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ABSTRACT

The cutoff  frequencies and the dispersion
characteristics in unilateral, bilateral and insulated fin
lines are - evaluated using the . TLM method and the

transverse resonance method.

, i N
The errors affecting the TLM solutionSyare analyzed and
corrected, and the cutoff frequencies in fin lines are
obtained with an acﬁuracy better than one percent.

‘Simple but accurate expressions based on ‘the transverse
resopance method are developed for +the design of fin lines.
The effect of the dielectric substrate on the susceptance of
the £in is taken inte account 3hy'introducing correction
factors which are obtaimed from the TLN solutions'at‘cutoff.
A dispersiom characteristic obtained im this fashion agrees

with Published neasurements, numerical solutions and - the

ihree-dimansional TLM soclutions within one percent\\
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SUNMARY - ..
. ) | . . - ' . /

This thesis déals with the analysis of i-r;tegrated
fin lines. In chapter I, thé introduction describes the
basic features of fin ;ihes and the advantageé- over

"micfostr%@s in the mm-wave range. Thé pufpose of this study

and the methods to be used are also described.

In chgpter II, the transverse rgsohancq method is briefly
Teviewed by analyzing a finned wvavequide ( a special case of
fin lines with no dielectric §ﬁbstrate ). The cutoff
frequency, guide fuaqelength anﬁ characteriétic impedance

»

are ohtained.
&
A .

. Chapter III léis thé foundation for the two-dimensionmal
TLM analysis of £in lines. The‘ TLM method is revieuéd and
applied to analyze the finnéd vaveguide discussed in chapter
II. The nornalizéd cutoff frequency_is obtained from the
imﬁulse response of the sinﬁlating network via Pourier
transformation.: The errors associatg& vith it - are
éxtensiveiy investigated and . a linear extrapolation
technique is developed to eliminate the errors. After the
error correction, the cutoff frequencies of the finneéd
Wwavequide are obtained with an accuracy “better than one
percent.

- yii -
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_ L-In chapter IV, the three-dimensional TLM 'néthod is
bfiefly described and applied to evaluate finned vaveguides.
A finned rectangular cavity ‘1s analyzéd; and the reéoﬁant
frequency is obFAined from the impulse response of the TLHM
network via Fourier t:anéfo;lation. Two components of ihe
coarseness error affecting the TLM solutions are defined and

-

analyzed. They are the transverse and longitudinal

1

coarseness errors. Errér characteristics are propogéd for
”th;"error correction of the TLM solutions of finned
‘uaveguides and‘ for the error approximation of the an
analysis-of‘fin iiqes; -

-
In chapter V, ~ three fin line configurations, namely

unilateral,'bilateraL and insulated fiﬂ'lines, 'a;e analyzed -
v d

using the tyo-dimensional TLM method. The normalized cutoff

frequencies of the fun&guentql-and second order wmodes are
obtained. The associated coarseness error is anhlyied and
.the‘ 'linear extrapolation technique i; found to be
appropriate for’ extraleating the. fundamental cutof £
.frequénc;es. To elimipate thé errors in the second order .
mode cutoff , a loqérithnic curve fitting technigue is used.
After correcting the.e:rors, the cutoff frequencies obtained
are of high accuracy ( better than one ' percent ). In

addition, the transverse E field lines in fin 1lines are

plotted since the information on the -field intensity is

available on all the nodes in the TLM network.

- vyiii -
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Chapter VI discusses the three-dimensiohal TLn-sinuIatiou

of fin lines. Cavitles comtaining unilateral, bilateral and

insulated fin lines are analyzed and the resonant
frequencies are obtained. In addition to the errors
discussed in chaéter IV, an error due to the simulatjon of

the dielectric boundary is analyzed. 'Asylpﬁoﬁic valuss of

A

graphically. * The results are dbout omne to two percent

higher tham the published transversé resonance solutions,

In chapter VII, sinéle but accurate expressiohs are

developed for the design of fin lines. The transcendental

equations vhich  represent the transverse resonance

4.
X

the normalized propagation constant x/hgh'are obtained

conditions in - fin lines are revieved. The effect of thé

dielectric substrate on the susceptance of the 'fin is taken

into account by ipntroducing correction factors.'-"These

correction factors are obtained from the two-dimensional TLN -

~

solutions at cutoff., The normalized - propagation comstant

calculated ir this vay agrees uitH/‘puhlished meaéureneqts,
numerical solutions and the three-dimensional ‘TLN sbiutions

( agreement better tham one percent ), ~

»
o

-

Finally, chapter VIII describes future résearch on the pro-
blem of fin line discontinuities and contains the conclusion for

this study.

o = ix =



ABSTRACT

TABLE OP CONTENTS .

e & ® 4 ® » & & 8 ¢ e + & s ® s s e v = 2

ACKNOWLEDGEMENTS o-o * ¢ = * o L L s * @ & =

LIST OF AC

SUMMARY .
Referances

Chapter

I. INT

RON!HS - [ ] L] L] L] . L ] - - - - L] ; L] - - L] - -

L] ._./(. - L] L ] *
[

BODOCTIOR « o o o o o o » " e ‘s & =+ ‘o e & o

il

Fip LiDe <« & o . o o o o »
Purpose of Study . . . .

- - » L L] - - - *

L I 3

-
s ® ® e " - s e

. IT. ANALYSIS OF FINNED WAVEGUIDES USING THE TRANSVERSE
. ' ' RESONEBCE HETHOD . - = . . . . & . [} . . & @

I1I. ANA

Introduction . o o« « « « . . .
Transverse Resonance Condition at Cutoff
Cutoff Frequency and Guided Eavelength
Characteristic Ilpedance « e o o o o
Voltage~-Current Definition .
Pover-Voltage Defimnitiom . .
DiSCUSS1OD &« o« o o ¢ o o + o &

¥y B 8

s & @&

. ¢ s &

s & 8 & 8
5 8 & 8 & 8 &

8 & & & & 8 @

LYSIS OF FINNED WAVEGUIDE USIKG THE TﬁO-
DINENSIONAL TLM NETHOD & o« o o o « o = o o

-

Introduction . . . . c o o o = o = . -

Short Description of the Tuo-Dinen51ona1 TLE
EethOd - - - - - L] . - L] Ll - - - L] -

The TLM Simulation and the Computer Prograa

Error Rna}ysis and Correction e s e s s s

-

TIIHICatLOD Error a ® ¢ ® 8 e e o & e e = 8
VelOoCity EITOr o« ¢« s o o o o o = s s o o @
Coarseness ETTOL ¢ « o « ¢ .0 ¢ o o o = o »
ROSULLS @« « o o ¢ a o ¢ 2 8 o o o o o s s = «
Discussion L] Ll L] - - L] - - L] - [ L] ll. - .' L] -

’
- X =-

¥
> —’—_-_

4 & a4 B & & @

a4 & & & & & B @

iv

vi
vii

N -4

—_ ok ok
WNN2OD [+

16

17
17
18
25
27

28
29
37

39 .

e i e s e g — 3



G .

IV,

HchOd .« & = @ . . ] . o [ . » . o _ @ ‘. -no
Brror ADAlYSiS o« o+ e o ¢« o o o s s s o ¢ o o« o 843
_Truncation Error and VGlocity BITOT . - « o+ 83
Couseness BETOL ¢ s+ s+ = e & % a 8 ® s 8 » .= 44
Discussion e« ¢ ® @ & @ 8 . % e 8 8 s e v e = = 52
V. thL!SIS OF FIN LINES USIHG THO-DIMENSIONAL TLN
BETHOD L] L J - L ] - » . [ ] - - a L] - _._.. - .‘ - - 53
INtroduction o . ¢ o o * o s .2 o o o 4 s o o o 53
The TLE Simulation . « + o ¢« o ¢ ¢ ¢ ¢ o « « o+ 54
BError Sources and COrrection .« « « ¢ o «le o o 57
Truacation Error and Velocity error . . . « 57
CoArSADNASS BITOL « o ¢ = ¢ s o« s« o o s o » « 598
OVerall BETOT « « o s « s« s o a'a o« « « & o 60
Results - l. .‘ L ] L] L ] - - L * . ° - - - - .. » - L ] 62
Field Configurations .« « oo = o o o o o o o o 69
DISCUSSION & 2 s o o ¢ o o ¢ ¢ o s e o o s o+ 73
vi. ANALYSIS OF FIN LINES USINKG TEE TBREE-DIHENSiON!L TLﬁ
. HETHOD . e e ® - . s = a . @ e & a =» s = . @ . 7“
The TLH SinlIlation . & - L ] * - L ] - - - .- - L] L ] 7"
Erl;or lnalYSis .« . e . ® ‘@ ® a % = * @ @ o & = » 76
Unilateral Pin Line « ¢ ¢ ¢« o« ¢ o o o o o o, o o 78
Bilateral Fin Line . o « « » « & « ¢ o o s « o 82
‘Insulated Fin 'Lin@ . e« « « o« o = s ¢« o o s « o 88
vVii. ANALYSIS OF FIRK LINES USING THE TRANSYERSE RESONANRCE
HETEOD - a - » » L J - L ] L] L] - - .\' .. » >l L - - 86
Transverse Resonance Condition im Fin Lines . . 86
Correction Factor Obtained from Two-Dimensional
TL! So lutions . - L ] - L ] [ ] L ] [ ] L] - - L] [ ] - 9 1
Voo Results and Discussion8. @ o ¢ ¢« o o ¢ ¢ 4 o o & 94
VIIY. PUTURE BRESEARCH AND CONCLUSION . « « o « o o ¢ « « 96
Future ResearCh s ® & ® & w & = - e 8 & v s 96
"Conclusion ¢ ¢ e o @ & = . .w 8 . « s o.0 » 96
Appendix B page
Al A L ] COH PUTER PRO GBAH . - - [ ] 4 [ ] L ] L ] - [ ] a - [ ] - [ ] - 1 0 0
B. . ORIGINAL TLM SOLUTIONS . ¢ o s .0 ¢ a.2 5 ¢ o o o 123
T . ’
References ¢ % & e . 8 8 e & & & + 8 e 8.8 & + w 8 4 s 139

Short Description of the Three-Dimensional TLB

~

DINENSIONAL TLM NETHROD .

- xi

ANALYSIS OF FINNED HIYEGUIDES USING A THREE-

« N0 .

e ————————

e e T b E i s = =




|53

LIST OF FIGURES

Figure o | _ . page
1. 1. Cross secé;;nﬁgg (a) unilateral, (bj-insnlated, (c) |
bilateral, ( r\?ntipodal fin lines. « ¢« ¢« o« &« o« « 2

{.2. Practical fin-line construction. Dielectric substrfate

is (a) imserted into the slit. (b) passed through\> '
. B

broad walle « 4 ¢ o« o = o o « o s s « o s » o o
2,1, Finned vaveguide. (a) Cross section and the transverse
equivalent netvork for (b) odd- (c) even-order
resonance L] I‘ L » - - - L ] - - - - - L ] L L ] L ] L) L] L] 9
C | ‘
2.2. Characteristic i;;zahnce of finned wvaveguide at
' infinite frequency. « « « « « o 2 ¢ ¢ ¢ « o'e o & 15
3.1, Shunt-connected two-dimensional TLM network. . .‘. . 21

3.2, Two-dimensional TLM shunt nodes. Voltage representing
- (a) E field. (b&ﬂf.ihld........_.....22

3.3. Series-connected TLE Dod@s o« o o ¢ @ s o« o ¢« a o o « 28

3.4. (a) Cross section of finned waveguide and (b)
equivalent two-dimensional shunt-node TLHM &
netiork. ..-'---.-.o..-......-26

3.5. Linear extrapolation minimizing the errors affecting’
the TINM solutious of b/, in finned wavequide, . 32

3.6. Coarseness error affecting the TLR solutions of b/\."
for the TE 3 mode in finned vaveguides. . . . . . 38

3.7. Maximum coarseness error affecting the TLM solutions of
b/, for the TB;; mode in finred waveguides. . , 35

4.1. A three-dimensional TLH. BOAE « o ¢ « o o & o & o 0 o 4l
4.2. FPinned waveguide cavitfe + o « o s o = « s« o o « & o« 45

4.3, The coarseness error affecting the three-disensional
' TLH solutions of b/\ in finned wavequides. . . .47

4.4% Slab~lcaded waveguide cavity. s e « a » o « s s s o 48

»

-xif -



5.3.

5.4.

5. 6.
5.7,
5, 8.
5.9,
5.10.

5.11.

‘The codrseness ‘error affectin§ the threefdiienSional

TLH solutions inm-slab-loaded vaveguides. .« « . . 49

The iongiﬁﬁdinal coarseness gfror co-pbnent in the 3
three-dimensional TLA solutions of finned

Ha'eguidBS. e o ®# & ® 8 ® ® 8 ®w s ®w e ®'"s & » L 51'

Cross sections amnd equivalent TLN networks of (a)
unilateral, (b) bilateral and (c) insulated fin
linas' - L ] : [ .\ .. - - 9 [ ] - - L ] - - L] - l". - L ] [ ] 56

Rxtrapolation technique ninimizing errors in the .
fundamental cutoff frequency b/hce « ¢ « o o o « 59

Eitrapolation technique minimizing errors in the cutoff
frequency of the second order mode. . « + « « = & 61

Normalized fundamental cutoff frequenéy in unilateral
fin 11“35- s = e ; DO N R e ® & % u = & @ I'63

Normalized fundamental cutoff frequency im bilateral
fin l.ineSa L] - - - - L . - - - * ., @ - L - * - [ I 6“

¥ormalized fundamental cutoff frequency in insulated
fin 111193. a = = & - s e @ - . ® e 8" » .« o . s e 65

Normalized -second order cutoff frequemcy in unllateral
and insulated £in 1in€. « « o « s o o o o ¢ o o o 66

FNormalized second order cutoff frequency in bilateral

fin 1iues. L] L] [ ] L] L] . - ) - - - L] . » - -» L - - * 67

The transverse E fleld lines of the fundénentai node in
‘an insulated fin line. =« ¢ ¢ o & ¢ o o o o o0 . 70
The transverse E field lines of the fundamental node
in a unilateral fin 1liD@e « o« « o o o o s o o » o 11

The transverse E field lines of the second order mode
jn a upilateral fin line. . « o ¢ ¢ & ¢ o o & o, 72

6.ﬁa_;gni1ateral,£iﬁ line cévity. « s e o s s s s s a e 15

6- 2-

6.3.

6. 4.

6.5.

_(a) Dielectric recess and (b) dielectric protrusion inm

the threefdilensional TLM simulatione ¢ « « « o« « 77

Convergence of three-dimensional TLM solutions in
gnilateral fin lines as af decreases. . «'« « « « 79

Dispersion characteristics of upilateral £in lines
obtained with the three-dimensional TLM smethod. . 81

Dispersion characteristic of a bilateral £ip line
obtained with the three-dimensional TLM method. . 83

- xiii -



FIATETAEY

Dispersion characteristics of insulated fin lines .
obtained wvith the three~dimensional Ti% method. . 85

Cross sections and transverse equivalent.neiuorks of
(a) unilateral (b) bilateral (c) insulated fin
uneS‘ - » L ] - [ ] » [ - - - .- L ] -. - - - - - . L - 87

Correction factor P for unilateral and insulated fin
linGSO L ) - - . @ L] 0_.. - » » L] L . ... - L ] - L ) [ ] 92

Correction factor G for bilateral fin lines._. e s « 93

Normalized propagatiaon constant of a unilateral fin
" line obtained ‘from two-dimensional TLN solutions. 95

- K

- xiv -



[ e R T T T T TS SR SR

LIST OF TABLES \

Table T R " page
3.1; Comparison of the TLH solutibns‘of b/\c¢ in rectangular
wvaveguldes using different mesh size:. . . . + « o+ 30
3.2. Comparison of the values of b/)\. for the TBig mode in
finned waveguides using the TLK, FE and TR . "
Iethods. e ® % B &4 8 ® & &8 & ® 8 % & ®© 2 w8 8 & » @ 38
5.1+ Conpariéon of the nora. cutoffs b/xc in insulated fin
lines obtained with three different . methods. . . . 68



Chapter T

vy

INTRODUCTION

: A . - '
At microwave freguencies, NIC technology is widely used
to realize lou-coét, compact nodules: In recent years, .

active and passive solid-state devices have congquered the

aillime ter-vave range.  At present, new circuit technology
must be developed to accomodate these deviceé.

