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ABSTRACT

poor- heating uniformity anl a high 5wn51tiv1€y ot

conversion efficiency to loading conditions are the md1n
problems 1in the performance of microwave ovens. Wit h

conventional design ‘techniques only a -partial solution *to
™
™

. these problems 15 achiéved using a mode-stirrer. Howevler, it

.is shown that this device reduces - conversion efficidncies,

due to increased reflections to the magnetron.

.Frequency . 1s - shown to be the most importantaparameter

v

in controlling thé performange‘fm‘reSOnant microwave heating
systemé. A new technique which makes wuse of a frequency
agiie source 1is deveioped..By qontrolling the frequency of
this source in an experimental cavity a large iﬁprovemént in

conversion efficiency, as <compared to a commercially

available domestic microwave oven, , 1s demonstrated.

Frequency sueeping‘of the source is shown to be efféctive in

reducing the sensitivity of efficiency to loading
conditions,'as well as improving heating uniformity.

Wwith a frequency agile source and ‘a special electronic

’

ccntroller it is shown.that'temperature patterns 'in a locad

can be taijore¥ to a considerable degree. A  simple

‘mathematical modcl s developed, which predicts with +ood



accuracy the temperature pattern in low protile loads when

: ¥
exposed to electromagnetic energy in a resonant cavity.

Multiple transistorized mlicrowave power ources and a
single trans?storlzed source using power dividing-combining

techniques, are described as possible approaches to the

2

design' of an a%&lsolid-state microwave oven. The former 1s
not at present fedasible due to energy cross-coupling between

sources and neither 1s cost competitive.

3

o

Transistorized

YIS . )
microwave sources are _tound to be

advaniageous for low power applicatiohs; A 20 watt,r9}5 MEz
source is designed, built ahd used in "the fast «curing of

epoxy dJlue..

[
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a d,b,a ‘~Cdv1ty dimensions along x, v \nd
A,B,D - cavity dimensions along x, v and o oopenaax 1y
¢ velocity of light in free space
C : capacitance !

‘ Cp specgfic heat at constant pressure , , —
£ electric field vector . ' f
f frequency
.  cutoff frequency
F . frequency in abpendix v
F load filling factor -
h spacing between stripline and ground plane . ~
H magnetic field vectodr T
1,m,n number pfrbﬁ]f sine variations a?ong x,fy nd 7z
L,M,N numbe(ﬁbf/half sine variations along x, y anfd z in appendix IV
L inductance | o ‘ A E
MPAL maximum power available to the load -
MTBF mean time betwcen failures
"Ny s N; ideal transformer turhs ratio
P .- power - ,

g quality %actor

R resistance )
t time ! v ,
T temperature . o ; )
v volume ( or voltage where so defined } ' ' ;
W stripline width ‘ ‘ \“\\\EL~)
Z impedance - . '
3 phase constant ] f
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€; real part of relative dielectric constant
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ty 1tuTec wihitch bhejan - clow levaelopment Ot A caommereal

mar ket for theae  modern iprlirances. Thelr large s17e gy |
. _ :

"hiagh coct were the ¢ drcadvantaages which  precluded *hen

trom teira sold as home  appliances. By 1456, however,

p1crowave ovens hat been reduced 1n cize and nrice +o s ho
pornt that 2,00 units were sold for home use *hat year (u).

Aot ter loor cexls, smaller overall =ize, lonaer magnetron

i
4
%
Y

lyfe and lower prices, *oge*her wi*h widecspread awarenescs of
the advantages of this appliance 1in a society with chanqging

li1testyles )y, are *he maln causes  tor the recon*

o

“thenomenal grnowth of the domestic microwave oven market . In
1974 approximately 700,000 Jdomestic nicrowive ovens were
€0ld in the United, States (b,7) wi*h rrojec*ions for annual

sales of 2,750,000 aanits 1n 1980 (7). In other studibs 1t 1S

ec*imated *ha* by 1985 one ou* nf every *wo families in the
0.5. will own a mlcrowave oven (K). The darowth of +he
commercial microwave oven market has not been as areat but

1'* 1= aﬂto increasinc (9). Microwave oven sales are alco on

i
-

the rises in Furope and Japan ~(10,11)." T
. e

o .

1.2 The \Pexformance of Microwave Ovens

The increasing demand for microwave ovens is a clear

- o : .
indication that their performance 1is considered quite
a 2p*able by the public; howéyver, there are *vwo areac where

-



there 1o still considerable room tor improxement.

1.2.1 Hedting Uniformity and Temperature Pattern control

/f - k\k\ LT
/

Since the early days of microwave heating technaloqv,
!

