capacities are
decreasing since the ridges are closer to eachr atiek also the surface of the
waveguides are decreasing.

The quadruple ridge waveguide has better power limgndapability than triple
ridge waveguide. But its bandwidth characterissc poor because of mode
splitting. The power handling at infinite frequerenyd dominant mode wavelength
characteristics of the triple and quadruple ridgedeguides are shown in Figure
3.28 by rearranging the results given in Table Zahf 3.11. A good agreement
with the results of [23] is observed.

Dominant Mode Cutoff versus (b-a)b " 106 Power-handling versus lambda,_2b

28

28

lambda_/2b
<
M
=
T

0 I . L 1 I L
1B 18 2 22 24 26 28 <]
lambda /2b

Figure 3.28 Dominant mode cutoff wavelength and &dvandling for N=4 and
N=3 (dashed line).
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CHAPTER 4

CONCLUSION

The aim of the study was to derive the detailshef application of generalized
spectral domain approach to the analysis of slaplsal waveguides and to check

the validity.

The method has been presented and applied todttedstircular waveguides. It is
shown that the method is very effective to calaldie eigenwaves of a slotted
circular waveguide. The results obtained show gagrement with the ones that

exist in the literature.

The method used here is based on decomposing rinetusé into two separate
waveguides by short-circuiting the coupling slobs mhake it more familiar: a
hollow circular waveguide and N sector waveguid&aio surface magnetic
currents at both sides of the slot replace thewvamishing slot tangential electric
field. These two surface magnetic currents are leaguaagnitude and opposite in
direction; so the continuity of the tangential éliecfield is satisfied. Both of them
behave as sources over the related waveguide segite field components for
each individual region were expanded according heirt eigenfunctions. In
addition, the surface magnetic currents at thesséot expanded in terms of

suitable basis functions, which satisfy the edgedition at the 99slot edges.

The elements of the characteristic matrix for emchividual waveguide contain
doubly infinite sums over radial and azimuthal ga$i of the related eigenmodes.
It has been found that the summations over thexinttaresponding to the

direction normal to the surface current can beesblenalytically and have closed

90



form expressions. This increases the numericalcieffcy of the method

significantly.

The inclusion of the edge condition in the basiscfions makes the numerical
approach very efficient as shown by the convergestady. This allows keeping
the number of basis functions, which determines dmaracteristic matrix

dimension, lower.

The electric and magnetic field lines correspondimghe dominant as well as a
number of higher order modes in the transverseepi@e graphed for triple and
guadruple ridged waveguides. Computer output mibedectric and magnetic field

lines that satisfy the boundary conditions proverésults to be perfectly true.

It is found that the quadruple ridged waveguide hasecond lowest cutoff
frequency very close to the dominant mode. Thus dimgle mode operating
bandwidth is very small. A large bandwidth can lebi@ved if and only if the

second lowest mode is sufficiently suppressed beraited.
The technique is easily applicable to situationgmhmore ridges are present. The

presented method is very efficient and can caleuddt kinds of existing field

behaviours over the structure in an acceptable time
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APPENDIX-A

ANALYTICAL SUMMATIONS OF INFINITE SERIES OVER THE
RADIAL INDEX

Al Closed-Form Expressions for Characteristic Matrces

The eigenmodes of one waveguide can be expandeld negpect to the

eigenmodes of another waveguide in a similar mawitérthe analysis presented
in [8] and [20]. Use of the orthogonality propendy the eigenmodes is made in
order to yield some identities. The closed-formrespions of the infinite sums
under consideration can consequently be obtainezllgble linear combinations
of these identities.

Considering two waveguides of cross sectigra®d $, with S| S, which are
joined in the plane z=constant (i.e. =0), where enales the longitudinal
coordinate.