Kicrostrip technology is very successful in applications

up to abouti8GHz, but microstrip circuitry becomes increasingly losay

and difficult to fabricate at higher freguencies. In
~ particular, radiﬁtion losses are severe at alllimeter

yavelengths., Extensive research is nov being undertakem on

the development of alternate transmission media for the

millimeter-wvave range. llopéithe most successful candidates -

for integrated ms-wave circuit realizations 1is the fia linme

which was first proposed by ueier[1]..

1.1 FIN LINE

The cros§ sections of some typical fin lines are shown in
Fig.1.l. Depicted are unilateral, imsulated, bilateral and

antipodal fin 1lines. In fin-line structures, thin metal

3
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.fins are printed on a dielectric substrate uhich bridges the

broad gide of a rectangular uaveguide. The structure say: he

vieved as a slot line with a shiald, a ridged vavaguide
partially filled with dieloctrics,. or as a slab loaded
uaveguide with thin fins‘deposited on_tue slab. So;id-stata
devices can be mounted on tue substrate and connected to the
_fins either in parallel or in series. " "In order to
accomodate ustiva devices, the fins must be insuluteu from. the

- wavequide valls so that a dc bias can be applied.

In practice,when.a fin line 1s constructed, the dielectric
substrate may either be inserted into a slit in a
rectangular wvaveguide léunt[12] { as shown in Fig.1.2a ) or
passed through the broad wall of the shield ( see Fig.L2b i
and fixed betveen the two halves of the housiug with pylon
screwr[1]. In the latter case, to electrically close the
vall opening in tue'dielectric region, the wall thickness is
made equal to one quarter - of the wvavelength in the
dielectric, thereby causing an RP short circuit to appear

between the fin aand the iamner vall of the shield.

Pin line is superior to microstrip in several respects at

milliseter-vave frequencies. Itis characterized by:

1

1. higher unloaded @ factor,

2. broader single mode bauduidtP.

-
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3. freedom from radiation,
%. better compatibility with hybrid devices,

5. siapler fnterfaces with rectangular va}eguide;

Many applications of fin lines have been reported in the
- literaturs, Fin lines have been used in the design of
PIN-attepuators, filters, broadband dectectors, balanced

mixers, power dividers and oscillators [1,2,3,5,6,4].

Nethods for the evaluation of the guided wavelength fé}
alternatively the effective dielectfic constant )  aad
charactefistie impedance in fin lines have been praéented by
Nelexr{ 1], Hofmann(2], Saad and Begemann[7), Chang and
‘Itoh[S], and Hoefer{23]. ; Bost of these methods )\ are very
complex, requiring either extensive computer programsing or

frecision seasurement ( as in Meiler's case )i inqg there
is some  disagreement between their results,, it was
considered appropriate to verify thea ;ifher bj precision

measurements or by a computer siamulation inspiring the same

confidence.

1.2 PUBPOSE QF STUDY

The purpose of the present study is twofold:



1. to present results which are sufficiently accurate
3 S

to 'serve as a reference for other methods of

_fin-line'anaiysis,

2. to develop simpler but nevertheless accurate
expressions for the design of fin lines of

arbitrary geometry.

To obtain accurate ;esults, the Transnissién-Liné‘Hatrix
. (TLE ) [9) method is used. This is not a numerical method
‘-for ~solving uaiuelltgwhequations, but rather a computer
sisulation of field propagation in guiding structures. In
order to obtain the reqﬁired accuracy, an extensive anaiysis
and co;réction” of errors affecting the - method must be
carried out. )
—_—TN Iy
: f

EVER“ though the TLM =method yields results of high
'acg:racy ( typically better than 1%), it is too involved
to be applied in the design of fin lineé. Much siapler
expressions for the guided wavelength and characteristic
iapedance can be obtained using .the Transverse Resomance
( TR ) method uhich has been applied by Hogfer[23] to the
analysis of fin l1lines. The transcendental equations to be
solved are relatively simple and contain a corréction factor
which accounts for the effect of the dielectric substrate on

the transverse susceptance of the fins, The results

obtained with this method are quite accurate once the



\

correction factor has been obtlined accurately. Hoefer[ZB]
has calculated the correction factor by lodifying cohn's
foraulaf 13] for the_transvorse snscoptance of =slot lines.

In the present study, correction factors are calculated via

two-dimensional TLH analysis which is more acctrate than the:

modified Cohn's foraula.

-
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Chapter I

s

ANALYSIS OF PINNED ilvxcuxnﬁgﬁusinc THE TRANSVERSE RESONANCE
. " BETHOD -

"\’/

-

2.1 INTRODUCTIOB
Finned waveguide ( a wvaveguide with a central ridge of

zero thicknass ) is a special éase"of fin line without a

dielectric substrate. Considerable design information for

this structure .is available in the literature [ 14,15,16,17]).

In the present chapter, “the TR analysis of this special case

of fin liﬁe is briefly reviewed. 1in order to better

demonstrate its applicégibn to the analysis of the géESraﬂg\.'

case. The detérlinatibh_qf three parameters, nauelyf&utoff

\

frequency, guide& vavelength and characteristic impedance is%

discussed. ‘ ' , ‘ K TN

2.2 TRANSVERSE RESONANCE CONDITION AT CUTOFF

The cross sectlion of a finned vaveguidé is shown in Fig.z2.i.
The electromagnetic fields at the cutoff frequency represent
a wave traveling in the transverse direction vitiout any '
longitudinal propagation. Sugh a structure may be treated
by assuming that it is an infinitely wide, parallel-plate
transmission line of height b, short—circuited at x=0 and

x=a, and contalning two infinitely long fins at x=a/2. For
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Figure 2.1: Finned waveguide. (2) Cross section, and
transverse equivalent network for (b) odd-
order resonance, (c) even-order resonance.
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b<a ( vhich is satisfied in all applicatioms )s cutoff of
‘the dominant fin-1line mode ( a distorted Tﬁto mode in
rectangularlvaﬂpguide ) occurs at the frequency at which

" “this plate transaission line has its-lowest order resonance.

The cutoff of the'higﬁer order modes.of . this type { TE o)

occuré'at the corresponding m-order resonance fregﬁencies.
For m odd; the total t;aﬁsfarse suseptance is zero at the
cente: of the cross seétion. ro? n even, tﬁis susc§ptance
must be infinite. . A resonant"condition may therefore be
defipned by setfing the transverse input susceptance of ﬁalf
the cross section equal to zero or infihity (.Fig.ZJJ. The

discontinuity susceptance of the fin must be included in the

-

" calculation,.

Por the odd distorted TE,,, mode, the transverse resonance

condition ( or the cutoff conditiom ) is:

1B Ta _ _ .
7 Y -—cot-i—-— 0 {(2.1)
O [4
where " A, is the cutoff vavelength. The normalized

susceptance B/Yo,1s given by Marcauvitz [17] as

qQ cos4 7d
"B 4b [ wd 2b
= = — |1ln{(csc =)+ — +
Yo e 2b 1+Q sin —;g ‘
1 b .2 .2 7d 2 4 54 (2.2)
Ig(x;) (1-3sin 55) cos ¢l
with Q = [1—(%—-)2]'5 -1 : (2.3)
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"Por the even amodes, the egquivalent circeit is shown in

Fig.2.1(c). In this case, the cutoff condition beconmes

~

cot‘%: =0 - (2.4

This is exactly the condition defining the even TE, A modes

in empty rectangular waveguides. This is physically evident

since for these modes, tha eléctric field is iero at the

location of the. fins. AN

-

2.3 CUTOFF FREQUENCY AND GUIDED RAVELENGTH -\

Equation(2,1) i§ correct only if the affect of the side

‘walls on the fim susceptance is fully taken into account.

4

However,_in all cases where'b/a = 1/2, this proximity effect
is négligible and Marcuvitz's formula for B/Yo is

sufficiently accurate.

The cutoff wavelength 1s obtained by finding values for
M. which satisfy the transcendental equatioms(2.1) or(2.4.

This is done by using a root-finding algorithm. The guided

" wavelength can them be obtained using the simple formula:

' 2.-1/2 '
) Ag.zk [l—(l/lc) )| / (2.5)

where A is the free space wavelength.

- 11 -



2.4 CHARACTERISTIC IMPEDANCE

The vave impedance of any TE wave in a upiform wdveguide

of arbitrary cross section is given by \

Zog = M°XQ/N (2.6)
In naieguide problens, however, the definition of the
characteristic,impadancé { Zo ) depends on the application,
In the mwmajority of cases, Zo is. defined - cas a
voltage-to-current. ratio or is defined in terms of the pover
transmitted for a given voltage or a given current. Similar

to the wave impedamce, Zo is expressed .as

L

L]

Zg = Zoo-ng/k . (2.7)

vhere 2Z_, is the characteristic impedance at iafinite

frequency.

2.4,1 Voltage-Current Definition

The voltage-to-current-ratio impedance is defined as

Z(V,I) =Vo/I (2.8)

vhere V, is the line integral over the electric field taken

along the center of the waveguide cross section, and I 1is



the total,longikudinal current flowing in thé top or bottons
of the guide. In the formulationm of this‘rat_'to for 2 finned
waveguide, the current is 'éeparated Jnto two components:
fay a 1ongitudiﬁa1 component in the tbp plane of the
vaveguide, which excites the principal field; and (b) a
longiﬁudinal component on Dt.he fin which preduces the local
field. The first coamponent is ‘deriyed from the field,
distribution in the qaéegui&a cross section [ 14], and the
second component may be determined by considering the field
distribution in the vicinity @f the ‘discontinuity. The
cﬁaracteristic impedance, Zy[V,I), of the finned uaveguide

thus obtained is givem by [16]

ZolV,1) = [1201721:/)\(:]/[‘21__%0 +tan(1m/2?\c)] .(2.9)

b 'S

vhere B/Yo is given in egm.(2.2).

2.04,2 Power=Voltage Definition

The power-voltage definition of the characteristic

impedance is defined as

r
L

2
Zo =V /2P (2.10)

where P is the averaqge pbuer carried by the guide and V5 is

the peak value of the voitage as defined in.eqn.(2.8). In his

e
- 13 -
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paper on ridged waveguides, Hopfer[15],ihas -given' an

expression for P. By using this expression, the impedance is

derived as

ol PV) = [1201?213/7&]/[2" 1n(csc2b) +

(Ech zsxn— cscz Ex—'c] . | (2.11)

The characteristic impedances as defined by egns.(2.9) and

(2.11) can be obtained once the transverse resonance condition
agn.2. {)has been solved. Fig.2.2 prgsents the characteristic
impedance of a finned vavequide at infinite frequency as a,

function of 'mormalized gap width d/b for an aspect ratio of

bra = 1/2, The value of %o (P,V) is shovn to be larger than

that of 2n(V.I}, similar to the impedances defined for an empty .

waveguide., ( Note that a finned waveguide with d/b = { is an empty .

guide.) This is caused by the way the impedances are defined
and By the value of V, selected. ' ~
\
~—,
t
]

! :

Ve

eny,

s
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2.5 n;;gy_gml/ ' |

Pi&ieh waveguide ha;gpean analyzed using the transvﬁrse,-
resonance method. i Trd&&yerse fesonaﬁbé conditions‘ are
axpressed bf transéendentax equations from which the‘cutoff
freguenéiés and qqido "iaveleggths are obtained. The
expressions for characteristic impedance based on
voltage-current definition and power-voltage definition are
also presented. Since a finned wnvegu;de is a special case of
a fin line, this information is helpfuf in the understanding

of the amalysis of fin linpes,.



Chapter III .
ANALYSIS OF FINNED WAVEGUIDE USING -THE TUO-DIHEBSIOIIL TLR .
NETHOD /

3.1  INTRODUCTION

The twvo-dimensional Transamission-Line Matrix (TLH) method

‘was first proposed im 1971 by Johns and Beurle [ 18] and Las

" bean successfully applied to Iaveguide.bifurcationAéroblens

{18] and to a ridged vaveguide problem [20].

It is a powerful tool for solving the homogeneous vave
egaation in complex structures and can tﬁerefore be dsed to
verify the accuracy of approginate solutions, provided that
the errors affecting the TLM solution are knouﬁ and can be
compensated., The aforementipned authors have specified three
typeé of errors affecting the results obtained with this
sethod, namely truncatioa error, velocity error, and
®coarseness" error. While the first two types of errors cam
be readiiy, defined and predicte&, the *“coarseness"™ error
vhich reflects the spacial resolution of the tramsaission

line matrix, is more difficult to evaluate and to apalyze.

This chapter investigates these three .errors as they

occur inm the TLM analysis of finned waveguide. The finned

-y 17 .-



vaveguide was‘ghoson'tor the following reasoas: (L. :his

structure vas used successfully by Konishi et al. [21,22])
in the realization of conveﬁ&grs and filters. It is thus 6f
practical interest. - (ii). It <can be anai}zad very
accurately using the transverse resonmance method. Results
can thus be vgr££1ed for accuracy. (i%i). This structure

is a speclal case of the fin line which is of particular

"

interest.

3.2 SHORT DESCRIPTION OF IHE IWO-DIMENSIONAL TLM METHOD

In the TLAH model, prspagation in a tvo-dimensional mediunm
is represented by the voltages and currents on a Cartesiaa
mesh éf transaissica 1lines. Analysis iof the mesk is
accomplished by considering an 1impulsive excitation and
following the progress of impulses as they propagate
throughout the matrix. The mesh is represented at each node
by a sﬁbnatrix of ‘four numbers describing the magnitude of
the incident voltgges along the four coordinate Qirecfions.
The matrix as a whole consists of a number of submatrices

corresponding to the number of nodes in the matrix.

At any instant, the iipnlsive voltages incident onto a
pode are scattered and yleld reflected pulses. The
reflected pulses from each node then become the incident
pulses of neighboring nodes and the process 1is repeated on

an iteration basis. Each iteration corresponds to a unit of

- 18 =



time whick is the time required for pulses to travel fros

one node to its neighbor.

Pig.3.1 -sho-s a t}ypical shn;:t-node tvo—dilen{sional TLA
network. Note that here each single line repreéents a pair
of parallel _v-iras forling.a: transaission 1line. These
transsission 1lines are shunt connected at the so-called
"nodes". If .V, (x,y} is qthé unit voltage impulse teflected
from the node at'.(x.y) into the direction n at time _kéég,

the iteratlion process at the node (x,y) is suamarized by

V(= y)] Va0
Vz(x, y) V4(x -1,vy)
= S {3.1)
v3 (x, Y) vi(xl Y+1)
k1 -V4(x,y)- K L.Vz(x+1.}')_
vhere the scattering matrix S is given by
B
i i i 1
i
= — -1 :
211 1 a1 (3.2)
101 1 1]

- 19 -



I is the. unit matrix, AZ- is the distance betveen

neighborlng 'nodes and c is the velocity of'ligﬂt. The'

coordinate directioms n= 1, 2, 3 and 4 correspomnd to -y, -x,

+y and +x, respectively ( see Fig.3.1).

-

In - order fG//;;:nlate the boundaries of a complex

structure, appropriate raflection “and transaission
coefficients must be ;ntrpduced in the simulating netuéét.
These boundaries may Ibe electric walls, magnetic vqlls.
1ipedanqe walls or dielectric bqundaries.; If_ . for
instance, the electric field in space is represented by a
'voltage in the simulating network ( as sﬁovn in Fig.3.23),
boundaries in the TLH netvwork are the same as those in the
real struéture. ~ However, if ;he magpoetic field is
represented by a voltage ( ag shovn in Fig.3.2), boundaries
in the network are- dgal to those im the real structure,

i.e., a short-circuited wall in space is represented by an

open-circuited wall in TLM network and vice versa.

-

The TLM technique calculates thg‘ impulse response of the
simulating network. The oautput impulse ' function can) be
taken at apny node in the matrix, It consists of a stream of
pulses which arrive at the output node, The impulse
function for a closed structure contains not only

information on the dosinant mode but also on all higher

order modes which are excited by the ispulsive source. The



(x~13y+1) Lo y+ty l(x+1',.y+'1)
Vi(x.y+1)
v4(x'1,Y) \l'3(x' Y)' \@(x,y) .
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Figure 3. {: Shunt -connected two-dimensional TLM network.
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Figure3.2:Field representation of TLM shunt node.

Voltage representing (a) E ﬁeld. (b) H field.
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series-connected node ([19] as shown in Pig.3.3.

L - P T e

aw

required informatior ‘'is extracted from the output iapulse

function_hy‘QOIputing its rourier transformation. -
o =

“The TLM network - can also be nmade up of the

The basic

“

iteration process and programsing procedurs for this network

are similar to those for the shunt-coﬁhgcted‘ netwvork. .