- i

obfaihiﬁq uniform heating of a dielec*ric nxppsed o
microwave energy in a metallic enclosure has bg;p a major
concern of engineers ahd scien‘isﬁé (12,]3,1u,1gﬂ. Hea*1inJg
uniformity in the loéd,’ (L.e. the object be}ng/{eatpd)i
dPDthS.On the dielectric propertiess and their  ¢ariafions .
-within *he load, ite =hape and size, *h; limited pene?za*ion
depth~a of the -fields and the electric field pattprh in the
presence of the loid. The faét *hg* loads 'processed' in a
microﬁave oven vary oyer a wide' ranae of dielpcttic_
proper*ies, shabpes and FiZPC,. and tha+t *he rchoice of
dpgratinq frequency is practically limiteAd fo‘tvo of tEe ISHM
bands ( 915t25 MHz and 2,&50&50 MHz ), hag led the microwave
oven designer to improve heating uniforeity by maﬁipula+inq
the eleétri¢ field patterns in the oven cavity. A lafqe.
number of approacﬁes have been sugges*ed, many of which één
be fognd in the iiterature (16,17), but the most ‘sgccoszﬁl
ana used in almost all ccmmetcial.ahd domes*ic microwave
ovens today, is *he mode-stirrer. This device, far one, haS“
allovgd the microwave oven to becéme an acceptable appliance

but heating uniformity is still a basic problem (18,19) .and

PO
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/

research in this area continues (20,21,22).

Mode-stirrers opeciat e on the principle  of randomiziraqa
*he field wpatterns 1n  *he ‘cavity as much as possible +o

avsxd +he generation of hot and cold spots 1n the load where

+he elec*ric field in*ensities are high and low

.-

respectively. This random action, together with the lack of

éonf:ol over crparameters " such as the frequency ot the
mlcrowave power Source; precludes, with present desian
+echniques, ;ﬁe pos<sibility ofl *ailoring ~ temperature
. b
patterns. However, this would be a very desirable feature,
ospecﬁally,.‘in microwave: ovens for commercial and
inétitutional ‘use where, for examvole, differént hea*ing i~
to be pro?iéed to particular-ifemswin a tray with a comploto
meal. Lacking a +*echnique far - *ailoring temperature

patterns, efforts are b@inq made to develop sophisticated

food packagimg and handling techniques (23,24).

™

el

1.2.2 Conversion Zfficiency and Its Variat+tion wi*h Loading

>

Conditions .
) , .
|

D
N !

The amount of published work on the efficiency of
microvavequens, and ways of improving it, 1s surprisingly

-small vhen;KCOmpared to the published work on the .heating

uniformity.problem. This can be expiained;~=perhaps, by

o~

et

[ S



Coﬁsidorinq' that the main attraction of microwaﬁo ovens has
been their time saving capability; however, the rising cost
of energy and the increasing use of this applidance makes the
study of mictovave' oven effiéienéy a very relevant issue.

One major manufacturer has recently commited itself to

improve the overall efficiency of it+s microwave ovens by 20%
: e

by 1980 (8). .

11
~

For‘commerciall?’available microwave ovens, the overall
effigiengy, i.e. ffom power line *+o load, lies between 44%
and S0% for a 1 liter water load according to one‘study (29)
and between 38% and . 46% according, toi‘anoth@r (19). The
overall efficienﬁy is, essentially, the prodﬁct.of three
factors: .pover suppiy efficiency, magnetron - efficiency and
éonversion -or circuit efficiency. Typigél power. supply and
ﬁagnetron efficiencies can be cohsidered +to be 95% and 65%
respectiveiy (26), so fér an oven with, say, 45% ovetall
efficiency the circuit efficiency would,be. 713%. Losses 1in
conver*ing the power'available\from 4‘h‘e'.maqnm'ror; to heat,
"are due, in pact, to 105595 ip the cavify‘yalls and feedindy
structure- but arice mainly from a poor impe@ancé‘ha+ch
between the magnetfon and tﬁe Ioaded cavity: iThiS mismatcﬁ

¢ . . .
condition and, hence, the circui* efficiency, are worse for
. . e

small loads and vary considerably with +he position of +the

load within the cavity. With present microwave..oven design

S

techniques it dJdoes not appear possible  +to solve this

' N



e N e,

‘ R

A maximum theoretical overgfi<g?ficiency figure can be
estimated by considering that: a)vi+,is not likely that a
power supply efficiéncy much hlghér thgn 95% <can be
achieved, b) sinée magnetrons have been operated‘ with
efficiencies of up to 86% (27), it 1is conceiQable that mass
produced magnetrons with an 80% efficiency can be made and

c) since circuit efficiencies of 97% were measured 1n a

perfectly matched cavity during the course of this work, 95%

can be considered a reasonable maximum figure for mass C;u

proéuced miérowave ovens.. Thus, an. estimated maximum
theoretical oyerall efficiency of 72% tesults. This figure
is of the ordér of 50% higher than what‘has been achieved so
far and, therefore, it is evident that‘tfying to improve the

efficiency of microwave ovens is a worthwhilé)?ffort.l
oy

New Desiqn Approaches

th= course of the deVelopment of microwawve ovens the

Y

micro- ~r source used has always been the conventional -
CW me- & This tube 1is not only a narrowband déviceJ
. ve e,
R ‘ e Vg
1Energ  -le S tn- U.S.A. is being enac*ted which
would requ:. ~1i- -e m.facturers m=o  state the
efficienci-= _. -° aprplianc:s. : '
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typically t9 MHz at 2,450 MHz (28,29), but its f;equonby(

cannot be controlled independently of other tube or external

circuit parameters. -These characteristics seriously\limi*t
’ /

the possibilities of improving the performance of micfowave

ovens.

temperature patterns and improve circuit efficiency, are

1
H

investigated in *his thesis.