K.z
>
< S ;
\ $1 \ S2

Figure Al Transition of Waveguide Cross Sections
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The fields for separate waveguides (i=1, 2) canliiained according to (2.4). The
field expansion functions of the first waveguide ahown with index (1), and the
field expansion functions of the second waveguide(3. The transverse and
longitudinal components of the eigenmodes corredipgnto the waveguide (2)
can be expanded with respect to the eigenmodesedguide (1) on the common

Cross sectionS

RFP= cNFP+ a,fY ¥ K (AL.1.1)
P P
MY ke dNE % bRY O W (AL.1.2)
p p
FP= fkOF ¢ (AL.1.3)

P

Making use of the orthogonality relations (2.5) §26) results in:

a,= (NY? kyx(NF?)ds
()
b= (NYO)x(NY?)ds
(%)
C = (NFFOY (N F2)dS (A1.2)
()
dy= (NFO) xR Y® k)dS
(%)
fo= (FO)YX(F?)dS
(8)

Testing the expansions (Al.1) with respect to tkpaasion functions of the

waveguide (2), the following equalities are obtdine

CoCogt  Bpgdpe=  (NF@)X(NF2) ds (A1.3.1)
P P (%-9)

Colngt A P= (NFO)(NY? " K de (A1.3.2)
P P (%-9)
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d,d b b

© 4 —
pa-pq pa~pq
p p (-3

()" T o= (FOX(FY dS (AL34)
P (5-9)

(NY @) N, Y®) ds (A1.3.3)
)

Applying the Stoke’s theorem, the coefficierslg, Dy, G dog and foq can be
written as:

a, = (NIY(;))* X( F(qz)))dl

(&)
bpq = (kS%E ? (Y (;))* X( Y(s)) dS
()

Coa = (Ki)®  (F) X(F)dS (A1.4)
(8)
=0

Pq

— 1
CRCERL

The formulation above is used for the transition t@fo hollow circular

waveguides.

All identities here will be shown with tilda (~) gfixed to distinguish from the
others. Assuming the radius of the first hollowcalar waveguide as ‘a’ and the
radius of the second waveguide as ‘b’>'a’, and gdime expressions (2.56) and
(2.59) as field expansion functions; the surfadegrals in (Al.4) will be simple
integrals with Bessel functions that can be catealanalytically. Considering that

the first waveguide satisfies the boundary condgispecified in (2.57) and (2.60),
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=- jZ,OC(Z) CTE,n pJ (k(mé) I Kored
bmn = 2pC'(I'ZE). Cgl'lén M ( TEE’) ‘]¢( lénTE (A15)
1_ (knTE
Kt

= apcy o, g (020,50, 9

The relations between different orders vanish bseaof the orthogonality
property of the complex exponential functions, amdly the expressions with the

common radial orders p are considereg-p=p).

The expression given in (A1.3.1) can be writteem$ome manipulations as:

Q) (1)

PTG I(Ked) [ K&%W(kn(z 52 I Rl

@ o ¢(kn 2 (A1.6)
_( TMa TM 2
=4 [(L- (kn(?M)) 2 (18, (Jp(’% )]
In the same way the equality given in (A1.3.4) barwritten as:

1 (ktw)? ) 512
108, ey K

nT™M mTM (Al?)

@
( (n(?Ma)) @(th( )?

The linear combination of (A1.6) andk?, a)* times (A1.7) results in:
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2 1 ( (1-|)—M)
g Rl 6L 3T
L 3% (AL1.8)

20k%,8) J,(k2,3

From the relation given in (A1.3.2),

(k)?
m (K0 (kD)
1 3,k
“2pkZa) 3 ¢(knTEa)

S[CR 3 (K ea]?
(A1.9)

The expressions given in (Al.1)-(Al1.4) can be ustézb for the waveguide

transition of two sector waveguides.

Let the outer radius of both of sector waveguidesbb and the angular width be

. Assume the inner radius of the first sector wanag ‘a’ (a<b) and the inner
radius of the second sector waveguide ‘c’ (c<b)sHtuting the field expansion
functions described in (2.63) and (2.69) into (Alte surface integrals will be
simple integrals that can be calculated analyfic&lionsidering that both sectors
satisfy the boundary conditions specified in (2.884 (2.71), the coefficientg,n,
B Cmn Can be written as:

a, = (ch(l) C(2 F(TM)(k(Z)Me) F(TE)( k(i1

_ Q kifta(k)®
1+d,
~ 0 )y - kD

= @ra) T e o Frk, 8 K, 9

whered , is the Kronecker delta.

S C C ETEN(K2) g FTO (KD, (A1.10)
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Since the sine and cosine functions are orthogmeations, the function indices

can be written agp=pn=H.