Hovever, the voltage‘scattaring matrix for the serles-nodes

becomes{ 19]
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Figure3,3: Series -conpected TLM node.
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3.3 28E-TLA SINULATION -AND TBE COMPUTER PROGEAR

Fig.3.4shovs the cross section of a finned rectangnlar

~

‘gaveguide as well as its siaulating TLM network consistihg

of.. shunt-connected transaission lines. ‘Tbtough the
introduction of appropriate syasetry conditions, only one
quarter of the cross section is required for the analysis of.
the TE,;; mode. Notéwfhat in the TLM network, boundaries are
dual to those in the real structure since the magnetic field_“

A
is represented by the transmission line - voltage in this

case.

% |

Based on the voltage scatterimg matrix in eqn.(3.1), a TLM

—progral vas vritten in FORTRAN IV-and réquires 8 locations

to represent one node.’ _The storage array required for a

16.x 8 matrix ( see Pig.3.4). is thus & x 16 x 8 locations.

‘An  additional number of locations ( usually 600 ) is

required for temporary storage and final results. The
reserved arrays and the program 1itself require a total core
memory of about 10 K bytes. An IBM 360/65 Systeam executes

800 iterations in about 8 seconds of CPU tinme,

- 25 -
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Flgure3 4: (a.) Cross section of finned wavegulde.

{b). Equwalent two-dlmensmna.l shu.nt node TL M network.

Through introduction of appropriate symmetry con-
ditions, only one gquarter of the cross-section is
requlred for the analysis of the TElo-mode. Note

that in the TiM-network, boundaries arxe dual to -
those in the real structure.
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3.4  EREOR ANALYSLS AND COBRECTION .
3.4.1 Troncation Exror

. when the resonant freﬁdency 6£ a stfpctufe is evaluated
with the TLM method, the impulse response of a trdnsnission-
line mnetwork simulating this siructure is computed, as
described in the préceding=r- section.‘ In a practical -
calculation this inpulse response must be limited' in time.
The error introduced by this limitation is the trumcation

error E.. 1Its maximus value is determined [19] by:

As ‘ 3Ac
M/Ac  SNATCAL ' (3.9)

- where S is the frequenéy separation ( expressed in terms of

AL/n }- - between tvo neighboring peaks in the frequency
response obtained from the impulse respoﬁse via ° Fourier
transformation. N is the number of iterations processed,
AL is tﬁe mesh parauefer of the +transaissiom line lattice,
and )\ is the free space wavelength. The expression for Ey
shows that the truncation error decreases vwhen 'the
separation S increases. It is therefore desirabie to
suppress all unvanted modes close to the -lode of interest.
This cao be achieved by choosing appropriate input and’
outﬁdt points in the Tz!.ngtvork and by introéncingrsynlétry

2

c¢onditions. -

- 27 -
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Normally the truncation error is smaller than the néxi;un‘

value obtained with the above férnula, and decreases répidly

vith an increasing number of iterations.

]

3.4.2  V¥elocity ERror

Due to the slow wave characteristic of the transmission

line lattice, the velocity of a wave traveling through this
netvork depends onh the angle between the propagation
direction and the mesh axes. By assuming, howvever, as Johns

and Beurle [21] suggested, that the propagation velocity is

.independent of the direction of propagation and equal to.

c~/2, a velocity error E is introducad.

1

If the wave propagates along one of the axes of the mesh,

]

its propagation velocity is defined by the following

equation

Sin(ﬁn%g'-) = l/_2_ Sin(%)

4 ‘ (3.9)

Bn'=2w /xn, where A, 1s the wvavelength of propagation along

this axis . Thus, if a rectangular wvavequide is treated

with the TLM method, the velocity error cam be eliminated in

the case of the TEiO node by detefnining ‘the wave velocity

in the direction of the broad wall directly from equation

(3.5).

- 28 -
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.To demonstrate the effectivemess of the correctioa pf the
velocity error, Table3 i1 lists the values for ého cutoff
frequency of ‘the~rsio mode in a recgangnlarf vaveguiée of
aspect ratio bsa = 1/2, obtained withk the TLN method using
different legh'siées. In all calculations, the number of
.'itp;ations vas sufficieatly high €Z~ keep the truncation
error belowv 0.2 percent. It is found that, . by assuming a
velocity of c//2, the coarsest IE§§ \yieids a cuntoff
frequency vhich is too low by 5.7 percént. If,  however,
aqn.(3.5) is applied to correct the velocity error, the
relaininglinaccu;acy‘is negligible and wmay be attributed to‘

truncation ( < 0.2% ). A

In finned rectangular waveguides, the veloclty error in
the TE,, cutoff frequency may be practically 'elilinated by
applying egn.3.5) in spite of the fact that in the immediate
vicinity of the fins, the vave éropagation does not exaétly
coincide vith a mesh axis. Even if the residuval velocity
error is not negligible, it will be auvtomatically eliminated

wvhen correcting the so-called xcoarseneés errors described

€

below.

'3.4.3 Coarseness ELLOL

1"

It has been shown in the previous sectiom that the TLH
evaluation of the fundamental <cutoff frequency in

rectangular waveguides is quite accurate, e?pn if a very

- 20 -
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coarse mesh is used, provided that the velocity error is -
correctad, Hovever, if transvérSQ'discontinnities ( e.g.
ridges or fins ) are present in the guides, the TLH lesh'
must be Ifine enough to resolve the fields in the regionms
vhere the gradient of the electric  potential is highest.
The ﬁnestidn is, 1in other words, hov many nodes should be
chosen in the 1nlediatek vlcfnitj.of the discontinuity 1in
order to keep the erfﬁr dge to mesh coarseness within

desired liaits?

Unfortunatély, thpre are no general rules or equations to
evaluate this error, In order to study 1ts'he%3vior in the
case of finned waveguides, the normalized TEF(; cutoff
frequency, b/\_.,+ of the guide shown in Pig3.4 vas calculated
using several mesh sizes. An aspect ratio of b/a = 1/2 wvas
chosen, and several values of b/Af were selected for the mesh
parameter. The corresponding TE,, cutoff frequeacies
are presented in Pig.35, Note that in all cases, the error
due to troncation is smaller tHan 0.2 percent, and the
velocity error islnegligible after corrections accofding to
e$n43.5) . Circles represent the results obta;ﬁed for a -
normalized gap width of d/b = 1,2, and triangles cérr35pond

to d/b = 1/4.

It appéars that the normalized cutoff frequency of the

fundameatal mode increases practically 1linearly as 4{/b

- 31 -
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decreases., The coarseness error caﬁ thus be dralaticaily
reduced by linear extrapolation t;)fua_x:d A-@/baol. Uéing this
proéedurq. ‘the cutoff frequency is deterained by
éxtr;polationl using a straight line fitted_ through the
points correspondin§ to different values o%} the . mesh

parameter A{/b, as illustrated in Fig.3.5.

-

Yo

Farthermore, the depen@euce of the coarseness error on
-the number of nodes situated within the. gap separatiﬁd the
fins Has been investigated, ( The error was Alvays evaluated
vith respecf to the extrapolated value ‘of the cutoff
frequency. ). Fig.3,6 shows this error in percent as a
fuqction of the normalized gap width d/b. The vav;guide
aspect ratio was Rept constant at bra = 172, and
calculations have been made with two, four and eight nodes
situated betweenm the finms. It appears that ‘vhatever the
coarseness of the TLK mesh, the. error is always maxiaum in
the vicinity of d/b = 1/2, vhich 1s henceforth considered to

be the "worst case®,

Assuming this worst case to prevail, the coarseness egfor
vas then evaluated for various values of 83{sa and preseanted
in Fig.3,7. Since d/b is conmstant ( eqﬁal to 1,2 ), the
circies represent the maximum coarseness error. for finned
guides of various aspect ratio bsa, all featuring tvo nodes

between the fins, Trianglés correspond to four nodes
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COARSENESS ERROR E_ (IN PERCENT)
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for the TE g mode in finned waveguide,
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betwaen fins, - and sgquares to eight nodes. Hence, it is

possible to deduce - - the maximum coarseness error

wvhen calculating the cutoff frequency of the lovest_no&e of

propagatioa in a finﬁéd rectangular vaveguide with the Tiu

-method from Fig.3.7..
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3.5  BESULIS

vaveguides for various gap widths d/b. Por comparison, the
cutoff frequencies calculated with' a special finite element

program! and with the transverse resonance method [23]) are

also ‘shoun. BExcellent agreement exists betveen theée
methods. ' g

- s I W M- i S Al b A A o

1to be published.

Tahleiz shous the extrapolated values of b/a. in fipned
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3.6  DISCUSSION

ihea ‘the cutoff frequency of the.rnio mode in fipned
vaveguides is calculated with the TLA lethod, truncation,
velocity and coarseness errors occur.

- 5

The truncation error can be evaluated taaSLIy using °
eqa43.4L ' The veloéity error can be corrected by applying
@qu{3.5). The coarsemess error, which is the &oninaht error :
in the structuio discussed here, -Ss found to be waximum for
a normalized gap width of d/b = .1/2, regardlﬁfs of the
aSpect ratio b/a and the coarseness -0of the TLK mesh. Its
value can be predicted with the ald of Pigégu‘for a vide
range df‘guide-dinenaions.and nesh sizes.- uora isportant,
ghe coarseness error can be eliminated” bf linearly -
extrapolating results obtaided wvith lattices of different

+mesh parameters. . For reasons of geonetrical sznilarlty, ,

this study is relevant to the TLN analysiScﬁfhxhnes mncethe-“

latterdiffer from finned uaveguides only by the presence of a
thin dielectric sheet of low perlittivity adjacent to the
fins. )
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v Chapter IV Y

ANALYSIS OF FINNED WAVEGUIDES USING A THRBEE-DINENSIONAL TLN
2 : MRTHOD - :

5

. X R S !
4.1  sHORT DESCRIPTION OF THE IHREE-DIMERSIONAL TLX NETH
The three-dimensional TLM method has been fully developed

by Akhtarzad and Johns [24,25,26] to evaluate structures
such as inhoiogeheous vaveguide cavities {25) and microstrip

resonators [26].

In order to represent a thrae-dinensionalasphce,' a ney
‘TLN  model wvas developed[25,26] by interlacing the
- two-dimensional’ shunt-connected ' and éeries—connected

netiorks. Bach three-dimensional TLN node coasists of threae

shunt nodes and three series nodes as shown in Fig.4.1..

There is a shunt node in each of the co-ordinate planes, the
voltage across which represents Ex Ey and_Ez and a series

node in each of the pfanes.= with currents representing Hy

B, and H,. To accommodate discontinuities such as slabs of

-dielectric or niénetic -afé;IQIﬁ. open—circuited and
. Sshunt-circuited stubs of variable normalized characteristic
constants ¥, and Z, are added to shunt and series nodes,

respectively[ 19,24]. BEote -here that the spacing between the

individaal tvo-dimensional nodes and the length of stubs are

- 40 -

e



—— Nt e e T o AT AT R LIPS (= s e e e o

Figure4i: A three-dimensional TLM node.
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B
A0/2. The three-dimemsiomal geometry of a problem is set up

.‘ by connecting lany'suéh thﬂee-dilensional nodes tcgether.

COndﬁct;ngv boundaries aré simulated in the model by
short~circuiting the the individual shunt nodes in the plane
of the boundary. Opén-clrcuited plan;s Ray be utilized to
make use of the onefold; tvofold, or threefold symmetries 6!
a pa:ticulaf structure, thus considerably reducing bogh the
menory,éize and the_etecutibg time requireament of a pro;rai.
AR open circuit‘plane may be sinﬁlated by open-circuiting

the individual series nodes lylng in that plane.

The impulse response of the nétuork represeﬁtlng a snedianm
is then evaluated by a numerical routine based on_.the
_ voltage inmpulse scattering wmatrix of the 1individual
tvo-dimensional nodes £ofling the three-dimensional node as
expressed in egﬁs.i3.2) and _(3.3). For the_pnrposa of
analysis, any of the six ENM field éomponents is excited by
introducin; impulses at various points in the network.
These impulses travel along the ideal transaission lines,
are scattered on the individual two-dimensional nodes, and
spread out filling the_vhole model. In this way, the time
domain propagation of all six EM fileld cospononts is
obtained sinultaneouslf. A solution for any (or all) of the
fiel@ components 1s available anyvhere within the geometry

of the problems. The output coansists of a stream of impalses

[ S g e e e
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‘'whose amplitudes . correspond to the_dutpnt impulse function
‘ B R |

for the particula; field component under consideration.

Pinally, the Pdurier transformation of this function  is

taken to yield the frequency response of the structure.

A FORTERAN program based on thg "preceding analysié h:s
been writtenm [24]. This program ig aétﬁnlly an extension of
the'tio-dilensional progras. ° All the information relating
to a three-diuensional structure, sucﬂ as conducting
boundaries, strip patterns, perleability and perlittivity at

different points, is simply fed into the coaputer. N

N

9.2 ERROR A_ALI_Iﬁ

0.2.1 ;ggca;m Eczor and Yelocity Exror

v -
To obtain the resonant frequency of a closed structore’

‘using the three-dilensional'TLu method, the impulse response
of the simulating network must be: truncated in time. This
gives rise to a truncation error whose maximum value can be

pfedicted by egqn. (3.43).

Bacause of the directional dependence of the vwvave
propagation velocity in the TLM network, a velocity error
results from the assniption of constant speed in all
directions. Only when the network parameter Af is small
conpared with the wavelength, is this error - negligible.
Besides, the velocity error is also practically eliminated
by the extrapolation technique for error correction (9].
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- 8.2.2 ' Coarseness ELEOE
\
In chapter III, the coarseness error assoclated with the
tvo—dileﬁsional TLN solutiqn has been defined and analyzed,

This error occurs heciusq- the TLM sisulation can not

‘perfectly resolve the nonuniforam field distribution in the

gstructure due to the finite mesh size of the matrix.

The dispersiomn characteristic of a finned wvavegulde is

expressed by the foraunla

% .
(5/7g)° = (b/M) = (b/2)° (@.1)

vhere )\, ., and Kg are the free-space, cutoff, and gnided
wvavelengths, respectively. Since the two-dimensional TLHN

progras yields, after error correction, the cutoff in finned

vaveguides with high accuracy, éqn.04.ﬂ represents a very

accurate relation between b/\ and h/xg. Based on this, the
errors associated with the three~dimensional TLE solutions

will be analyzead.

\ . In order to directly calculate the dispersiom in finnmed
guldes, a qaiity of varlable length is foraed by placing two
short~circuited walls on two-cross. sections at a distance ¢
from each other as shown in Fig.4.2. fhe resonant
frequencies are them calculated using the three-dimensional
TLK program. At the resomant frequency corresponding to FPe
TE, mode, £ is equal to 1/2 of the guide wavelength *g'

- O} =~
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The perceantage err&r in the normalized resonant ffgquency
( b/)) thus obtained is shown in Pig.43 as a'fnnctié; of
A%/¢. . The waveguide aspecf ratio b/aiuas kept constant at
1/2 ané various gap wldths and mesh sizes vere used.
Systematically, the errors drop quickly at first, pass
th:ongh‘%\linilul and.fiso again as a¢/{ lncreases.

o \ .

To gain furthér insight into the nature of the coarseness
error, the dielectric slab loaged vaveguide shoin in Pig.s.4
uss studied. The total error in b/\ is plotted as a
function of _A€/€ in Fig.4.5 for various thicknesses of thg‘
dielectric slab and several mesh sizes of the TLHM network.

The error 1increases as Af/f increases and‘is not affected

too much by a change in the slab thickness and in the mesh

siza.