. .
Pl

.
~

1.3.1 Frequencgv)glle'Mlcrouave Power Source
> e

~ o '
The possibility "of obtaining good heat*ing unitormity

increases with ‘the number of different u\mddes (fielAq

patterns) which can be excited. in the loaded cavity.lro take
advantage of the modes- which gan»be:éﬁstained by a multimode

cavity in the allowable 100'MHz.bahdwidth at 2,450 MHz, for

instance, the microwave power source must: be~‘gapable of

operating in that bandwidth. Thus, a souégiv with a
sufficiently large (:S%{ béndu%dth is «clearly -desirable.
Moreover, if the frequency'zof the source can be set.in a
simple hanner, frequeﬂcy sweeplng oOrT excitation 'bf the

cavity in selected modes,.are wa?s by which improved heér+ing

uniformity . ‘and temperature pattern <tailoring become °

pdssible. A vol*age *unable ﬁagnefton ( VT4 ) has been ised

7

Two approaches to: improve heating uniforq}ky, tailor

i
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&
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~

in this investigation. 1Its freqhency is a linear function of
+he . anode voltage and he outpu% power 1S essentially
conStant in a 16% bandwidth at 2,050 MHZ.
: , : B
In a mulﬁimode qavity, the frequency ( or frequencies')

at which maximum circuit efficiency je achieved, vary aui*e

drastically with loading conditions. Consequently, if the

microwave power source operates witHfin a narrow’ bandwid+*h,
the circgyit efficiency will vary Wwith loading in the same
way. Maximum circuit efficiency and minimum circuit
efficiency sensitivity to leading can be achieved if the
frequeﬁcy of the'source'can be set tp‘thé bptimum value for
each loading 'copdition. The VTM and an eleétropic tuner
specifically déveloped for the purpose have ‘peen used to

v

inves*igate this +echnique. ’ i

.

1. 3.2 .s0l1i4 State Microwave Ppower Sources

Solid-state devices have many attractive features for

’

picrowave heating applications. Due to their 1low outout
povwer, however, © sOme poOWeI combining *echnigue is required

if they are to be yused- in -microwave oOvens. The two

‘techniques analyzed in +his thesis are: a) *O use multiple

low power sources exciting the cavity at different ~

-

frequencies and b) to combine a number of solid-state

*a
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devices to obtain a high power amplifier or oscillator:

e

an vyield good heating

The multiple source approa

uniformity because each source ca be made to excite a

different mode, but tailoring <*emperature patterns 18
difficult to achieve, since the smaller the number of modes

. ™~
required to obtain a given pattern +he iqwer the ' power

available  in the «cavity. The perfcrmance of such a

“+echnique, as far as circuit efficiency is «concerned, 1s
difficult to esthblish since it depends on the number of
sources used. In any case, the feasibility of the multiple

‘source approach is subject to *he solution of +he problem of

a

enerqgy cross—couplihg-betueen sources.

|

The solidistate\amplifier or oscillator approach can be

\
|

used . to improve heating uniformity, *o +ailor temperature
patterns and to improyé circuit efficiency, using the sa. -

\

- techniques outlined for| the frequency.agile source. However
dﬂigi}ﬁ-state sources do not represent as good an option as

VTM's, at least for nowﬁ ¢ 5

It 1s evident tha* for the successful use. of any of the

new techniques outlined: in +his «chapter, as large a

bandwidth -as g:ssibie should be.available. In view of very

important decisions on fre@uency allocations which are *o be
' \

made in the near fu*ureﬂ (30), i+ is +*imely that +the



potential of these new techniques, as means for improving
£ . .

the performance of microwave ovens, be assessed.

¢

P

1.4 Overview_of Thesis_Conten*

First, the principles of operation of microwave ovens
and conventional techniques for their design are reviewed.

o

In view of the possibility- of being able. to tailor
“temperatufe patterns, késing the frequency . agile <Source
approach, a simple mathematical model Es developed to
predict the temperature pattern in aiiow,profjle load when
the cavity is excited in a known -aode. .Theoretical and

yexperimental results for two'modes are compared. In chapter

are made in an

4, circuit efficiency meaé&peﬁeﬁ%élf
experimental cavity and in a comﬂgyciéliy avai;able doméstic
microyavo oven, . for la éide vafiety of loading'condifions.‘
Also, experiments.are performed to gain insigﬁtv on ‘the
operatioﬁ of mode—stirters and to study the effect, on ‘the
Circuit'efficiency, of continuously freqUehé§* sweeping +he
micfowave enefgy sdurq@. The teqﬁnique of using a ffequency
agile source and the special electronic *tuner is developé@
in chapter 5. Circdit efficiency measqrehents aré performed
using *his technique and the results compared with +hose
obféined‘in chapter 4. An experiment is performed to explore

the feasibility of ~‘ailoring,%émperature patterns using a
. .
&)
.

ey
.
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<\

frequency agile source and a test, .desiqned for measuring
' , - ' . N

heating wuniformity, is applied *o *he experimental cavity

when the source is frequency swept. 'The state-of-the-art of

v

microwave power transistors is reviewed in appendix 1 and

possible schemes for the design of an all .solid-state

microwave oven are analyzed. The appendixes contain defailed
informatipn on the. design and cqpstruction of: a 20 watt
transistorized microwave source, the elec+ron}c +uner and a
three frequeqcy modulétor.‘ Aléo, a compu*er . 'program to
optimize the diﬁensibns of a\ﬁfctanqular cavity 4s included.