The expression given in (A1.3.1) can be writteem$ome manipulations as:

2 ® e 2, (12 34 (k) D oG o) a2
7 CREINA) (K el S, B
TM)¢( @ p

:éukﬁp PRI PCEE (%)2)

F(TM (kr(]
PR, e B, 9
k@ g2 Kid) F k@
(knTMa) (F,gM)(knTM )) ( nT™M a) F(TM (Kﬂ—M ]

(A1.11)
The equality given in (A1.3.4) can be written ie tame way as:
1 a 4
[( krEZ) ( 2 )(l) ) 2] Z[C'l(']l;/)lm F/;TM )% kr(:'i'M a)] ?
m ™
(TM)¢( @ ET™) ? 2) (AL.12)
=) (ﬁ) @ (yy (o mdg
( a) ™ a %r ( I{TM a
The linear combination of (A1.11) and (A1.12) resuh:
o (G R (kedl® (KD )2 ey
n @ 2 o2 oo velCm, F
m (Kyrm @) m (Knrw) = (KiT)
(A1.13)
1 TM)¢( @ 3

(

=2 D,
QKT T, 3

and the relation given in (A1.3.2) leads to,
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@)
o e (O )

2 1 F{P(k%b)
(1+d,)Q kZa) F(TE¢( ki?.a)

(A1.14)

A2 Closed-Form Expressions for Magnetic and Electd Fields

The closed-form expressions for the infinite sumamet over the radial index to
simplify the magnetic and electric field componetds be found by the same way
given in Appendix Al. Similarly, the cross sectmintwo waveguides will be used

to determine the closed-form expressions.

The transition between two hollow circular wave@sdvith radius ‘a’ and ‘b’,
where a<b will be examined.

Substituting the coefficients given in the equadi¢Al.5) into equation (A1.1.1),

the following two relations can be obtained:

@ @) £ 1)
e R TEa>r/aJp(k$nTEr)

k‘l) a
(kr(nl) rznTM (2) 8) (l) 2 ¢( e a)K(anMaJ ?l{n
m ™

11 J&(ké?mr)
2p kimwa J,(Kn 9

(A2.1)
S(C2 )23, (k2.8 k¥ 23 K0,y

m(kn(

kr(nl%Ma @ \2 I jp
g7 ) 3,5 WA I Ko

:i 1 £Jp(knTM I‘)
2p (k{n,@%r/a J (K2, 9
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and the relation given in (A1.1.3) leads to;

(krgql%ma)z (1) )2 3
()" { (2)8) ¢( e et (A2.2)
13 (knTM r '
201 o (K5,

These two equations can be used to determine TMesva¥ the hollow circular

waveguide (the equations (2.116) and (2.117)).

By the same way, the following two identities canfbund and they can be used
to express TE waves of the hollow circular waveguithe equations (2.114) and

(2.115)) by taking into account the relation giverfAl.1.2).

1) 2
e O3,k 3 K

1 1 J((Z)r)

20 k( La JY kg
(A2.3)

@ \2
i ()‘iij(k(z))z ()" 3,(Ked Ko1ca s Ko

_ 1 gk
ZPJQ(knTEa)

Now, the transition between two sector waveguiddsbe examined. Similarly,
substituting the coefficients given in (A1.10) intee equation (A1.1.1) results in:
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=N
oz Cre)” B (ke —— F P (ke

m (kr(1 r/a
k(TMa (l) (I'M)¢( a
ar!™ fK, )
m (kr(nl) 2- TMa) ™ ™
F(TM k(Z)r
e : (2% TM)¢( ) for mB1
Q knTMa F (K1TM
(A2.4)
(kém _(C2 )2 FI®) (K 8) K aF T K,
®
wa
T (g ) R A 2R (K
m ™
F(TM) k(2)
== (2>1 ZL ”(’rM)( H(QA for el
Q (K2 /a R (k%3
Taking into account the equation (A1.1.3), it cerréached that:
(ki1 a)?
(kr(nl) 2TM - 3)2( (1) ) F(rM)¢( r/a (1) aF“M’(lﬁ
m ™
2 FMM(K@ 1) (A2.5)
=" (TM— for m 1
Q R (kD)