A comparison of Pig.4.3 and 4,5 shows that .in both cases,
thé error increases with A¢/¢ except for the region close to
cutoff (A¢/¢ =0 ), where the finned waveguide solution again
shows a considerable increase in coarseness error. It is
very probable that this discrepancy resides in the
Wtransverse coarseness error® reflecting insufficient
resolution of transverse fields as discussed in chapter III.
While in finned vaveguides, this error is quite ilpOttéﬂt,
no significant coarseness error has been found imn the

tvo~dimensional analysis of the slab-loaded waveguide since
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LONGITUDINAL COARSENESS ERROR IN b/) (IN PEBCENT )
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Figure4.5: The coarseness error affecting the three-dimensional TLM
solutions in slab-loaded waveguide.
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the slab does not create any higher order modes resulting in

kigh non-upiforaity of the trinévense fields? : T

Assune that the coarseness error at cutoff contributes an
error component to the total coarsemess error inm b/M

according to equation (4.1). This error component is thus

given by

Em/ay = oyt (/A (/33

vhera Eu”i )is the "transverse coarsenaess error™ in the
- C

tvo-dimensional TLE solutionm.,

Fa

¥hen the transverse coarsepess error 'co‘ﬁonent is .
eliminated from Fig.4.3, the characteristic shown in Fig.4.6
results. This 'l;ngitudinil coarseness error® behavés like
the error shown im FPig.4.5. It depénds Rainly on the number
of nodes along the longitudinal directior ( i.e. {£/A¢ ) and‘
is suspected to occur due to the loss of .information on the

series nodes situated on the short-circuiting end walls.

2See appendix B.

‘= 50 -

(8.2) .
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Figure4, 6: erm longitudinal coarseness error component in the three-dimensional TLM

solutions of finned waveguides.

-6 -
: A i I
FINNED WAVEGUIDE CAVITY
.  bla=1/2 . 7
-5 }— S Y
: ¢: d/b=1/2, a/fL=8 / /
O”__Q\Uu:m. m\bbn»m \
-4 — % _—
¥: d/b=1/4, a/all=16 \\ |
I d/b=1/3, aAR=12 | \\\\ |
3 _ V4 \ -
/
7
-2 - o
.IM o Y
B | I e
q |
"0 0.4 0.5
af/9



eIt Rttt e |
. .

.
-

| N R o
8.3 nmgamg
The errors affocting the three-dilensional TLN solugiom
: have been classifiod as-the truncation arror, the velocity
B error and the coarsoness error. Among thal, the conrseness
-~ error is usuallythe Rost significant.. .
_Thg curves iﬁ Pig.4.3and 4.5 may be uséd for tle‘érrdil
rectification of the . three~dimensional anilysis of :finned
_iiveguides ;pnd ‘dielectrig S;ah‘, loaded uaveguides,_
respectively. -Also, they may be considered as a guide to.
the erfhr evaluation of the thren-dilehsiohal: TLN anglrsis_
of fin iines. '
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\ | " chapter V
ABALYSIS OF FIN LIKES ‘USING TWO-DINENSIOWAL TLH NETHOD

1

5.1 NTRODU 0

Various mathods for"zvaluatihg ‘the plectriéal paraaeters

of fin lines have heen'presented'by Nejer{ 1), Hofmann[2];

. Saad and Begesann[7], Chang :and Itoh{ 8], ' Hoefar[23] and

Hoefer and Ros{11]. The ppr?ose of this _chapter is to
present results for the general fin line case which an;
sufficiently accurate to serve as 'a reference for other
methods of - fin line amalysis. The two-dimensional

Transmission-Line Matrix ( TLM ) program désc;ibed before

- . was used in this study.

Since the two-dimensional program yields only the cutoff
frequéncieg of the fundanentai and higher order modas of the
structure, it does not directly yield the dispersion
characteristic because of the inhomogeneous nature of the
dielectric constant in thg fin line cross section. However,
by using the method of transverse resonance agd by
evaluating the eguivalent susceptance of the fin via the TLH

solution at cutoff;] the dispersion can be predicted

A D A S o G Y Y S o P =i

370 be discussed in chapter VII.
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accurately enough for all ‘prqctiéai—;ggggées. Therefore,

an 4dccurate knowledge of the cutoff wavelength is usefuli

beyond the ‘scope of dateflining the frequencies a£ which

\.
N

each mode begins to propagate.

In the folloving; the ‘cntoff' frequencies of the

fundamental and first higher order " mode are . determined in
" unilateral, bilateral and insul#ted'fin lines. These modes

"become the TEid and TEZO. vaveduidé dbdes in. the limit

d/b—+1. Errors associated with the TLAM method are carefully

corrected to ensure that results are accurate within 1
percent. Results obtained with a finite element progran

agrae with the TLN soiutions within that error margin.

In addition, the field distributions in fin lines are
available at the same time from the TLE prdgral, Plots for
electric field lines in unilateral and insulated f£in lines

are also presented. .

5.2 IHE TLK SINULATION

In order to reduce computational efforts to a minimua,
electric and/or magnetic wvalls are introduced in the cross

section to take advantage of syanetry.' This arrangement

alsoNEyppresses soae unwanted higher order modes whick could

increase the truncatiomn error. The cautoff frequencies of
the desired modes cam thus be deterained more

accuratelyf 20 ].
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Pig.5.1 éﬁqus the cross sections of three types'-of‘fin
lines and their simulatiag. TLE  networks for the
determination of the fundinanfgi léde cutoff. The .
dielectric substrate is sinﬁlatad‘ by loading the

| corresponding nodes uith‘open-stuhs[19].

Since a shunt-connected transmission line natrix{éO] is
used to simulate transverse wave propagation in the fin line
structure, the longitudinal lagnetic'fie¥d H, 1s represented
by a  voltage in the TLM netwvork. Therefore, boundary
conditions in the TLM model are dual to those in the real
structure, i.e., wmagnetic walls in the model correspond to
electric walls in the fim line and vice versa. The impulse
response of the network yields, after Fourier transforming,

the spectrum of eigenmodes in the structure.

A typical program for a unilateral fin line simulated by
a 34 x 10 TLM watrix requires a core semory of 17 X bytes.
Programs of this size ;an'easily be implemented omn a
PDP-11/3ﬁ computer. When 1200 iteratioms are executed on an
IBM 360/65, the required CPU time is about B0 seconds. For
bilateral and insulated fin lines, half the CPU time and
half the TLM matrix storage are required. To evaluate the
cutoff for the second order mode, an electric wall ayst be
inserted in the center of the bilateral amd insulated fin

lines. This amounts to introducing a Bsagnetic wall at

- 55 -
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Figure5.1: Cross sectiomsand equivalent TLLM networlksof (a) unilateral,.
(b) bilateral and (c) insulated fin lines. '
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x= a/2 in the TLIN netuotks." The second order mode then

'corresponds 'io the first resonance in this nodified-\rLB

_lodel. For the'unilataral fin line, ' the TLM model is the

same for both the fundalental and second order modes which

.correspond to,the f;rst and second resonant fiequancias

respectively. o

4

5.3  BREOR §gﬂ£§3§ AND CORBECTION

' The three principal errors affecting the TLM solaution are

- the trunéation, velocity and coarseness errors.

5.3.1 Tguncatiog Brrop and Yelocity ergor

~Truncation error steas froa the ﬂecessity to 1liait the
impulse response of the TLM network in tine: The maximum -
trﬁncati%n error can be gfedicted by egquation (S.n). Por
the éalculations in this chapter, _the'nusber of iterations
¥as always kept sufficiently large so that the truncation

error was negligible ( < 0.1% ).

If the wavelength in the TLRE network is large compared
with the network paraseter Af (g > 104¢ ), it can' be
assumed that ~Qhe fields propagate with the same velocity
Vi, = v //2 in all directioms. ( ¥, is the opropagation
velocity in the wmedium filling the real structure ).

. '.
However, if the network parameter A{ is commensurate with
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the uaveléngth- A\, the velocity of propagation dépends on
the directibn\‘ In this case, the assusption of constant

velocity in the metwork leads to a velbcity:erro:[ZO].

In practica;. the substrate thickness in fin lines \is
small compared with the vaveguide dimemsions. In order to
accurately .:ep:e-séixt- the field distribution in the
éubstrate, at 1aa$t two TLM nodes aust be situated in tye
dielectric. It follows that Aess/z where s is the
substrate ihickness. Thﬁs,.the velocify arror is negligible
as long as s/a << 0.2. Even 1in c&bes vhere the velocity
error ;s not negligible, it will be automatically eliminated
when the coarseness error is corrected, as discussed later.
It is therefors not necessary to correct the vélocity error

separately.

5.3.2 Coarseness ELLoL

For all three fin-line structures, the TLM solutions of

the fundamental frequency increases practically linearly as

Ad/b decreases { see Fig.5.2). It can thus be dramatically

reduced by 1linear extrapolation toward als/b = 0 exactly as
in.the"case of the finned vavegu;he in chapter IIX. To this
end, the cutoff freqnenc1;}$ extrapplated.by'fitting a line
through three frequency ialnes corresponding to three

different mesh paraseters A{, as demonmstrated im Fig.5.2.
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Figure 5, 2: Extrapolation technique minimizing errors in the funda-
mental cutoff frequency b/Ac.
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In t%e calculation of the‘ second order mode cutoff, the
relatioﬁ;hip batvean the cutoff fraquéhcy and the network
paranetéf A€ is no longer 1linear heéause velocity error
becomes significant ( see PFig.5.3). Navertheless, fairly
accurate extrapolation cam be achieved by fitting a

logarithaic fungtion through the calculated points and
deteraining its value for A¢ = 0. 1

' 5.3.3 Qverall Error - K\
In chapter III we have avaluated fhe qutof?'fgequencies\of
finned waveguides ,k( identical to fin lines witﬁ dielectric
constant &r = 1 ) using three completaely different methods,
nazely the transverse resonance =method, the finite element
method and thg TLM =method. ?op gap ;idths‘ ranging from
"d/b = 1/16 to 1/2L; all three methods yield frequency values

wvhich agree within 0.5 percent. Siaoce

1. there is no indicatiom that all three methods are
affected by a systematic error of identital sign

and magnitude,

2. the intr&duction of a dielectric with Ey > 1

repraesents no new source of error in the TLN

\ B . . B .
calculation,

3. the coarsemess error ( which is the major source

of error ) can be eliningted . by the same

- 60 -
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Figure5,3: Extrapolation technique minimizing errors in the cutoff frequen-cy

of the second order mode.
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\ng;trapolatiog procedure is the one Fsed.gor finngd

iaveéuidé,.

-~

it is assumed that the‘Tka method, wvhen applied to fin line
analysis, vields cutoff frequencies which are accurate .

within at least 1 péréent, for all gap wvidths of praétical

interest.

5.4  RESOLTS ™

.Pigures 5.4, 5.5 and 5.6 show the normalized fundamental
cutoff frequencies ( b/, ) 4in unilateral, bilategal and
insulated fin lines. Results obtained with the Transverse
ResPnance Method[ 23} are compared ilth the TLM solution.
: Cutsff frequéncies_ of the second order mode in unilateral
and insulated f£in' 1lines are shown in FPig.5.7, while Pig.S-g
shous the same freguencies for ‘bilateral fin line. In all
cases, " the wavequide aspect ratio b/a is equal to 1/2, and
the sybstzate per:ittivity is & = 2.22. |

G

Finally, some resaults obtained vith a special £inite
element program for inhomogeneously filled wavaggides ( to
be published ) are compared with TLM results in TableS5.1.

Results agree within 1 percent.

*-
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Figure5.4: Normalized fundamental cutoff frequency in unilateral
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NORMALIZED CUTOFF FRE&NCY b/ g
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FigureS5.5: Normalized fundamental cutoff frequency in bilateral

fin lines, . .
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5.5 FIELD CONPIGURATIONS
sinde the TLM simulation describes the propagation of

electric and magnetic field components in the fora: of

" traveling voltage and cthent pulses in a transmission line

mesh, the field infornétion is avdilab}e at all mesh nodes.

Figures 5.9, 5.10and 5. 11 show transverse field lipes which

 correspond to lines of .constant magnetic field in the

longitudinal direction. The latter can be shown by the

féllogiﬁg argument: According to the second MNaxwell's

. eqﬁation: N
N

-+ . .
curl Hz = JgsEt - (5.1)

viere H, is the longitudinal magnetic  field, and B the

- 8

I‘iransverse electric field, if _curl Hy 1is taken in a

plane of constant H; it will obviously be egual to zero. .

Thus, the transversg electriclfield quggﬁalvays,ﬁe parallel

to the planés of constdnt H, : - -

.

) . » . *\ .
In the field plots presented, the electric f£ield lines

have -been found as contours of éonstant magnetic field,

evaluated 1n unit steps from zero to ten.

The ‘contours have been ~drawn using cubic splinme

interpolation between gnigﬁpoints. These figures are, to
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‘



B/ - .

—

*ou1] Uy felajelun e Ul SpOwW [ejuduIepuny 3y} Jo saulf PI9g o osioAsuel) oYL 0y g 2andtg
. _ . .

0% .8 9 ¥ z 02 ¥ o 8

01-

11y

4 uuunumnﬁm /

uy el -
211309191 . , b

7887 *0 = °X/q Aouenbeid joino pozIfewLIoON

. . 22°7Z = T3 jueisuoDd D1I303121(d

p §Z°0 = q/8 889WNOW], 23eI}FGNG PIZBRULION

- . G*'0 = /P  YIptm den pezifeurioN
o ‘ G'0 = ®/q omney podsy

-

71 -



P Tk - b

NP e e e -

*aul] g1y Tedajelrun .,,_m n.m. wvoﬁ hwvum puooas a9y mwx soUll vﬁwd i o9s8I9ABURI} .mﬁ.H_ 13 sandtg

e

-

6~ L= G- ¢ 1= 1 L of 6 LS € V1 I- €= S L- 6- . ~
...... S reeeaqeeanage e Sty e~ vemnepmeaseapmaresaaetas
\ 4 A
i 3 Y
H
J_ -y N
F ‘ =
F A Y v v .
) % / 4// Bl /
< 9jeI}SqNE )
5123097010 o ug .ﬂmu@ﬁ : Iy

$98%°0 = °X/q Louenbaxg 330N poBITeULIoON
772 = 13 juejsuod o1I309T91Qd
EF9UNDTIY] 9}elisyng ROZI[etwlION
6'0 = 9/P YyIPIM den pazIeuLIoN
§'0 = e/q omjey yedsy

G2°0 = q/8



g g M oy

4

the knowledge of the author, the first shoving detailed
field plots _1n fin lipes and aro‘certainly-useful ‘for the
\visualization and understanding of the fieid propagation in
this nev and attractive transnission medium for millimeter

“NAves.,

5.6 DISCUSSION ¥ : -

The two-dimensional TLM method provides an excellent
‘-reference fqr verifying other lethqu to evaluaté the‘cntoff
frequencies of the fundamental and higher order modes in fin
lipes. By using a sufficlent number of iteratioms in the ,
calculations of the impulse response, the truncatlon error
is kept negligibly small. An accuracy of typtcally 1
percent 1is achieved by correcting the velocity and

coarsehess errors associated with the TLM solutions.

'The transvérse E. field 1lines of the fundamental and
second order modes in fin lines ﬁt cu;off are also plotted.
The se plots are useful for the visualization and

understanding of the‘field propagation in fin lines,
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Chapter VI

AFALYSIS OF PIN LINES USING THE THREE-DINENSIONAL TLM NETHOD
\“" ‘

6.1 THE TLM SIBULATION

The three-dimensional TLH‘\slinlationn:of fin lines is
similar to that 6f finned waveguide Waveguide walls and
fins are assumed to bq perfect conductors, They are
sinulated by short-circuiting the corrasponding sﬁunt-nodés
in the three-dimensional network. The dielectric énhgirate
is siaulated by loading series nodes and shunt nodes with

shunt-stubs and open-stubs, respectively. Two

short-circuited transverse planmes separated by a distance ¢

are then introducgd to fofl a cavity. Fig;&i sho¥ws such a

cavity containing a unilateral fin line.

Walls of symaetry ( shunt-circuited and/or open-circuited
valls ) may also be employed to reduce both the simulation

storage and the execution time of the progras.. The TLA

proéran yields the. impulse response of the cavity by first

exciting the network with an impulse or impulses and then
calculating step by step the field propagation, in the
network.  Finally,  the desired resonant freguencies are

extracted from the impulse response via FPourier

transformation.

- 74 =
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6.2  ERROR ANALYXSIS
: % .
Basically, the' . eérrors adgociated - with the

three-diuénsiopal TLM solutions are the truncation error,
the velo;ity error and the coarséness .Kgrror ¢ hotﬁ
transversal and iongitudinal ) asldiscussad-ih Chapter ti
In addition, .a,significant error occurs due to the probleis

encountered in the simulation of dielectric boundaries.