The program finds. the dimensions, around given farget

valueé, which maximize the number of modes that the cavity

can sustain within a given bandwidth.

.

The factors affecting’the operation of a microwave QVPn‘

o

are many. They are interrelated qnd' dependent on Vloadinq
conditions, conditioﬁs which are 'beyond the control éf +h

designer. It is not believed that a théorotical‘analyé;s of
the practical ovén—load confiqur;fion,- which has. b§9n

N}

described by a well known investigator as of "overwhelming

complexity"(18) 4 1is " the nmost suitable approach to finding

ways for improving the performance of microwave ovens.: -Some

theoretical work has been published {31) bu+ i+ is not known

to have been fruitful in a practical sense. For the most

part, an experimental approach has been taken in this

= .
thesis. I

[



CHAPTER 2

It 1is necessary to review brieflvy *he basic princinles

. o ,
of operation of microwave ovens in order to -understand ‘the‘
‘true nature . of the rﬁﬁlemg mentioned in the previous
chapter. Moreover, it.will'be usefui ﬁo critically review

the conventional design +techniques of midTowave ovens <o
L -

that their advantages and disadvantages can be appreciated.

For @lectromagnetiﬁ'enérgy *0 be stored in a resonant
cavity, the :fields must .Satisfy\\thp boun&ﬁry conditions
iyposéd.by thgncavity. For an empty énd  made of berfpct}y
conduct ing walls these Atonditiong ~are that tangential
.electrié fields, or normal magne- ¢ fi@lds,:ﬁpst vanish at
~the -;éi;s; These conditions; iu_pfaétice,-are“essentially
sa+i;fiedrby metals such as coppér, aluminum, stainlecs

steel, painted steel, etc.

The field confiqurations, or modes, that satisfy the
“boundary conditions are divided “into TET and THM types,
depending on whether they have a magnetic or eleét:ic field

component in the arbitrarily chosen direc*tion of propagation

«
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‘of the wave. The. field pattern of cach mode - is  that of .

-

three dimensional ctanding-wave with  maxima  and minima

occuring regqularly throughout the cavity.

For a rectangular cavity the resonant frequencies of TF

and TM modes are given hy:

JIE R (G e A

o~
where: f = fraquency
o
c = velocity of light in free space
. 1,m,n = number of half sine variations alony x,y and
Z
a,b,d = cavity dimensions alonqg x,v anl z

§

'

W hin a prescribed’bandwidth not all the combinations of

1, m

#

and n, which are a solution for (2.1), constitute a

mode. Fquation. (2.1) does not take info account %oundary

conditions which impose the following res+rictions when z is

o~

: o) B}
taken as the direction of propaga*tion :

Sets

from

a.- No mode can exist‘ifiany two of the integers 1, nm
and n are zero.

b.- If n is zero the mode can only be a TH mode.

c.- If 1 or m.are zero-tge node .can only be a TE mode.
of 1, m and n in which all *+hree integers are aifferenf

zero repres=nt TE and THM modes. These have the same

N



.

resonan*t frequency but  different taield contargurasaions pd

are called degenerate modes (312).

The cavity 9 for a -mode with reconant freauency !,

defined as:

: Q 21 4, U

wvhere: U = time-average energy s*ored 1n *he-cavity .

i

P average power loss

For a cavity Hhicﬂ is lossless or has Qory Tow Toroen, the

for any moae is <o high “*ha* node s anpvdr.dva*v‘wly‘
distributed through the frequency <cpectaum. 14 a2 1oy
dielectric load is placed in such a cavi*y, “he , of *horo
modes for which power is dissipated in *the l1oad are Teduced
T@}s broadens their rpsonanéo ‘Curvp, in Qé;“rdl, to o tho

point of overlapping one ano*ther A°  “hown by «

return loss response -in Figure 2.1.

R.Loss 4

gf

FIGURE 2.1 Typical return loss response of a lossy cavi*y.
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Al

noden o coequired  withirn the frec-uenecy ranqge of tho

I

JL1CTOWEIVE rnnyﬁe. This 14 1niteoad *he paln concideration 10
/ o :
~2rlcuala*vinc *+he 11nensions of +he cavity. However, for smill

N
loads, *he [ cf oach 3ode 17 ucualiy highk wnouq! thar rhe
l/ ’
Teturn -loss  responge . exhibi*s  chapp reaks  which may bLe
i . .

/
/

3 / . o
videly separcatet from each o*her by -eq10on: of  ve - low

~—

return loss.,



‘ Pfower Absore-d by 4 Lossy Dielectric an_ 3y Microwave
Cavity "
The power absorbed by an o leneont of  cyolame AV of \

L lecey Nielectrirc exposed fo elecrromaaneri1c fields ic gqiven

o

nve
~

‘ AP - KféL\EIZZSV 2y

where ‘P = power
K= e
Fo = Dermi*ttivity of free c=nDace
" i . . ’ C
€ = 1maqginary part of relative diclectric constant
¥ = elecrric field vector

In this equation it 1s "assuned tna* (? and 1+ are’ conpctant

vithin AV.