Last two equations can be used to determine TM svémethe sector waveguide

(the equations (2.121) and (2.122))

The following two identities can be found and thean be used to express TE

waves of the sector waveguide (the equations (2.448 (2.120)) by taking into

account the relation given in (A1.1.2).
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(kugwl (CT(l)) F(FE)(k(l) a) FCFE)( k(l) I’)
. (kr(nl) E) m mTE m mTE

_ 2- dmo 1 F(TE) (knTE )
_ Q k(2) a F(TE (I(k

nTE

@ \2
e (€ ) FI9(K ) KR )

n (knre)” - (k7o)
2- d, F(TE>¢(k§$’Er)
Q F™Yk@a
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APPENDIX B

DESCRIPTION OF GRAPHICAL USER INTERFACE

In this section, a guideline of the graphical uséerface will be introduced. The
screen given in Figure B.1 appears when the comrtiertnGUI’ is written on
the command line of MATLAB.

) tezimGUL =1
ANALYSIS OF CIRCULAR WAVEGUIDES WITH AXIALLY UNIFORM SLOTS
— Inifializador 1 Field Evaluation Panel
Physical Setings - ir
05
Number ofSiots = | 3 0s
Slot Angle =% 0
(in degree) 08+
05
m&mﬂ@usﬂhcmhl 1
outerinner 1 ek
radusratobia) = | 2 4 05 0 05 {1 s
Cutoff Analysis Z
— SelectMode Cutoff Search Interval 05t
Start 2
™ Mode = < 04}
kea_Stop 22
: - 03t
|Cosine Polasization Fcramant |71—
_,s 02
Slot Phase Difference
FIND GUTOFFS
() Factor -I 0 04 b
— Selectkoa— 1
—Ll 0 L L L N L L L L L i
L1} 01 02 03 04 0s a6 o7 08 o8 1
CutoffFreq
Convergence Test (in GHz) .! FINIEZHZ | POWER I
| Frequen
™ Gonvergence Test I | fl: GHz}cy ’_._: r =e
Magnetic Current 1
Basis Funcions =] ©
CharacteristcMatixDeterminant BreskdavinEower
Expansion Functions B )
in Sector WG =1 1 oel
Expansion Functons 08 [
inCylindrical WG =[5 | Sl RESET
| o2
| . | cless
] o 02 03 ot 05 [ o7 [ 0s '

Figure B.1 GUI starting view

At the left hand side, the initialization sectioashto be set before starting to the
analysis. This section is divided to three sub gaies. In the first part, the

geometrical settings of the waveguide structureighlbbe done. These are:

Number of Slots ; it can be 2 or more. Initiallys set to 3.
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Slot Angle (in degree) : Initially it is set to Glegree. It can

be changed in the allowed range related to the euwibslots.

Outer radius (in cm) ; Initially it is set to 1 cit should be

chosen according to the desired frequency range.

Outer/inner radius ratio (b/a) Initially it is tséo 2. So, the inner

radius ‘a’ is 0.5 cm.

When the geometrical settings are changed, the gusde structure view will be

automatically displayed at the small figure windaiithe right side.

In the second part of the initialization section'$&lect Mode’ part. Here, the
modal preferences should be set. It is possibéekect with the aid of a pull down
menu, the mode type, TM or TE (it is initially sea@ TM mode) and the
polarization type, sine or cosine polarization g initially set to cosine
polarization). The slot phase difference (q) factefines different class of modes
and it can be set between 0 and N-1 (N is the nurabslots). The g factor is

initially set to O.

The convergence test part is the third part ofaliation section. Initially this part
is inactive. When the convergence test check bakdsen, the number of surface
magnetic current basis functions, the number d&d #xpansion functions in sector
waveguide and the number of field expansion fumstion hollow circular

waveguide edit boxes are activated and can be skfferent values.
After the initialization, it is now the time to s#te search interval for cutoff

wavenumber(s) (kca_Start and kca_Stop) and the Isagmate (kca_Increment).

The sampling rate is initially set to 0.1, but stimes when the zero crossings and
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asymptotes are so close to each other; it is reduo adjust the increment value to

smaller values like 0.01 or 0.001.