In the two-dimensional’ TLN simulation, all boundaries ;réfz
1ocated betwveen two nodés. Therefore, there is no problem
in matching two different boundaries on the same plape. PFor -
example, the electric vall representing the 'netallié fin
should 1lie in the'sdle, plane as the ad jacent .ﬁieiectric '
boundary in a unilateral fin line, In the xhree-§ilensiona1
TL¥ simulation, however, the short-circuited boundary and
'the'dielectric boundary may not lie on the -same plane in the
modelf 24 J. This means that in the TLM model, the dielectric
eithef protrudgs or recedes batween tke fins, as shown in
Pig. 4.2, This contributes to anbther source of error vhich
makes the error analysis of the TLE results wore
complicated. If the dielectric bdundary lprétrudes, qo;;M\‘\
energy of the f;%ld vill concentrate in the dielectric
region and thaus £ha resonant‘frequenéy vill be too‘idw. If
it -recedes, the resonapt frequency will be too high.

Howévef, the andﬁﬁt of this variation is hard to predict.

»
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) b
6.3 uu;x.gggngg FIN LINE

N

The tvo 90551ble situvations encountered in tha sinulation
of fin lines give rise to tuo sets of TLH solutions. Fig.6.3
shows the convergent behavior of these' two sets of solutions
~ when the‘netuork parameter A¢ decreases. Both

solutions\merge to the same point as af approaches zero.

-The extrapolation technique can be employed again to
ohtain an accurate value. Hovever, in ‘this case, ié’is N
hard to find a set of systematic curves which fit the data.

¥

A possible way is to average the tvo sots of data, presuming -

that the effects of the dielectric protrusion and ;recess

cancel each other, and uaxng parabolicxpurve fitting as shown
in Pig.6.3. Since this procedure is cuabersome and requires
ertensive computer time, it is impract al. ,Houevoq‘it is

igre' (88/a < /16 ),

the results of dielectri protr031on and recess serve -as

]

observed that when the Resh ‘sizo is

upper and lower bounds respectively for the dispersion
characteristic “as shoun in Fig.b6. 4. The ccorresponding
transverse resoanance solutiont lies uithin this range aand is
therefore con51dored an acceptable apgszination vith an ;
accuracy of 2 or 3 percent. In Pig.6-4.‘the extrapolated -

"~ value for rhef normalized propagatiom constant has been

e
) et

-J.——---- - - YT
' ~

-

4The transverse resonance solutions eamployed throughout this
chapter are the published data by ngfer[ZB].,‘
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NORMALIZED RESONANT FREQUENCY b/)

____._”._‘_ e e
i / )
. . ’ ".'.; d
0. 60 -y —
’ \ _— I |
~ . N ‘
O B © ' - .
- \ 1
0.58 }— — ‘~ R
. — >‘ \\' g)
e \ N
" \ i 7
' X
T R \ . \
® \k\ s ~ .
| ‘. \ i N \ .
056 }— - . \ = -
- Sy
R
: N ' .
0.54 | Unilateral Fin LinexCavity - - '
| " b/a=1/2 £
d/b=1{/2
- . 8/b=1/4 \ o
Ub =3/4 7.
&, = 2.22 ‘
0.52 f— /—\ o -1 -
‘ Q ‘dielectric recess!
@ ‘dielectric protrusion!
. o 3. -
R . 3
a ¥ ‘
0.50 ! 2 B |
0 1/32 2/32 3/32 4/32

NORMALIZED NETWORK PARAMETER Af/a

S ‘ A ,
. Figure 6.3; Convergence of three-dimensional TLM solutions in

unilateral fin lines as A decreases. .
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* 4 + A
. obtained graphically and was found to 'be about 1 percemt-
; higher “than the tgan_&varse- resonance 'solution. Therefore,
it is concluded, that the dispersion characteristic obtained
' with the transverse resonance method may be considered as a
g - strict lower bound., B -7
‘ . : A"-
. N -i— 4 .
v . . . -
"t
oo T ' -
L4 ’ b 1, ’ r
A, b
- -
[
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6.4  BILATEBAL PIN LINE |

In bilatérai fin -lines, metallic fins are .deposited on
both sides of the dielectric anhst;ate and conéeguently. the
pioblels in'the baundary'silulation are encountered on.both
sides 'iﬁ the . TLE simnlating network, Hovever, if the
dielectric protrudes on one side and recedes on the other
sida, the errofs tend to cancel each other,. thu# reducing
this error source comsiderably. Fig.6.5 shows .the TLN
splutions for several mesh sizes under such circumstances.
As the mesh size Ae becomes finer, the results move &ovn
ciosar to .the transverse résonance solutions. Therefore,
the transverse resonance solution is considered as the lower
bound and the TLN soluiion as the upper bound for the

dispersion characteristics.

”
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6.5 INSULATED PN LINE Sy
ihé_brbhlem of dielectric boundary simulatdion does not
_éxist-in insulated fin lihqs since there is no overlay

oﬁ the dielectric boundary and conducting boundary.

Pig.6. 6 shows the conéergence_of the TILA sélutions of the
nornaliied prépagation constant to accurate values
as the wmesh size 'decreaseg. The extrapolated values
obtained graphigally are shown to be ahoPt 1 to 2 percent
larger than the transversé resonance sélution. Once again,

" the transverse,resénance solution is considered as,the lover

bound and, the TLM solution as the upper bound of the

dispersion characteristics.

Since an insulate&'fin'line is just a superposition of ;
fin;ed “waveguide and # di?lectric slab loaded uavegui@g,
another possible approach to obtain accurate results is
to combine the coarseness error curves presented in Fi§.4.3
ami4;5to’form an error correction curve.: The TLM resdlts

obtained vith a mesh of Af = a/16 bhave been corrected in

this way, and Fig.6.6 shows that they approach the

extrapolated values very closely.



Figure 6, 6:
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Dispersion characteristics of insulated fin lines obtained with the three-
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Chapter VII

ANALYSIS OF FIN LINES USING THE TRANSVERSE RES}')NANCE METHOD

7.1  TRANSVERSE RESONANCE CONDITION IN FIN LINES

The transverse resonance condition in fin lines is
b
similiar to that in finmed waveguides. The presence of the

dielectric sheet “at the transverse  discontinuity modifies

~the sqscéptance of the fin. Figi?.ishoué the cross sections

of three typical fin line confidurations togéthef with their:

-

transverse equivalent networks.

- o

When a dielectric ' sheet of permittivitya Er 1s added at

one side {(or both sides) of the fim, the capacit@nce‘of the.

covered side(s) of the discodtinuity' is increased by 'a

factbr 'somevhere between 1 and &r , ' depending on the

LY

thickness of .the sheet.~ ﬁoéfer[23] has proposed a-
correction factor. F for the. susceptance modification in

- unilateral and insulated fin lines, and a correction factor

G for the bilateral fin line. They are defined as

F - Slot susceptance for finite sheet thickness :
. Slot susceptance for infinite sheet thickness 7.1

Slot susceptance for finite sheet bounded by a magnetic wall
G = — (7.2)
Slot susceptance for infinite sheet

S

b
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Figure 7.1: Cross sections and transverse equivalent

networks of (a) unilateral (b) bilateral
(c) insulated fin lines.
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*an¢ are nornalige& to be independent of &y, - By modifying

theiexpression for slot line Susceptancq’given by Cohn[13],

.

the correction factors are obtained[23].

o

With the introduction of these correction factors, the

transverse resonance conditions for fin lines are given by
the following transcendeatal eqhations. In what follows,

the following abbreviations are used:
< c.
. :

d/b=t"; s/b=w;-b/a

I}

o]
[
~
5o

[Te]
|
o]

b/l = X ; fsr 9211/2‘= u; 11 pZ]l/2 = v
Aog = X/V i A= X/ug b/A = vx |
b/Acl = ux

where A = frée-space wavelength
Ag = guilded waﬁelength in=£he fin line
Aco = tranSvérs;-guided wavelength_in air section
Aol = traﬁsverse guided wavelength in dielectric

filled section of the fin line.

The transverse resonance condition £for unilateral fim lines

is

-{u/v) cot {2wwux + tan“l L (u/v) tan 2vvx(§; - w1}

B B .
1 1 u, 2 o 1 TVX
+ = ——l =}“ v l—— —| vx - =
F I:Yl o {—) X + T ] X cot 2 0 {7.3a)

if p < 1, and
\

.= B8 -



PR S '

- ={u/v) ‘cot { 2mwux + tan_l_ [ (u/v) tanh 2mvx (% -~ w) ]}

, . o - |
11| v 2 _[Te 1 _ TVX _ (7. 3b)
+ P [Yl ux:l (v) vx - [z ;—;l VX Acoth -~ = 0 |

>

if p> 1.

The resonance. condition for bilateral fin line '_15

I

for p < 1
B
11 u, 2
(u/v) tan mTwux + G [——l-a% (;) vx
.{».- : ?9_ ...;L.... vx - cot TTVK(}- -w) =0 ‘ (7.4&)
Y, vx z .
for p > 1
('/') tan rrw;ux-i-GB—l L (E)Z'V}C
u/v . T w| v
- FE —l—] vx - cothTvk (X ~w) = 0 (7.4b)
|¥g vx z '

The resonance condition for insulated fin line is then

for p < 1

- (u/v) cot {mwux + 1:.Em“:L C{u/v) tan wvx (% - w)l}

_A B
1 1 u, 2 _
. + F[ﬁ E] (g) yx =20 {(7.5a)
4

for p > 1

- (u/v) cot {'nwux + tan"1 [ {(u/v) tamh rvx (%- - w1}

B .
1 1}].,u,2
+ F l:'f" u_x] (;) VX 0 (7.5b)

1

1
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- In the above formulae, the values of Bo/Yo and By /Y; are one
half the values of B/Yo given by egn.(2.2) provided that

b/xé therein is replaced by'b/)\Co and B/Xcl, respéctively.



7.2 COBBECTION FACTOR QBTAINED FROM TUO-DINENSIONAL TLE

) . SQLUTIONS _ | o
In,ghabter v, the cutoff frequencies.in fin lines have.
been obtained accurately usimg the two-dimemsional TLN
method. ﬁy using these results, highly accdrate corraciioﬁ
factdré Fand G can be determined from the above-mentioned
transcendental equations. Fig.?.and'L3 shovw the-calcuiated

correction factors for a substrate permittivity &r = 2.22.

Fuﬁther study forwthe cases - of larger &, (&r= 3.0 and
?r = 9,0 )" sﬁou that as Lhe valge of & increases, the.
values ofm,the correction factors déctease. Bosever.i the
variation of the factors is very small for - low dielectric
constant ( & < 3.0 ). Simnce fim 1lines usually-: contain

substrates of low permittivity, the values of F and G are

accurate for all practical applications.

~

*see appeandix B.
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Figure 7.2: Correction factor F for unilateral and insulated fin lines.
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7.3 BEﬁ!.I.-EE AR 21§9ﬁ§.1.9!§

4

‘The transverse resonance lethod is an elegant method for
‘fin 11ne_ana1ysis. The ° transcendental equatlons(? 3),. (7 4)
and (7,5) <can he solved easily using a computer .or a

prograllahle\calculaton[2?]. . A 1istiﬁg ofjthe FORTRAN IV
- .

program for solving these equations is given in Appendix a.
A \; .
The dashed curve in F1lg.7.4 represents the normalized
propagaiion_ constant in a unilateral €£in line-\ghlculated
using the correctlon factor given'ﬁﬁh‘ Fig.7.2. Results

obtalned by other authors are also. shovn for couparison. iit

is found that the dashed curvq,flts Heier's reasurerents{ 1]

and agrees with Hofmann's numerical solutions[ 2] within 0.5

percent. ' _ ' oo . '

.Further coamparison of the results vith the extrapolated

values obtained by ghe three-dimensioﬂél TLN analysis showvs
again aﬁ excellent agreem2nt ( better tham 0.5 pecent ).
This suggests that the transverse resonance -formulae,
comhined with the new correction factors F and G, provide
the fin line designer vith a  tool ﬁhich combiﬁes
mathematical simplicity and eas; applicability with

excellent accuracy. . (
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Chapter VIIT

FUTURE RESEARCH AND CONCLUSION
8.1 EUTURE RESEARGE - -

Alt@ougq' several papers 'gpaling with theoreti?al'
investigations of the fin line &ave recently been published,
only the straight section of fin lines has been- analyzed in

detail. The design of discontinuities is still carried out
by trial and ernorwin most cases. ‘ Saad and Schuenelann[16]
have analyzed a discontinuity of a transition froa fin line
to a below ‘cutoff uaveguidé by matching the TB,,, modes
between two sets of equi;alent rec;angnlar wgveguldes. Only‘
recently, Hoefer and Réé[11] have applied the TLNM method to
evaluate the fquivalent suscepténce of a diécontinuity in a
finned n;vegnidé-cavity. In order to achieve highk accuracy
results, - however, extqnsivg investigation on the amalysis
and correction of the errors is required for the LN
analysis. Thus, fhe field of analysis and design of fin
line discoﬁtinnities is still wide open for future research.

3

8.2 CONCLUSION

In this thesis, the cutoff:frequencies in apilateral,

bilateral and insulated . fin lines were obtalned with an



accuracy: of_ one pgrcenf. - The normalized propagationmn
constant ( or alternatively the dispersion_charactbristié )
vas also evaluated accurately. Siaple but nevertheless -

o \
accurate expressions vare -obtained by combining the

‘transcendental equations of ‘the transverse resonance

conditions in f£in lines with the correction factors obtainmed
with the guo-dinensioudi TLM solutigns. @

An  extensive analysis of the errors affecting the
tué-dimen#ional and- “the threé-@inensionqi TLN solutions of
fin lines were carried out. The errors were classified as
the truncation error, ;he velocity error amd the coarseness

arrdr. W#hile the first two types of errors could be readily

defipned and predicted[20], the coarseness error vas more

?:;ﬁ:>difficu;t,to analyze. A method of the error correction by

(

extrapolation has been developed to obtain a high overall,

accuracy of the TLM results. U ' .

¥ -

L~

In the tuo-dimensionaf TLu‘analysis. of fin 1lines, the
normalized fundamental cutoff frequencies b/ X, are obtained
by Fourier transforming the impulse reéponse " of the
simulating netiﬁrk. The coarseness error affecting th; TLN
solutions was found fo be bractical;y linearly’proportional
to the mesh size of.the simulating TLM network. Therefore,

lineat extrapolation ainimizes the errors. For the second

order mode cutoffs, - logarithmic curve fifting was found to
t - - -/__‘
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be appropriate for . error alininaiion. - In all cases,‘the

two-dimensional TLE = method yields, ‘after ' the error

i

corraection, thé cutoff frequencies in fia lines with an ,

i

accuracy better than ome percent.
In the three-diiensional TLX analysis of fin lines,; . thé
nornaliéed reéonant frequencies { b/X } of. fin iine
cavities are extracted from the impulse response of the
gsimulating network via Fourier tr orfation. Tvo
components of thg"coarseness error, the transverse and
ongitudinal c¢oarseness errors, have been ‘discussed. In
adgition, the error due to the simulating problem of the.
dielectric boundary was also discussed. Two sets of error
characterlistics vere propoéed‘for the error ;orrections of
the three-dimensional TLM solutions of the finned waveguldes
"and the slab-loaded uave?uides. They are also considered aﬁﬂ

a guidance to the error evaluation for the three-dimenaional

TLM analysis of fin 1lines.

Finally, by evaluating the‘equivalent susceptance 5@ the
fin in fin 1ines.fron the tvo-dimensional TLN solutious.at
cutoff, correction factors F and G were obtained. The
trapscendental equations which represent the transverse
resopance conditions in €in lines, were then developed by
modiTying the susceptance of +the fip with an approériate

correctfion factor. = The dispersion characteristics ( or the

- 98 -
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gpplicnbililé})ﬂwith " excellent accuracy.

nor:-l;libzed propagation ' constants } - in fin lipes were-

. lobt&:\.ned.'. and shown to agree im'th proiiously -publishe& measure -

.ments, nulerical solutions and the three-dilensionl LR

transven‘i@e regonance formunlae, together vith the correction

factors, provida the fim line defigner with a flexible tool

vhich conbines mathematical isimplicity and ea

[
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Appendix A -

CONPUTER PROGRAMN

'“This apperdix contains three actual working prograas
ylelding ehg\results vorked out in the text.: @ Descriptioms
of thése programs can be found in the cpnients of the

prograas theamselves. Xlso attached to the end of each

prbgran is'an example of input-output data,

The first prograa, named TR3, is a root-finding algoritha

for obtaiming the normalized cutoff frequency and the

nornalizéazﬁ;xgpagation constant from the transcendental

. ¢
equations which describe the transverse resonance conditions

in fin 1ihés.‘ The user inserts such parameters as the

vavequide aspect ratio ( b/a ), the normalized gap width
({ d/b ), the normalized dielectric thickness ( s/b ), the
dielectric comstant ( £, ), and the correction factor ( F or

G )e
The other two programs, namely ITLE2 and TLM3D, are the

general TLM simulation programs for solving two-dimemsional
and three-dimensional gf:ilens, respectively. The user

prepares the information on the boundaries, the dielectric

- 100 -



constants in differemt regions of the structure under study,
and the frequency range of interest, which rili-ﬁe the 1n§nt
data. The'prograls"yiold the desired rqsults tabuiated

against the frequency. a

'
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*************X*************************************************l

PROGRAM

FURFOSE

INFUTS

ouUTRFUT

NX
NY
v

IB
IE.