The +eaperature rise corrosponiinag to ian absarbed power

AP Auring + seconds is given by: !

. 'AP‘t';
AT,C;€AV , | (2%\

where: T = temperature

specific heat at constant pressure

—

0
"
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' = density

This oqua*tion assumes *hat <y and € ave constant within AV

and with respect to temperature. Substitu*ing:

Ideally, AT should be constant for all points in .the load
. B \u'
unless some special cooking effect, like browning, 1s
d@sired. PDifferential temperature 1rise 10 4 tyvical load
processed in a4 microwave oven can be due to :
| A b @
1.~ vVariations of Cor € and ¢! throuahou* th load ard
variaticns of these parameters due to their temperature
dependence.

.

. . ~ 2 .
2.~ Variation of [(E| throughout the load.

Becau. » many of *he above ziii:j;pff ar« not casily
con*rollable, +*he problem 0 achieving qood heatin;

s

unifofmiéylvvxs an éxtremely ~difficult one, The
charagterisﬁics ot proper*ies of the loaduare beyond *hao
control of the microwave oven designer Jahd, therefore, be
can only" attempt to improve hpatinq"uniformity» hy

controlling +he pattern of |§|lin ‘h%\load;‘

A

"An  electromagnetic . wave transmitted into a lossy



dielectric decays exporentidlly as 1t penetrates and, for A
- simple case like a plane wave prquqa*inq in*o a half <cpace
of lossy dielectric material, the attenuation constant and
parame*ters suchvas penetration dep*h ogzyhalt power dep;h can
bhe Calcﬁlated. Thé case of a load in a microwave oven,
however, is that of a finite volume of loscy dielectrict
subjected to multidirectional plane waves and calculating

*hé resultant field pattern 1Is an ex*remely difficul+ tack

G .

if an empty cavity 1s excited 1in a known mode the
electric field pat+tern 1is reasonably well defined,' bu+ in
the présence of the load, 1t can be severely diétorted. Iﬁ
addi* ion, the direction of the elgctric field vector at dﬁy
point on the su&face of +he load, detprminés i*+s Qalué just
inside the 'oad. If the air éurroundinq the load is medium 1
and the load medium 2, at *he boundary, ¥, =8 1if +he ficld

i= ovarallel to the load and B =f s¢! if the rield is normal

T~ ~ ' - -
to the load. For other angles, E,/cg < E, < ﬁ‘. Thus, thoe

shape of the 1load 1is an _ 1mportan® factor affec*ing *the

internal field pattern and, ‘hence, the “téfperature
. ‘ , 3 o

distribution. Some loads, depending on *heilr dielectric

.

properties and, particularly, on their shape, can even act

1This is the usual situation, however, materials with
magne*ic loss can also be used. '
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as dielectric resonators in which case *hp‘inlds within *he
load can be higher than outside (1%,34),
\

About all that s done to impro?p heating uniformity
with present techniqﬁes is‘to,randomize *hp‘field patrérns,
or to move the load, to g;oid hot and cold spots where the
electric field is high and' low ﬁrespec;ively. Al*houqh
thermal conductivity 1is an impdrtant factor in échievinq
uniféfm heating, ité effect may not bhe significant if a load
has poor thermal cotfductivity and/or'ff exposure  times are

s

short.

2.3 Q;rcuit Ejficigncx_;g;g Loaded Cavity

It the 1losses in the «cavity walls and coupling

1

stfucture are negligible, the problem of achieving high

circuit efficiency reduces to that of achieving an impedance
ma*ch be*ween the microwave source, usually a magnetron, and

the Joaded cavity.

Figure 2.2 shows an egquivalent circuit of a cavity

loaded with a lossy dielectric load in- the wvicinity of

resonance for one mode, say 1i.
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[SEvEupw [ 1)

'Zdo ZaL

PIGURF _2.2 An equivalen* circuit of a lossy.cavity in +he

vicinity of resonance for mode 1i.

In Figure 2.2, Zq 1s thg output impedance of the.'magnptron,
7, the <characteristic impedance of a_lossl@ss transmission
line begween *he magnetron.and the cévi*y, L. and C; ar? the
equivalent inductante‘and'capacitancevqf the cavity for mode-
i.‘ Assuming ueéligible wall lo&ses in the cavity, k;
~accounts for the losses in the load. N, 1is the turﬁs ratiq'
ok an ideal transformer representing- the coupling b§+wéén

the magnetron and its external output structure. n, is

designed to satisfy the equation:

Y

3
4 .
~. Z

1

=Ne Lg T (2e)

(o}

n;, is the turns ratio of an ideal transformer representing
. : ’

the coupling structure between the transmission line and *he

loaded Cavit§ for mode i.