The push-button ‘Find Cutoffs’ starts the firstgaaof the analysis. If any cutoff

could not be found a warning is displayed. In tbése, the interval has to be

changed or if it is expected to have at least dmejncrement value for sampling

has to be lowered. If there is any zero crossirtpénsearch interval, they are listed

in the ‘Select kca’ list box and the correspondietierminant curve is displayed in

the figure window named as ‘CharacteristicMatrix@atinant’ at the bottom of

GUI window. Using this determinant graph, it is y&srecognize which values of

kca are concerned to an asymptote and which camegal zero crossing.

— Inifialization -
Physical Settings
Mumber of Siots = | 3

Slot Angle =20
(in degree)

clute:aﬁusﬂncrn)=| 1

outer/nner
radusrafo®fa) =| 2

— Select Mode

™ Mode =
[Cosine Polarizaton

Slot Phase Difference
(@) Factor EI—U

— Convergence Test

v Convergence Test

Magnetic Current
Basis Functions =| 4

Expansion Functions
in Sector VG =[a |

Expansion Functions
inCylindrical WG =[50

1

05

0

-05

-1

4 05 0 05 1
Cutoff Analysis
Cutoff Search Interval

wasat [z
wasop 24

kea_increment (001

FIND GUTOFFS

— Selectkeca

:I .

CharacterisicMatrixDeterminant
O

ANALYSIS OF CIRCULAR WAVEGUIDES WITH AXIALLY UNIFORM SLOTS

Field Evaluation Panel

CuftofiFreq

(nGHz) 2045

FIND EzHzZ

=T

Frequency

(in GHz) =1 21

T T

O
T

Figure B.2 GUI view at the end of cutoff analysis

When at least one cutoff wavenumber kca is founth@enspecified interval, the

field evaluation panel at the right hand side Wil activated. The related cutoff
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frequency for selected cutoff wavenumber is dispthyautomatically in GHz.

Here, the operation frequency has to be set far ied power analysis.

) tezimGUI =10l x|
ANALYSIS OF CIRCULAR WAVEGUIDES WITH AXIALLY UNIFORM SLOTS
—Iniakzaton —————— Fleld Evaluation Panel
Physical Setlings 1
I'T 05
Number of Siots = 08
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(in degree) 08
outer radius (nem)= | 1 =
04
outerfinner -1
radusrafo/ay =| 2 = -
1 05 0 05 1 i
— Cutoff Analysis
_ Select Mode Cutoft Search Inferval 0
foamose 5] kea_Start 21 Yo
kea_Stop 22 04
ICosine Polarizaton i l
kea_lncrement | 0.1 08
Slot Phase Difference FIND GUTOFFS 08
(@) Factor =[o 2
— Selecthca- . - 1
R | . . " . L . L L s L L
1 08 06 04 02 0 02 04 06 08 1
CuloffFreq
— Convergence Test- (in GHz) -i 429 FIND EzfHZ | POWER |
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Expansion Functions ! T T T T
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21 L 1 L L i | GCLOSE
2 iz i z8 ) 22 22 221

Figure B.3 GUI view at the end of field evaluation.

The push-button ‘Find Ez/Hz' starts the field asadyfor the selected cutoff
wavenumber (). When the calculations for field evaluation ésntinated the
figure window and plot button of the field evaluatipanel are activated as given

in figure B.3.

Contour and surf plot options are available. Whea plot button is pushed the

field lines is displayed as given in Figure B.4.
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Figure B.4 GUI view at the end of plot process.

The power calculation over the waveguide structteie be also done for the
related cutoff wavenumber and specified operatregquency. The distribution of
power vector can be displayed by ‘plot’ button witie same way of plotting the
field distributions. The amount of breakdown povier selected frequency and
dimensions can be seen on the ‘Breakdown Power’aidke right side of GUI

screen.

The version of MATLAB used in this analysis is Mers 7.0.1.24704 (R14)

Service Pack 1, Septemberl3, 2004. A program buendésuntered for the surf
plots of the fields. A reset button is added torowene this bug for the application
in this version. When the version 7.2.0.232 (R2Q0&anuary 27, 2006 is used, no

problem is encountered.
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