IBD

KB
KE
Ko
va
RC
IT
IA
RD

EHRE
D1

NAME - ITLM2

t

UARIARLES

1

TWO-DIMENSIONAL TRANSMISSION-LINE MATRIX
SINULATION OF INHOMOGENEOUS STRUCTURE

LIMITS OF X AND Y CO~- GRDINQTES DF SIﬁULATING
MATRIX

BOUNDARIES IN BOTH CO-ORDINATES TOGETHER WITH

AFPROFRIATE BOUNDARIY CODE, REFLECTION COEF-
FICIENTS, AND TERMINATION CODE

EXCITATION FOINTS OR LINES TOGETHER WITH
AFFROFPRIATE EXCITATION CODEr INITIAL VALUES,
AND TERMINATION CODE . '
BOUNDARIES BETWEEN DIELECTRICS AND AIR

COMPUTING BOXES AND THEIR DIELECTRIC CONSTANTS

FREQUENCY RANGE AND SAMFLING INTERVAL
QUTFUT FOINT AND NUMBER OF ITERATIONS

FIELD INTENSITY AGAINST FREQUENCIES
S \

NUMRER OF NODEéi(LIMIT) IN X CO-ORDINATE
NUMBER OF NODEG-<LIMIT) IN Y CO-ORDINATE

o BY NX BY NY MATRIX CONTAINING MAGNITURES

OF THE FOUR IMFULSES AT EACH NODE

KB BY 8 MATRIX CONTAINING INFORMATION OF
BOUNDARIES AND BOUNDARY CODE (IB(KB:5-8))
CODE 1310-HORIZONTAL WALL»2401-VERTICAL WALL
KE BY 7 MATRIX CONTAINING EXCITATION FOINTS
EXCITATION CODE (IE(KE:5-7))

CODE 115 IS SUGGESTED

KD BY 8 MATRIX CONTAINING BOUNDARIES RETWEEN
DIELECTRIC AND AIR, CODE SAME AS IN (IR)
NUMBER OF (IE) CARDS INPUT

NUMBER OF (IE) CARDS INPUT

NUMBRER OF (IBD) CARDS INPUT
RREFLECTION - COEFFICIENTS

INITIAL EXCITATION VALUES

. REFLECTION COEFFICIENTS ON DIELECTRIC-AIR BDS

TERMINATION CODEs; 1-CONTINUEy O-END
KC BY 4 MATRIX CONTAINING NDRKING AREA WITH
BIFFERENT PERMITIVITY

- RELATIVE PERMITIVITY

ARRAY CONTAINING OUTPUT. FREQUENCIES
ARRAY CONTAINING OUTPUT FIELD INTENSITY
STARTING FREQUENCY

ENDING FREQUENCY '

FREQUENCY OUTPUT INTERUAL
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OooOoDOooO0ooOOn

I0 - X CD-ORDINATE OF OQUTPUT FOINT

X X
X JO - Y CO-ORDINATE OF OUTPUT "POINT *
* NI - NUMRER OF ITERATIONS REQUIREDR X
X b ¢
X PRECISION = SINGLE ¥
X ' o ‘ X
X LANGUAGE - FORTRAN 3
C X X
*****************x*x********x**xx****x*x**x**********x*********
DIMENSION V(5,34,18) -
DIMENSION D(300)EHRE(3I00)yEHIM(300)
DIMENSION IB(10+8)syIE(10,7)R(10)yVA(L10)
DIMENSION IRD(P¢B8)sRC(PIsIA(P+4) yRD(T)
CRRRKK ‘ :
CHRK KK READ IN DATA CARDS
CRKKKK -
C  XkXXX INFUT LINITS IN X AND Y co ORDINATES (NX;NY)
READ(Sy L INX e NY
1 FORMAT(2IS)
C  X%XXX INFUT BOUNDARIES AND REFLECTION COEFFICIENTS (IE,R)
WRITE(&r1000) ~_
1000 FORMAT(‘1‘r/BOUNDARIES ARES 2 //)
KB=0
2 . KBEKB+1
READ(SyS) (IR(KB M)y M=1+8) s R(KB)+IT
5 FORMAT(4IS,»I2+s3I1+F10,6,12)

WRITE(Sy1001) CIB(KByM) »M=1+8) yR(KB) +IT
1001 FORMAT(’ “s4I5y125311,F10.6,12)

IF(IT.NE.Q)GO TO 2

€ KKXKX INFUT DIELECTRIC-AIR BOUNDARIES AND REFLECTION
C " RRKEX COEFFICIENTS (IBDsRC)
WRITE(6r1100) . .
1100 FORMAT(’ “»//»‘ BOUNDARIES BETWEEN DIELECTRICS’://)
KD=0 :
6 KD=KD+1

READ(5,5) (IBD(KD»M) »M=198) yRC(KD) #IT
HRITE(&;IOOI)(IBD(KDyﬁ)rH=1y8)!RC(KD);IT~
IF(IT.NE.0Q)GD TO 6

C  %kkxkk INPUT COMPUTING BOXES AND DIELECTRIC CDNSTANT (IAsRD)

WRITE(&6y1101)
1101 FORMAT(’ ‘+//y’ THE COMPUTING BOXES ARE:’,//)
KC=0
8 KC=KC+1
) READ(S»?) (IA(KC M) s M= 1:4):RD(hC)vIT

‘9 FORMAT(4ISsF10.6+12)

WRITE(&s7)(IA(KCsM) #M=1+4)sRD(KC)IT
7 FORMATC(’ “+41IS5yF10.6112)
IF(IT.NE.O)GOD TO B8 ™
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C kXXX INFUT EXCITATION PDINTS AND INITIAL UALUES (IEyVA)
WRITE(46:1003)
1003 FORMATC(" “v//+’ EXCITATION POINTS ARE! »//)
: KE=0 '
10 KE=KE+1
READ(Sy1S) (IE(KEsM) s M= 117)»UA(hE)rIT

13 FURHAT(4I5!I3;911rF10 G612 :
CWRITE(4»1002) CIE(KEyM) M= 1v7)rUA(hE)rIT _

1002 FORMAT(’ ‘s4IS5+I3s2I1+F10,6r12) \j>
IF¢(IT.NE.O)GO TO -10

C  kkx%kxk INPFUT INPUT STARTING: ENDING FREQUENCY AND DUTQUT

C  kXkkX INTERVAL (D1,DR2,DS)
EQH(SrQO)Der”rDS \

20 FDRHQT(3F10 &) : B

L KXKXX INFUT CUTFUT POINT AND ITERATIONS (10, JOWNI»YD)

READ(S,22)10,JO+NI YO
20 FORMAT(3ISyF10.,6)

T

CkxkkX  INITIALIZATION

CRXXXX : _ :

C XXX INITIALIZE WORKING AREA V TO ZERD VALUES
DO 24 J=1,NY
DO 24 I=1yNX 3
DO 24 M=1+5 :

24 U(MyLrd)=0.0

C KXKKX SET EXCITATION FOINTS WITH INITIAL EXCITATION VALUES
DO 25 NE=1ysKE
IT3=TE(NE+3) \

ITA=IE(NE+4)
ITLI=IE(NEs1) '
IT2=IE(NEr2)

- ITS=IE(NE,3) ~

\ IT4=IE(NEs6)
IT=IE(NEs7) ‘

DO- 25 J=IT3,1T4
D0 25 I=IT1,IT2
DO 25 M=ITS+IT,ITé

25 ViHs Ty JI=VACNE)

[ S ¥ $ & SET QUTFUT FREQUENCIES AND CUUNTER

C KXXXX INITIALIZE ARRAR EREs EHIM TO ZERD VALUES
JD=1
D(1)Y=D1

EHRE(1)=0.0
EHIM(1)=0.0
115 JD=JD0+1
DCJ4D>=DCJID- 1)+DS
EHRE(JD)=0.0
EHIM(JD)=0.0
IF(DCJID) JLE.D2)GO TO 115
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CRoOk kX
T OCRRERK START ITERATION

ok ROK K i \
117 OO 50 IE=1,NI ;
c ***** BOUNDARY CONDITIONS

30

C

33
C
C

43

DO 30 NB=1sKBR

IT3=IB(NB+3)

ITA4=IB(NRs4)

ITLI=IB(NEy1)

IT2=IB(NE,2)

DO 30 J=IT3,1T4

Do 30 I=IT1,1I72

UXY=V(IB(NBr&IrIvJ)

VCIR(NBy &) s 1pJ)=R(NB)KV(IB(NE,sS)y I+IB(NR,B) ¢y J+IB(NBy?7))

"VCIB(NBsS)+I+IB(NE+8) vy JFTIB(NB:7))=R(NB)XVXY
XEXXX X IMPEDANCE MODIFICATION AT BIELECTRIC AIR BOUNDARIES

DO 33 NB=1,KD

ITL=IBD(NBys1)

IT2=IBD(NBs2)

IT3=IBD(NBs3)

ITA=IRD(NRs4)

DO 33 J=IT3,1T4 ‘ : .

DO 33 I=IT1,IT2 _
UX=UCIBD(NBr &)y Ivd) -
YY=U(IBD(NBrS) y I+IRD(NBs8) s JtIBD(NEs7)) .
VCIBDC(NEy6) rIyJ)=-RC(NBIKVY+(1.~RC(NB))XUX
UCTEIN(NB»S) y T+IRD(NRy8) s J+IBD(NBs 7)) =RC (NB) XUX+ (1o +RC (NBY ) KUY

***** BOXES COMPUTATIONFBASED ON APPROFPRIATE VOLTAGE SCATTERING
KOk KKK MATRIX FOR SHUNT-INHOMOGENEOUS~NODE

Do 43 NB=1sKC
ITi=IA(NBr1)
IT2=IA(NBEr»2)
IT3I=IA(NBr3)
IT4=IA(NB:4)

00 A3 J=1IT3,IT4

DO 43 I=IT1,IT2 |
A=(UCLy Ty DHVCLy Iy JHIIHV(2, Iy D)4V (2, TH15 )V (S s Iy JIKRDINED )

1%2./C(RD(NBY+4.)
V(SsIsd)=A-VU(S,TsJ)
VilyIsNN=A-V(L1sIs D)
V(2yIr)=A-V(2+Isd)
VY=A-V(1sTyJ+1)
UX=A-U(2,T4+1,0)
V(22 I4+1200=V(45190)
VilyIsd+13=VC3yIv])
Y(3sIrJ)=VY
V{(4s1,J)=UX
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C  %¥%%%  IMPULSE RESPONSE SAHPLING RATE CONTROL-
I=1C/2
CAI=IT
" a=IC/2,
IF((A-AI) .NE.0.)GO TO 50 .
EH=(V(1sI0sJ0)+Y(2,T0»J0)+Y(3y 10, J0)+V (4410, J0)
. 14U(SyI0, JOYKYDI K2,/ (YO+4,)
C .kkX¥X  FOURIER TRANSFORM
DG 140 J=1,J4D -
CS=4,2831833KD(I)XIC

EHRE(J)=ERRE(J)+EHXCOS(CS)

140 EHIM(J)=EHIM(J)-EHXSIN(CS)
50 CONTINUE . ‘
CRAKXK

CoRREKRK QUTFUT THE FREQUENCY RESPDNSE UIA FOURIER TRANSFORH
CRdRRK

C XRKXX FRINT INFDRHATIDN OF UUTFUT POINT AND "ITERATIONS
MRITE(érS“)IOrJUrNI '

02 FORMATC(’ ‘¢//+’ OUTPUT FOINT IS (*3I12y7 9 9129 )¢NI="214+/7)

C REKXXX COMPUTE MAGNITUDE OF. OUTPUT FIELD AND FIND THE FEAR
A=0,

DO 220 I=1,JD

EHRE(I}=SQRT (EHRE(I)XEHRE(I)+EHIM(IIYXEHIM(I))
IF(EHRE(I).LE.AYGO TQ 220 , | ‘
A=EHRE(I) CON
IT=I . S '

220 dQ}TINUE : .
G KXKKK FOLYNORMIAL CURVE FIT TQ OBTAIN PEAK POINT' VALUE,
221 IF(NTLER.1).0R.(IT.EQ,JD))GO TO 230
AT=((EHRE(FT=1)~A)X(DCIT=1)~D(IT+1) )~ (EHRE(IT-1)-EHRE (IT+1))X(DCIT
1-1)-DCITI )/ CCD(IT=1)=DCITIIK(DCITI=DCITHL) IRC(DCIT~1)~BCITH1)))
B=(EHRE(IT-1)-A) /(DCIT-1)=0CIT))~AIX(D(IT-1)+D(IT))

. - PEAK=-B/(2.%A1)
C  kkkXX = VELOCITY ERROR CORRECTION -

T P=3.1 2653XPEAK | i

CF=P/ARSIN(TXSIN(F))
FCF=FEAK/CF
C  XXKEX FRINT &ESULTS
WRITE(&4¢225)FEAKsCFsPCF : :
225 FORMATC’ ’9//13Xs 'PEAK="»F11.79//+3Xy’CORRECT FACTOR ="sFB.3v//y
13Xy 'CORRECTED PEAK =’sF11.7+/7/) ' .
WRITE(6,205)
2035 FORMAT( "1/ ,3Xs NORMALIZED FREQUENCY’sS5Xy FIELD INTENSITY's+//)
230 WRITE(6r215)((D(I)yEHRE(I))sI=1yJD) ' )
215 FORMAT(’ “+7XsF10.697XsF14.6)
604 STOF '
END
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L KXX

C“***'INPUT DATA EXAMPLE- (ALL DATA MUST RE™IN - CORRECT

c **f

TR T B R R o aqrppe
.

1
5
&
2
G, 01500

ki

4
.._.:.j'
Q
0

Ml g8 b -

b

;
3
K

K

. i
R

0. 2
'

v
1310
2401
1310
3 2401
2 2401
2401
2401

R

R I 7t L e
R NN,

30113

©ogg

5 30

y
1.00000
100000
1400000
1.00000
100000
0.37888
-0, 376848

0.000000 1
4,880000 1
0. 000000 0O

L0000

0.650000 0000100

300  0.000000
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.
C KKK
C- XXX OUTPUT EXAMFLE
CXKX
QUTFUT POINT I8 ( 2y "3) NI = 300
FEAK . = 0L 0307457
CORRECT FACTOR = 0.70600
CORREDTED FEAK = 0.,0435491
R/AWAVELENGBTH = 0,1741942
NORMALIZET FREQUIENTY FIELD INTENSITY
0. 015000 1. 253420
0.016000 O 724972
0,0L7000 0. THOEPSE
0,018000 1.,074272
0. 019000 1020931,
0.,020000 0.820458
0021000 0.8602%4
0.022000 1.339998
0, 023000 14380057
0024000 0, 693433
0+ 0R5000 1, 783010
0.026000 2,714580
0.,027000 1.432700
0. 028000 2,853740
0.029000 8.330346 .
0, 030000 12721751
0, 031000 13.707491
0.032000 10.68218%5
, 0.033000 5,141589
0.034000 0.496802
0035000 3,025558
0.036000 D,748441
0.,037000 - 0. 708201
0.038000 1,491686
0.,039000 1,945919
0.040000 0.915763
0.041000 Y 0.776778
0.042000 1.455798
0,043000 0.,989442
0.,044000 0,404112
0.04%5000 1.079513"
0.046000 0.974888
0,047000 0.331850
0.,048000 0.768300
- 0.049000 0.90251 4
0,050000 0.420556
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FROGRAM NaME -~ TLM3D

FURFOSE -

INFUTS

AUTPUTS -
: = FEAN VALUE aFTER VELOQDITY CORRECTION
L LET OF FLIELD INTENGITY AGATNST FREQUENCY

VAR TRLES

NX
NY
NZ
IR

IX

KNS
0z

- EXCLVATI

THREE 1T MENS TONAL TRANSMISETON~LINE MATIRTX
SIMULATION .