It
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In *he vicinity of resonance for mode-i:

-

Zoonl (& oslelogn)] R0

For a given Z, the condition for maximum power transfer from

the magnetron *o the load is:

X - )
Zai = Zao (28)
where: 2z¥  means conjugate of Z.
Zao s the ;mpedque at plane a-a looking towards

the magnetron. ° ’ e

Since Zg is gsually resistive, 24, .15 also resigtive_ and
(2.8) is "sa*isfied at resonance. In a ‘liéhtly loaded
ﬁmdltimode éavity and within a given bandwidth, the different
m;des aré,'in generél, separéted far enough from each ‘o+hér
éo_'fhat resonance 1is . a condition for a local maximum of
power transfer. A'globa; maximum 6ccufs for that mode uhich'

best approaches the condition,
»

Zao = ni* R | | (2.9)

"For a more heavily ~loaded multim§de cavity the

resonance curves of the modes overlap and the ~equivalernt

g



22

c;i;cui+ of Figure 2.2 has to be modified by connecting 1in
pafallei? at the plane of'Zd,_one ideal transformer with the
correspdnding parallel combination of L, C and R for each
“mode. ,5qain'.the éonditiqn for a local maximum of "power
transfpf is that 24 be resist+tive, al+h6uqh in this~case,‘fhe
frequency at-whichrthié‘occuré may no£ ;oincidé with'any of
the res nanf frequencies of *he individual modes. A global

i

maximum of power transfer ‘occurs at that7frequency for which

+he.condition given in equation (2.10) 1is bes{ nroached:
| ) . I .
) . . . . YaOV’T’ hL Q | )
; / | ¢ L .
. v /' ‘ )
- where: k = number of/modes consideréd.'

/

An impedance match and heﬁce highes* circuit efficiency
iS achieved wheniequation’(2.10) is satis%ied. Hiﬁh présent
design techniques, howeVér,‘this i; farely'échieved because:
a) . for'eééh*loaaing cohdition the frequency at which (2.10)

_is satisfied is differenta,b) fhe bandw{hthwovér ‘'which the

'magﬁetron +ube can.operate is §uite'narr6w7and.C) the inpu*
impedaﬁce tov the cavitf chapgés cyclically dﬁe to the
’rofa*ioﬁ of the..mode—sfirfer ﬁsed. to 1improve heating
uniformitj.,ln this wavy, gondition (2.16) may be satisfied

for some’ position of the mode-stirrer but mwot for others.

.\\

P
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It seems clear that wi*h presen* technology it is no+
feasible to operate a micrcwave oven at the maximum possible

‘circuit efficiency for any given loading condition.

2.4 Microwave_ Power Sources

The CW magnetron_is almost universally used as the
microwave power source in microwave ovens. Its main
advantages afé:

a.- High _efficiency. 1In the ;anqe of 60% to 50%

(26,29) .

b. - Abili;y to withstand a high load VSWR. Many modern

magnetrons for microwave oven use can operate with ioad

;éjR's of>6:1 (35,29) and <come are c%aimed to be

practically free of the sink region where modiﬁg occurs

(35,29, 36) . .

c.- Ruggedness. Magnetrons have a éimplé physicél
sttucture and are suitable for low cost mass ,
'production:
d.- Simple power Supbly ‘requiremeqts. The magnetron
filament operates with a-c voltage and the anode
voltage can be pure  a-c, half-wave or full-wave
réctified with no filtering or d-c. Hosf_magnétrons for
microwave oven use are.now designed to operate fron
either a half- or  full-wave fectifiéd supply with no

filtering, often of the voltage doubler type.

'\v
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Nevertheless, the CQ magnetron also has its Jdisadvantaqges.
Beiqg a;self-excited tube, its output power, efficiency and
frequency depend on the load impedance. The variation of
frequency with ' léad impedanée is usually referred to as
frpqﬁeﬁcy pulling. The dependence of these paramegers on the
. load impedance is described by the ‘6;nera;of or -Rieke
diagram df the pertlcular magnetron (37)..Moréover, and as
mentloned earller, the magnetron 1°”a narrowband tube 'which
can operate within bandu1dths of 15 MHz *o 18 MHZ, but for a
qlveﬁ load, the output- pouer is d@llvered wlthln a couple of
~megahertz only. The fregyency in  this *Ype of magnetron

canndt be controileé& independent of other parameters, in a

simple way.

In spite of these d%sadvantages +the CHW m%@neffon
performs satisfactorily in today% miﬁrowave oven. HowaQar,
if.improvement of microwave oven performance is soughkt in
techniques involving contrcl of the microwave Source,:‘h@

conventional CW magnetron cannot be used.

N

e

2.5 Coupling Structures

Co. - - N ) ‘ - -
The Rpost common coupling structures used in microwave
) .

circuits  are coaxial-~line probes, ndgnet ic loops and
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apg;tures. In communication systems,  for 1instance, these

s . e
tructures are used to gduple one waveguide to another, a
o o . .
wavequide to a resonant cavity, a waveguide to an antenna,

e+tc., but in all cdses only one mode of propagation of the

wave 1s used.
7

Coupling structures are used 1n microwave ovens 1o

couple the magnetron or some form of transmission line to
- 0 . - T -

which the magn®tron is connected, to the cavi*y. For a nmode
to actually exist in a microwave cavity three conditions
must -be me*: the cavity must be capable of sustaining the

particular "mode, the source must operate at the nmode

"Tfrpquency and the coupling structure must be capable of

exciting it. In a microwave oven different modes fall within
the  bandwidth of the magnetron for different loading

) - " - f{’;f N
conditions, thus, *he coupling 'structure is required”¥ to

excite a wide 'variety of field patterns. Purthermore,it

should provide a good impedance match to +the magnetron under

all 1loading conditions, 1if copnsistently high circuit

efficiency is to be achieved.

although for some time it waé‘+hou§ht better *o -ouple
the magnéiron direétly to the <cavity, often “via, its own
ou*tput proﬁe,\ it has been fpund that broadband goupling ot
the magnetron to a uéveguide and of the waveguide' to the
cavity giveﬁ:ghgtter results (38) . Many +types of coupling

—~

>

\



structures have been proposed (16,38) . Howevaer, only a fow

are commonly used. Figure 2.3 shows two typical ones.