S LEMITE IN Xy Y AND 2 CO-0RDINATES OF

SIMULATING MATRIX :
BOUNDARTES TN ALl THREE CO-0ORDINATES TOOGETHER
WITH APPROPRISTE BOUNDARY COUE . E
COEFFICTENTSY AND TERMINATION €OLES
{IN 5
AFPROFRIATE EXCITATION CODESy ENITIAL VALUES
ANIU TERMINATION CODES
COMPUTING BOXES AND CORRESPFONIUUNG OIELECTRIC
CONSTANTS :

- FREQUENCY RANGE ANTI SAMPLING INTERUAL
S OUTRUT FOINT AND NUMBER QF ITERATIONS

PEAN VALUE OF RESONANCE

¢

CLIMIT IN X CO-ORDINATE (NUMRBER OF NODES)
- LIMIT O IN Y CO-0RLGINATE (NUMBER OF NO

LIMIT IN'Z CO-ORDINATE (NUMBER OF NODES

- KE BY & MATRIX CONTAINING KOUNDARY LOCATIONS
- XCHOUNDARY COREs CODE 02 ROUNDARY SURFACE TN X

DIRECTION: COIE 1: NO

- Y-ROUNDARY CODES CONE 03 BOUNDARY SURFACE IN Y

DIRECTIONS CODRE 1§ NO -
Z-RBOUNDARY COLE: CODRE O ROUNDARY SURFACE TN Z
OIRECTION: CORE L! NO

- BOUNDARY COREs CODE O QHURTMDIRCUITEQ?

CORDE 1: OFEN-CIRCUTTED
KS RY & MATRIX CONTAINING WORKING AREAS WITH
DIFFERENT DIELECTRIC CONSTANTS '

* DIELECTRIC CONSTANTS

TERMINATION CODES CODE 1; DATA SET INFUT CON-
TINUINGS CODE 0% DATA SET INFUT ENDS

KE BY 7 MATRIX CONTAINING EXCITATION FOINTS
(IE(KE»1-6)) ANI EXCITATION COUE (IEC(KE,7))
CODE 1! X~COMFONENTS CODE 2! Y~COMFONEMT

CORE 3! Z~COMFONENT

- EXCITATION VALUES

22 BY NX+1 BY NY+1 BY NZ+1 MATRIX CONTAINING
IMPULSES INFORMATION REFRESENTING 3I-TLM NODES
STARTING FREQUENCY (NORMALIZED)

ENIING FREQUENCY (NORMALTZELD)
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X s - FREQUENCY. QUTPUT INTERVAL (SAMPLING INTERVAL) %

A = X CO-ORDINATE OF QUTFUT FOINT *
0 = Y CO-ORDINATE OF QUTPUT FOTNT X
A KO <2 CO-ORDINATE OF QUTFUT FOINT ‘ X
¥ N = NUMBER. OF ITERATIONS : +
X I = ARRAY CONTAINING OUTFUT FREQUENCY X
X EHRE - ARRAY CONTAINING QUTFUT FIELD INTENSITY - s
% . . ’ X
¥ FRECTSTON ~ GINGLE - R : X
kN ' : e
A LANGUAGE = FORTRAN ) _ %
v ' %
$*$***\Y$*$*$$**%$**kk****x***********ﬂ*#**%??S*%*$\“\$**$\*$$**Y

,1.}H
= %

v BT e a
3

el ele e
Laohy U UG 0 T L

UIMENSTON 11200 v EHRE (2000 » EHIMCZ00N
DIMENSTON U228 33100 .
DIMENSTON TROLO &)y INCIOY g TYCLOY o T €10 e LBCLOY v TED OB 3D
DIMENGTON TSI o6 v ERVE) w TECLe 7)Y 2 UACT)
DATA TEC 1y 2yBvds 13 le e 7o Brl o9 10vl Loty
[k o :
C & READ DaTo:
C .
2 ook LIMITE OF WORKING AREA
REATNCEy LOOOINX s NY o NZ
1000 FORMATCITE)
NXX=NKA
NYY=NY 41
NZZ=NT+
WRITE(H1003)
1003 FORMAT(G s BOUNDARIES +/)
Aok ROUNDARTES AND BOUNDARY CODES
KE=Q
1005 RKE=KRE+1
REATICE s LOLOyERR=240) (IB(KEy M)y M= lyé)v1X(kB)v]Y(hB)y]”’lR)ulﬁ(hﬂ7;

1010 FORMAT(OIGT2y3T112) *\\& »
wh1TF(&;lOlO)(JF(thH)vﬁxlyé)yIX(NH)vIY(KH)yIZ(NB)yLB(h*)yL
' IFCLWNE QGO TO 1005

, WRITE (S0 1080)
1080 FORMATC(Y ‘v //-2Xs COMFUTING BOXES’, /)
Cokdoksk COMPUTING ROXES ANIN NIELECTRIL CONSTANTS
KG=0 A
1020 KS=KS+1
READI(5 5 1030y ERR=240) (IS (KS s M) s M=1v6) v ERIKS) oL
1030 FORMAT(AISFLO,.&y12)
WRITEC(S621030) (ISCKS M) yM=1y4) yER(KS) oL
IFCLNELOIGD TO 1020
_ WRITEC6s1110) o )
1110 FORMATC 7y // 32Xy "EXCITATION VALUES’ v /) .
Cksokok EXCITATION FOINTS AND INITIAL VALUES , ™
Q)
1040 KE=KE+1
REAINGy LOGOERR=240) (IFECKE M) v M=137) y UACKE) v L
1050 FORMAT(Z7ISFL10.6512)
WRITECH22050) (TECKE M) yM=1y7) sVACKE) oL

L.
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IF(LWNE.OYGO TO 1040 -
VR £33 OQUTFUT FREQUENCY RANGE ANDN SAMPLING STER
_ REAL (S« 200 0Ly 2,06 .
20 7 FORMAT(IF10.4) - v ‘
CoRkokok OUTFUT FOINT AND NUMBER OF ITERATIONS L
REANCS 4010, JO¢KOFNT ,
40 FORMAT (a41y)y
TFANILGT 2000060 TO 240
€ XX '
€k INITEALTZATION
ok
Ok SET NthINh hhlh TO ZERO
: N0 70 Ks=ieNZ
0O 20 - 1yNYY
L0 70 T=1 o NXY
DO 70 Ms=de20
70 UMy Iy e KD=0.0
0 kR SET IMFEDANCE CONSTANT OF THE uthl‘wNDHE QCATTERING
*\ 0 yoksok FORMULA TO Q.5
‘ N0 8O K=l yNZ -
N0 80 J=1yNY
0 60 I=1sNX
DO B0 M=20, 20
a0 MMy Ty e KD)=0.,4 .
C Rk SET-ABMITTANCE CONSTANT OF THE SHUNT-NODE SCATTERING
O okoRsok FORMULA ACCORDING TO THE RIELECTRIC CONGTANT OF THE
Cokdorxk CORRESFONDING COMFUTING ROX :
DO 90 NS=1,K&
ER1L=4 X (ER(NG) ~1, )
ERD=2, /04 HERDL)
ITI=18 (NS 1)

IT2=T8(NSy2) . '
IT3=I5(NGs3)
IT4=TS(N&y4)
CITSETS (NG 5)
TT6=IS(NG»&)
D0-90 K=ITS+ITé -
D090 J=IT3,1T4 .

0 90 I=IT1+77TD
Vi16sTsJsk) =ERT
I8 90 .M=17, 1.9
UMy T e JyK)=ERD
90 . GONTINUE
Codkkk  SET UF BOUNDARIES L
_ D0 100 NS=1:KE .
. ' LX=3%LE (NS ) -
IT1=IE(NGs1)
IT2=TE(NGy2) T e
FT3=TH(NS»3)
ITA=TH (NG 4)
ITS=TH(NG,5)
IT6=TR(NG &)
DO 100 K=ITS,1Té

S E Y A



A
CD0 100 JsIT3yIT4 "
DO 100 I=IT1yIT2
IFCIXONS) VEQ IV CL7HLXy Ly v ) =0.0
CLIFCLY (NSD WERVEDVOLEHLXy Ty Jy KD =040 .

IFCIZENS) JEQ IDNCLPHL s Ty JrK) =0, 0
100 LCONTINUE ‘ :
Cokskoksk SET EXCTATION POINTS WITH THE "INITIAL VALUES
O 110 NG=LoKE C ‘ .
ITLwlE(NSy 1)
ITT2TE (NS )
I TEINS 3D
TEINSG 4)
S [ NS » 5D
TTéa=TEI(NG &)
D110 Re=ITS 176
O LR J=1T3yLT4
ney Lo Is=rTlerre
: No LG Med e S . ’
110 UOTECEHMy TENS s 7YY s Do e Y s=UN (NG
Gkl INITEALLZE QUTEFE -DATS AND TEMFORATORY STORAGE
MEVEST '
1 y=Tl
FHIMCLY=0,0.
FHRECLY=Q, 0
115 MERESN DAL ) i
DGRy =D -1 Y 4[5
EHRE L) =0, Q
FEHIMOCIT) =0,0
TFCDCIT) CLELD2YE0 TG 119 .
. IFCCAINGT 44000 L OR ¢ (AT LE 1O Y GO TO 240 o
C %k _ -
RN START ITERATIONS
RK -
S R0 200 NS=1sNI .
PGk - COMRUTE THE WAVE SCATTERING ON SERIES NODES
DO 120 Kal»NZ
D0 120 J=1sNY
DO 120 T=1sNX
CAal.l, OV(Brs e deR) v UCL2e TrdsRY 2V (A T deRE1I V10 Ty 41y KD
it V(205 d0 ) -
CALL OCVCLL s IodeK) v VU(E v o JoR) e V(P TH1 v de Ny VL T oo K41
L A - N N Y (O B o ) o
CALL "OCV(Zy T JyR) VU4 Ty dy KD s VS T4y Jo KDYy 2e T o JHl v K3
1 s V(225 Ty JeK))
1260 CONTINUE ) _ _ - o o
o AKK COMPUTE THE WAVE SCATTERING ON SHUNT NODES
00 130 K=1yNXZ
OO 130 J=1sNYY
D0 130 I=1yNXX
CALL SCVCL Ty Jyl) s V(25T v ds ) s V(v T v JyK) vV (4sTvJyK)
1 vU(13#1’_9Jv|§)yU(Il.év]:__;J_;[{_?_vk_)_(17?717v}_7]y|\'))_ _ .
CALL 8CU(Sy Ty ot s Vs TvdeRI vy U5 1o JyKD»VUCBy I s k)
1 yVCL4y T JyRKDIyUCLOEy T o JyR)»UCLByIvJoK) )
CALL SV Ty oYy VL0 Ty du Ry v VIl Ty KDY s W(I29 T v o)
1 VLS T v JeRY» VLA T v JyRI e VULL1P 2 T5 Jv KD

2
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130

'
I

Co%kkk IMPULSE RL°FONSE SAMFLING ~

Al=T

A=NS /2, : '

IFCCA-AT) oNELOLCIGO TO 200

EH=2 *(U(iyiDyJﬁth)%U(erOyJOyhU)%U(? 1OyJth05‘U(4v[UrJO

CrENS/? | . -3 .: | \L- T

1 vhU)fU(tév]UvJthO)*U(lTrIUvJOka))/(4¢fU(!éy]OrJDyhU))

COdOkRX FOURIER TRANSFORM

RO 140 July 0 }
CHué . 28TLBFIXNCIIRNS
EHRE ¢J)=EHRE () +EHRCOS (CS)

140 . EHIMCDEEHIMCD ~EMXSTINCCS)
200 CONTINUE —
(S '
£ k¥ QUTFUTS
L%k .
WRITECHy 203 10« JOyKO» NT . ,
203 FORMAT (7 7o /7¢2Xy “OUTFUT FOINT 58 /el F T3 ey T2 7)1y
LONTs=7y 185) -
CokkkK CALCULATE THE AMFLITUDE OF THE FREQUENCY RESFONGE
Co%okkxK AND FIND THE FEAK VaALUE :
A0 .
U0 220 I=1sdn
FHRE (T ) =SRRT CEHRE ¢ 1) KEHRE (D) HEHTM DY REHIM D)
TFCEHRE (LD WLE . AYGD . TO 220
A= HRECT) '
FT=1
220 CONTINUE
221 IFCOITWEQ LY WORGCITLEQLIOIBO TO 230
ﬁT“((IHhF(JT A AT CT T 1) = (T T4 ) ) = CEHRE (TT~1 ) - EHRECITHID )% (DCLT
“d 3= HCITI I Z AN CIT=1) =D eI KD CIT) =D (ETHI KD CIT~4) =TT+ ))
Bw(thL(]T A=A /(D CIT 1)~ ﬂ(]T)ith*(D(11 IY4+DCET)Y
FEAR=-R/ (2. %A1)
£k VELOCITY CORRECTION
Fad, 1415926593 %PEAK
T=8ART(2.)
CCF=P/ARSIN(TRSINCF)) i
FOF=REAK/CFXT -
CosooRx WRITE RESULTS
NRITE(éy’Qh)ILﬁhyCFyFCF
22% O FORMAT ://y&%v’rinh"’yFJO.gv//y3Xv’CDRRECT FACTOR =/yFR,5y//
13Xy ‘CORRECTED FEAK =‘+F10,5)
WRITE(49205) ;
205  FORMATC(/17 93Xy 'NBRMALLIZED FREQUENCY’ vy5Xs ‘FIELLD INTENSITY’s//)
230 WRITE(S»215)Y({DCIYEMRECT) )Y »I=1,JIN
215 FORMAT(Y 23 7XsF10.6y7XsF14.6)
50 ro 63% Or/XrF14.6) -
240 WRITE(6+241) _ .
241 FORMAT(’ “» INFUT DATA FORMAT ERROR’)
606  STOF
ENDI
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g . . - e [T T P e LR UL L A

col
© Rl

M**********************************************************f***?**'

: SUERDUTENE NAME : O , 1;, :
: FURFOSE - TO PERFORNM THE WAVE SCATTERING FROFERTY :
ER ON A SERIES NODE. . K
: INFUT .~ INCIDENT FIELD COMFONENTS AT TIME K :
. OUTFUT - REFLECTED FIELDR COMPONENTS AT TIME Ki1 }
l********k*m*x**x************x***x*****x***&********#***********i

SUKRDUTINE 0(V1yU2,U3»U4,7)
AZX VLU HUF-U4)

GEERY

VR=U-a

VF=U3-a

Ud=Ua4d

RETURN

NI
*****Y*****?***************3*************%************$******&***
X - ¥
* SURRDUTINE NAME ! S ¥
X : &
% FURFOSE - TO FERFORM THE WAVE SCATTERING FROPERTY %
X ‘ ON A SHUNT NODE X
* . : X
X INEUT o INCIDENT FIELD COMFONENTS AT TINE K *
5 : ‘ %
X oUTFUT - REFLECTED FIELD COMFONENTS AT TIME K+1 %
% ' X
*

SROMCKFORHORAOR KK FOR A K Ok AR AR R K KOOSR KRR KKK S HORK KOK 3K 3K R oK K Sk o ok ok ok s e e

SUBROUTINE S(V1sV2yVU5,U45U5:Y0rY) _
A=YR(ULHUR4UZIEVAEYORUS)

Vi=A-V1

Va=A-V2 _ . . . N i ‘
Y ) o . o S
Ud=A-Y4 R

V5=A-US ",
RETURN

ENI

e
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0.,100000 0
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vq-f\ ol g

ook A
S S OUTFUT DATA EXAMPLE
L ook
FEAK=  0,01971
CORRECT FACTOR = 0.70465

CORRECTEL FEARK = 003944

-uj,;‘l.g,‘ ».fw 1-..,..1,...1" PEEITRRTY e T e T ey Tt (et kit it MU

) }NORMALIKED FREQUENCY FIELD INTENSITY
G 015000 5130810
04015400 8.845688
Qe QLIBO0 8.342306
Q.O0LHZ00 J. 0914698

. Q.0L6600 44100382
0.017000 13.E54790
0.017400 JJ»3416’1

S

S

0.017800
Q.018200
00186800
Q01000
Q017400

0.0192800

0020200
0020600
G 021000
0.021400
0.621800

0.,022200

0.02260Q0
Q023000
0023400
0.023800
0.024200

T0.0246007

Q,023000

+ 114990
3 770640
?1}183??1

G3. 448868 5

68 774628
72.,305203
42, 891541
43.526764
20,220169
1555690
13.076377
15.940392
10.870518
2,421845
6.185817
9,484824
8,099097

3.152251

\Jo_-..\J

3.382804
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. _Appendix B

ORIGINAL TLA SOLUTIONS

This appendix includes the resuits obtained yith the TLN

programs in tabular form. These results are collected as a

valuable reference for further iniestigation on the fin-lime

analysis using the TLM method.

Unless specifled, the truncation error of the results is
less than 0. 1%. '
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e e e e e o afe e e fenfe sde s sl e e s afe ol s ol ol et ofe e e s e sfe s sfe sfeafe o sfeafe e e e dlesfeafe el

Normalized Fundamental Cutoff Frequency (b/\.)

e

s

in Finned Waveguide

bfa=1/2

et

-~

**********#************

********************************************************************A

RHERERHRREY

b/ag -
. -
d/b 8 16 3 b4 fextrapolated)
1/2 0.21568 '0,22042 0.22271 0.22372 0.22497
. . ] A
1/4 0.17751 0. 18548 0. 18907 0. 19094 0.19294
*
1/8 N/A 0. 15790 0.16378 0. 16670 0.16964
1/16+ N/A N/A 0. 14341 0. 14783 0. 15225
‘ : N
* Truncation Error Eq =0.4% \;\
+ Truncation Error E¢ =0, 2% .
b/AQ ©
d/b 2 24‘ ' 48 (extrapolated)
1/3 .| 0.18782 0.19678 0.20107 0.20537
273 0.23046 0.23477 0.23703 0.23910
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A
B

%*#*****-*##**ﬁ***$*x % *'********************=****************“***i
3“' Normalized Fufxda.m'ent_al Cutciff _Frequency (b/?\c.) %
e in Unilateral Finline %
% b/a=1/2, Ey=2.22 X
& : x
i********-#***********wv»E********$********** ****************£***§
2

b/a '

d/b . 4 8 16 32 { extraC:oléted)
w| 172 0. 16481 0.17321 0. 17740 -- 0. 18156
E 1/4 - - 0.14226 . | 0,14827 -- 0. 15428
o .
"1 s -- -~ 0.12559 0. 13033 0.13507
©| 1/2 0.17447 0. 18328 0. 18768 0. 19007 0. 19209
E 1/4 - 0. 14689 0. 15391 0.15764 0. 16093
. 1/8 -- -- 0. 12904 0. 13436 0. 13969

U . 8 16 32 48 ®

d/b extrapolated)
ol 1/2 0.19314 0.19784 0.20018 -- 0.20253
g

. E 174 0.15376 0.16115 0.16522 -- 0.16854

@ 1/8 "= 0. 13365 0.13921 0.14116 0. 14477
nlog/2 -- 0.20618 _o-.zoés? 0.20981 0,21116
< :
PR -- 0.16870 | 0.1725% | 0.17378 | 0. 17647
E 1/8 -- 0. 13953 0. 14519 0. 14699 0. 15084
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et et de etttk st ol feloioioi ool ok kRl ok feleo R dede R o ok
L . . y *n
Normalized Second Order Cutoff Frequency ( b/A:)
: in Unilateral Finline
b/a=1/2, Ep=2.22

™\

B R

3 3R iR

et o o R R SRR R R s e S ok

b/Aag 3 o
d/b 4 8 \ \ 16 32 (extrapolated)
‘ —= -
«| 12 0.42672 0.43635 0.43968 -- 0.44160
E 1/4 - 0, 42079 0.42491 -- 0.42741
"1 /8 - - 0.41460 0, 41711 0.41890
S| 12 0. 47902 0.48561 0.48637 0. 48746 0. 48850
© |
E 1/4 -- 0. 48307 048477 0.48533 0. 48600
a 1/8 - -- 0.48370 | 0.48437 0.48470
b/AL ©
d/b 8 16 32 48 (extrapolated)
ol 172 0.49712 | . 0.49761 0.49815 - 0.49840
=1 174 0.49719 | 0.49679 | 0.49726 -- 0.49720
" ] 3
@l 1/8 - 0.49679 | -0.49744 0. 49680 0.49721
n | 172 -- 0. 49929 | 0. 49899 0. 49904 0.49889
:.3 1/4 .- 0. 49957 0.49953 0. 49860 0.49853
@ /8 - 0. 49870 0.49958 0.49933 0.49990

% Truncation Error Eq = 0. 29,
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BEEAER RS

Ageneneefesioneieds

Aesfenesop e e dede el leafeokeo ok

Normahzeq Fundamental Cutoff Frequency (b/)\c)

Aot e e oo afe e ol e sfe ofeslede s sheojofe e e sleole ol

3**%******#******«**

b

in Bilateral Finline
b/a=1/2, E¢=2.22
L

Fesfesiesesfesede ol el

A=
=

e 3k Bl de e ek

"

Sealeale et sesfe e s e sdesfeale e st ole ol el e sfede e deadee e

.
[

ekl

.‘:

ik

HA

£
X

3k

I

1
b/al

d/b 4 8 té 32 (extrac;)oolated)
w| /2 0,15118 0. 15929 0. 16373 0, 16604 0.16830
wloisa - 0.42483 | 0.13127 | 0.13462 | 0.13780
3
"1 s -- -- 0. 10844 0. 11305 0. 11767
ol t/2 -~ 0. 17083 0. 17543 0.17798 | '0.18020
®
wl 1/a -- 0.13034 | 0.13701 0.14062 | 0, 14400
< N .

1/8 -- -- 0. 10976 0. 11491 0. 12005

5754 N

d/b 16 32 48 64 (exct i:a.pola.ted)
e| 1/2 0.18981 0.19214 | 0.19328 -- 0. 19447
E 1/4 0. 14920 0. 15273 -- -- 0. 15625
R 0.11799 | 0.12335 -- - 0. 12870
| 172 - 0.20396 .- 0.20511 ° | 0.20627
:‘j 1/4 -- 0. 16524 -- 0. 16716 0. 16907
7'?_ 1/8 -- 0. 13482 -- 0. 13770 0. 14057
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*##*“****#***m**********************%***ﬂ********* *******#****#

%
i
o
Normahze.d Second Order Cutoff Frequency - (b/)\c) X
" in Bilateral Finline . o X

b/a=1/2, Ey=2.22 X

o

i

2 2 LN

. *****************#**************************** ***%*ﬁ**************

‘" e
b/AR ' :
d/b 4 8 16 32 L\'tra;%lated)
«| 172 0. 15383 0.17231 0. 18067 0. 18464 0. 18860
¥ .
E 1/4 -~ | o0.12848 0.13731 0.14129 | 0.14525
A
"1 1/8 Cae -~ ] o.11162 | 0.11691 0.12200
w| 12 -- 0.19854 | 0.20913 0.21362 0.21600
E 1/4 - 0. 15057 0.16138 | 0.16606 0. 16900
8 .
"1 18 .- - 0. 13508 0.14114 0. 14410
<| 1/2 - - . 0.22841 0.23253 0.23450
iz 1/4 .- - 0. 17887 0.18439 0. 18680
@l 48 - - 0.15375 0. 16039 0. 16370

=
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%
3¢ e geofe e e sfeof e sl e sie slesfe e sfe e s ****&***#***a"**a >h Heole k*a%*a“****a"-."*-::a'c**-. ****a e Fe e e e sfenies

!

stk e e ateale oot st et sl sl ekt se el sk e ele

ATATARIR

sesfeseiealeiedesedate ol ok ool oot

Normalized Funda.mental Cutoff Frequency (b/)\c)
in Insulated leme
bfa=1/2,- Ey =2.22

LI

*%‘ré?%’r%’r*%’.{-‘.‘t—*isﬁ*

b/Ag %)
{ 2 .
d/b 8 6 4 32 {extrapolated)
<« | 172 0. 16187 0. 16588 0. 16766 0. 16859 0.17011
= £y
nlo1/4 ‘0.12816 0. 13464 -- -- 0. 14115
8 ;
“1 18 -- 0. 11187 - 0. 11646 0. 12105
—— '
1/2 0.17634 0.1810%’ 182 - 0, 18533
S. ‘ »
E 1/4 0. 13751 0.14434\\ I -- 0.15117
Y -
1 1/8 - 0.11770 ) -- 3 0.12314 0.12858
7
b/ag
@x
d/b t6 32 64 extrapolated)
ol 172 0, 19436 0. 19665 - 0.19894
~—
no1/4 0. 15573 0. 15938 -- 0. 16303
S
“1 1/8 0.12617 0.13172 - 0. 13726
Ei 1/2 - 0.20706 0.20792 0.20877
81 1/4 -- 0. 16947 0.17192 0. 17438
ey
w
1/8 -- 0,14213 0.14372 0. 14531

# Truncation Error Eq = 0.2%.
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-Zi-i’r-‘.i-!'r-li-—.‘i-**%

Normalized Second Order Cutoff Frequency {b/X)
in Insulated Finline
b/a=1/2, €y=2.22

*********a#»#*#***%*******a******#*******

***************#********

*
=
u

i

b
%
1
3
B
o

%

**k*****aa*****&********a*********************x**** ********#*******

b/AfQ . | : o

s/a § 8. 16 32 64 |(extrapolated)
174 | -0.2340t 0: 23502 0.23526 - 0.23538
1/8 0.24702 | 0.24778 0.24793 -- 0.24790
1/16 -- 0.24966 | 0.24975 0.24978 0.24978
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X e

A

&y

Normalized Fundamental Resonant FreQuency( b/\)

in Cavities Containing Unilateral Finline

a=16A2, bja=1/2, & =2,22

%
< 32 e e ofe afe s ale e sieafe she she sie e e e e seae ofe sfe e e 5 e e s afeode ofesfe s sfesls e slealesfesfeieofefeale sfe e altale 2o e el sfe s e el ol ool el ol e ol Ae el sk

st skt bl ol sl e s e e et e o e s oo e s ol el te st e s e st e e oot e el s
- wde

%

el

*
&
b
Aqe

M

d/sb 7/8 9/8 t1/8 13/8 15/8
1125 | o.55068 0.44832 0.38528 0.34272
= 12t | o.52304 0.42752 0.36776 . | 0.32752 0.29968
o | 1/4 | o.53288 0.42912 | 0.36416 0.32032
“1at | o.estoe | 0.39288 0.33440 | 0.29440 | 0.26608
172> | 0.51888 0. 42440 0.36536 0.32552
20 172t | 0.48840 0.40032 0.34464 | 0.30776 | 0.28160
~§ 1747 | 0.50936 0.41112 0.34960 0.30768
S ,
1/ | o0.45928 | o0.37152 | 0.31552 | 0.27824 | 0.25168
% 1Dielectric recess!

+ 'Dielectric protrusion!
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-*************#***#****#***********#*##*************************

N %*
% ¥
s . o ’ x
? Normalized Fundamental Resonant Frequency (b/ Xk} f;
% in Cavities Containing Unilateral' Finline X
3 . bl/a=1/2, & =2.22 ¥
e ) *
S tesesiatete sttt st ekt setostoletok ot ootttk ol o okttt sl etol et ool ol Aok

a/b/c=8/4/3, s/fa=1/8

4

a/al

A 8. 16 32
1725 | 0.57836 0.58960 0.58960
42* | o.52632 | 0.55472 | 0.56654
/4% | 0.38088 0.39160
1747 | o0.35444 | '0.38952

a=32M, d/b=1/8

c/b .
17/16 21/16 25/16
sfa : -
1/16* 0.43552 , 0.31224

17167 | 0.39888

ii/sz* 0,45312 0.37680 T

17327 | o0.42112

wha

% 1Djelectric recess!

+ tDielectric protrusion!
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Aesesleege sz nesie et sk il =l==.'==k***>!? Beses sk s ok skl sl sfestesiesiestesiesialeofe sl e e sl slesfeok skl sk ket ok

e e

£
24 .‘:(
Normalized Fundamental Resonant Frequendy (b/)\) ':E
in Cavities .Containing Bilateral Finline *
b/a=1/2, & =2,22 *
3 'c-;v;"a'kab**-kah-.'-*** ookt e s A A S R R Ak e w;*
a =164¢ "
/b
arb 7/8 9/8 11/8 13/8 15/8
| 172 | o0.46280 0.37744 0.32368 0.28760 0.26208
I _
<1 /4 0.44760 0.36144 | 0.30680 0.2690% 0.24208
S| o2 0.49624 | 0.40504 | 0.34784 | 0.30896 | 0.28160 .
At -
S o1/ 0. 46840 0.37952 0.32264 0.28272 0.25464

a=8A0 ,s/a=1/4

/b |
a/b ' 3/4 4/4 5/{ 6/4 7/4
1/2 0.50136 0.40004 0.33720 0.29556 0.26620
a =3'2A€’
- d/b s/a c/b b/ X\
172 1/4 15/ 16 0. 44032
1/2 1/4 19/16 0.36640
1/8 1/8 21716 0.32560
1/8 1/8 . 25/16 0,28112
1/8 1/16 17/16 0,40864
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Normalized Fundamental Resonant Fréqﬁ.ency (b/\)
in Cavities Containing Insulated Finline
b/a=1/2, & =2,22

bR R e b

. ##&+*¢**¢*a~*$*%*****»**#******%**************a********************E
a=164¢ T
c/b , _
N 7/8 9/8 - /8 13/8 L 15/8
s N ' . .
| 172 0.44496 0.36376 0.31336 0.27984 . | . 0.25592
] - :
o . :
S 174 0.42152 . | 0.34000 0.28880 . | 0.25472 0.23016
= |z 0.48/60 0.39632 0.34112 0.30480 0.27888
o N : : * -
- 1/4 ___n(4g;60 0.36488 0.31016 0.27312 0,24536
T
a=32AM, d/b=4/8 "
Ne/b ' .
ofa t7/16 21/16 25/16
1/8 0.30512 0.26496
1/16 |  0.39232 8.32752 0.28384 -
i b
a=8M, s/=1/4 .
a =840 s/,aa“f / \
c/b ke : .
W 3/4 4/4 5/4 6/4 7/4
1/2 N 0.49044 | 0.39004 | 0.32864 | 0.28836 0.26036 .| %

a=32M, d/b =1/2, sfa=1/4, b/\=0.28896
a=324¢, d/b =1/4, s/a=1/8, b/\=0.43008
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oot stk el ok et el e ol skttt etk i doitoloiilalR ol fet ool o i ok sk

- Correction F‘fa.ctér F
‘ for '
Unilateral Fin Lines

g
TP NTE R 1)

P -

okl ko ookl gk ol folokolok ol ek okl ekek ok ok ok

a/b .
o 0.5 0. 25 0. 125,
K 25 0.9786 0.9654 0.9535
~ | o2 | 0.8900 0.8761 0.8937
W’ 0.0625 | 0.7404 | 0.7375 | 0.7832
0.2 0.9656 | 0.9483 | 0.9568
o Y 125 - |~ 0.8425 0.8340 “ 1 -0.8620 ‘
' 0.0625 .0.685:2 0.6753 |- 0.7276
o | 0.25 059591 10,9353 . { 0.9334
cf.; 0.125 0.7576 | 0.7611 | 0.8102 L
“ | o.0625 | 0.5027 0.5261 ° | 0:6098
- , | °
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a3

. ..

d/b
agpN_| s | oz | oz
. {
0.5 . 0.9994 0.9638 0.9716 i
~ - : .!
W lozs | 0.8970 0,8850 0.8944
n : , y
| 0125 0.7559 0. 7486 0.7866 -
0.0625 | 0.6462 | ~0.6192 0. 6900 . ¢
- o, I
7
o | 0.5 0.9663 . 0. 9600 0.9674 i
vl 0.25 | 0.8467 0.8481 0.8710
o :
0. 125 0. 6939 0. 6872 -
o |05 0.9@31 0.9452 0.9535 .
o. .
v | o.25 0.770% 0.7721 0.8138
@ ] — _
0.125 | . 0.519 0.5376 -- 4
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X Correction Factor G ¥
% for ' X
:‘E . Bilateral Fin Lines o
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*******#*************************************#*******************ﬁ**i
. by ’
d/b _
) L[] .2' . 2
s/b 0.5 0. 25 0.1 5.
0.5 0.9332 0.9243 0.9}364
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o~
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o
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o
0,125 0.4582 0.4699 -
o los: 0.9322 10,9288 --
o~ ,
| 0.25 0.7238 0.7265 -~
o :
0.125 0.4439 0.4594 --
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