(1) | | (1)

o -

. 2
(1) Waveguide to magnetron.

(2) Mode-stirrer.
[ :
b \\\ .
3 Schematic representation of two typical coupling

s+tructures used in microwave ovens.

%

— N

|

A ;couplihg s*ructure which has been <shown to be

) o . . - . ) \ .
superior, at least *o probes and loops, 1n coﬂﬁiing to a
large number of modes is the slow-wave,cohpler developed by
Johnston (39), but'further.wprk is required to compare‘its

performance with that of coupling strdctures of the aperture

‘e

type.

2.6 -Turntables and_Mode Sﬁirre£§

) J
.Turntables and mode-stirrers are two devices used *o

- improve heating unifor  +*y in microwave ovens. The turntable



rotates the load to average out the heating, ef fect of 1

particular electric field pattern pu+, al*hough 1+ appears
§ \ ' >
\fo %bo reasonably successful in improving hkeating uniformity
AN

~

(19), it 1s not in widespread use.

The mode-stirrer is by far the mos‘l commonly used

) device %or improving heating uniformity. A large variety of
deéigns have heen sdqges*ed (16,17f byt +the type usually
found in microwave ovens takes thehform of a meta% fan which
revolves at a 1low speed (1 Hi). propulsion 1is achierd

ei+ther with an electric motor Ot by directing an air . current

N ]

to the mo&Q;stirrer, which 1is normally placed 1n front Qf
;\ .

+he coupling aperture.

As oppoSfd to +the turntable action, a mode-stirrer

alters the'f;éld pat terns to‘averéqw their heating effects
in tﬁe ‘ibad. The . action of *he mode-stirrer can be
interpreted din  the .follouing Qays, which need not be
mutually gxclusive: |
a. - As the mode-stirrer rotates, the resonant frequency
of a number . of modes are shifted cyclically, and the
modes are excited when Jtheir' resonant freqﬁency
coincides with that of the magnetron.
b.- The frequency ppllianeffect caused by fhe varying

load impedance seen by *he magne+traon, broadens *he

bandwidth over hich the powver is delivered, thus, a

3,

<



" source is an approach which is investidated an thic

—

1arger number ot modes are oxcidedt,
c.- Tf the flow of microwave onpeT gy anto the covity

assumed’ to be <similar to *he proragi*ion ot oy liahe

beam, the © . =-stirrer ocan be  copardered 1 OV

mirror which rteflec*=s *he ensfay 1n all ifrrec*tion:. Ia
this interpretation, improved| heatina aniform:tyv
achieved by "illumina*tina"” loal  «i*h microwsve

energy from as many difrerent directions ao romert e

That mode-stirrere par*ially 1irprove hea*in; unitoralsy e

Y

microwave oven has bheen shown (U, d1) an 1 wr el
accepted fact, but heéauso * he t1on ot mn&v-:‘xr:~;< X

complex, their design remains  more an o art cerothan s
§Cience. The results 0f some experimen*s gqimed a* 4 hoesso-

v . ; i ' ) .
understanding of this device are reportel 1n chabter Go

.

C,

It is Dbelieved that the lack of contrel of  th “
operation of microwave ovenc serilously’ lim1i*= Tarthes
s . . 3
improvement of their performance. Concegurntly, the

N, .
po+ten+tial of con*rolling *he freauency of *he microwave

Shers

\ N

e .

PV
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tonperature profiles are ameasured  arl recorded. Althonah
theae *echniaues  approach *he  real s1*una*1on 1n a4 loade
oven tetter than sheet loads or separate water camrlen, they

T nor edary *o reonroduce. RBocaure of +he larage vartiety  oaf

Cood: tnat cdn he  proceased in @ microwave pven, the
. -
conclusions drawn Iroa 4 Speclrtic tect 1o no* negescarily
avvlyto 111l foods.
The o*her  techniques, which  are chedt loads  with

tegpeTitiure ‘sensit1ive 1ndica*ors or Secatiate water  samples,

are used to  "map" the energv distribution in the oven

cavity. As *emnerature 1indicaters in shee* loads, eqgqg white

has been .used (43,44) ., The egag whitre coaqulates when heated,

+hus  2iving ar indica*ion of *he reqgions where ¢he electric

field in%ensi*y 135 highest. l:.aquid crystals have alsn  bheen
used for obtaining oyectric fé»li fa*ternu (46) . Thoy‘have
the advéhﬁage of‘vdiQLnd an 1ndica*tion over a range of
temperatures, <cianaing trom black fn Erown, nfeph an? blue

"for, typically, a 4 to »'C tenperature rise.

When using wvater samples to map the eneray. digtjlhution
0fa cévify, *wo acvrroaches have been nsed. In +he .firQ*,
samplos of the same size are‘placpd in a ndmbpr of positions
énd *heir *empeTature measured atter eqUQi/exposur; times.
In the second, an array of small samples is'éxposad and- the

tepperature of each of the samples measured (31).
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The implicil* assumgp*ion, 1in bo*th *technijques, 1s that
*he energy distribution in +he loaded cavity 1s no+
significantly different from that in the empty or lightly

i i ' c
loaded cavity. To support this assumption, *here is evidence
of reasonably good correlation between energy dictribution

maps obtained with these methods aR\ temperature profiles 1n

some foods (42).

A | Introduction

Lit*le is known of the relationship hetween eneray

pat*erns in aﬁ.éﬁp*y nr.Aiiqh*ly loaded cavjfy; and “*he
corresponding temperature pattarns irn ahtnai‘ ioads. The
convent+ional approach *aken to ob+ain uniforr hea*ing 1s *o0
;ranAOmize the fields in +he éavity a< much ar possiblp.'Tho
mode-stirré; is used for this purpo;e and new designs  are
édns*antly being patented (16,17);: however, csuccess has been
limited. Furthermore, with this approach it is not possible.
*0 ob*ain predetermined temperature patterns, which mavy not
be ,neqessarily uniform. Non uniform heating 1n domes*ic
microwave ovens can be, in many rases, dealt: with by

occasionally changing the position of +he food during “he

‘cooking process. The problem is more .sefious when heating

s
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prepackaged foods and in ovens for ins*i*utional use.

some authors, Pri*chard (47), Staa*ts (i) ‘and.Saad (49)
havo proposed the excitation of a few modes to obtain qood
hea*ing uniformity, as opposed *o exciting a large number of
modes and using mole-stirrers. These modes are selected fronm
+hose which can be excited in a .given «cavity within the
allowed operatiné bandwidtb. Pritchard's approach was
partially inco%rect, as has been <chown by hackay (56 .
Staats and Saad do not explain why the modes they select
should give better uniformity; no experimental data is aiven

by the authors.

>

-
I+ is impbr*an* “to es*ahlish *ha+ +he correlation
sought here between theoretical results and experimental
da+ta is of a qualitative nature only. The in*erest 1< 1in

correlating patterns rather than actual tamperatures.

3.2.2 Experimental Procedures )
A\ _ ' A o
\ -

. , \ ‘

~ Co o
A simple load was investigated. Tt consisted of a
square of approximately 30 by 30ﬁcm of a lorsy 'sheet of

.dielectric materialt ( €, = 16-j16 ), to which a square sheet

( of the samé dimensions ) of liquid cryst+als was glued. The

\

9

‘1Carbon filled fiber commonly used in wavequide attenuators.

\
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liquid crystals used change from black (30°C) +hrouah brown,

to qreen and blue at (36°C). Total thickness was 1.3 mn.

The reference, system for a cavity, used 1n this  hesis,

is shown in Figure 3.1.

N

The dimensions of the cavity used in these axpprimphts were:
a=S2 c¢cm, b=23 cm and d=50 cm. The cavify was made of 1 cnm
thick alumiqum plate. Four positioﬁéwof the Ioad uére chosen
so that they HOgld overlap each thgr;gas ,shown in a top

view of the cavity in Figure 3.2.

POSITION |

POSITION 3 POSITION 4

FIGURE 3.2 The four load positions studied.
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In all four positions ‘the height of the load, fronm éhe
bot+om of the cavity, was 5 cm. ' |
\
The two modes selected for theée inves*tigation were the
211 and the 112. The variatiqn{in resonant frequency of each
mode, wi%h the position oﬁkgﬁe load, was negliqible, thus,

their resonant freguencies were taken to be 932 MHz and 917

MHz Tespectively, as calculated for an unloaded cavity.
)

These modes were chosen because-they ére well spparated from

each other in the frequency spectrum and, because they can
be TE, TM or both.
The coupling structure was a simple probe penetrating

at the top of the cavity and parallel to .the Y axis. Its

length and loca*ion were chosen to obtain good coupling for

i . ‘, .
all load positions. For the 211 mode the probe was located
: g .
a* X=10.5 cm and Z2=25 cm. For the 112 mqgde the coordinates

were ¥X=26 cm and Z= 9 cm. The minimum return loSs achieved

was 13 dB ( 95% of the power is absorbed by the load ).

The power source %@s a laboratory microwave genefator
with frequency variable from 500 MHZ *Q?1OOO MHz and pover

variable from 0 to 50 W.

The procedure to obtain the temperature patterns was

the following: the output power of the generator was set at

S
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‘3§ W. The load was p1§0ed in.one of. the four pogitions and
éxposed for-timgs rangiﬂé from 20 to 30 s. ;f +he-25d of the
exposure the load was quiqkly placed on a jig and a s picture
’taken with a Polaroid camera. This Dgocedurw was the came
‘for all positiohshénd for both modes. The enerqy deposited
in the load co;ld not be +he same in all éases, because,
depending on the si;ﬁ ~of the aféa where the power was
dissipated, +the temperature ‘could fall"oufside the
temperature range'of the liguid crystéls. Thus, the exposure
time was §6heuhat different for each pat*ern in order *o

make the experimental and theoretical results comparable.

3.2.3 Theoretical Ahalysis

¥

=

’

The temperature rise at any point in a lossy dielectric
exposed to electromagne%tic vradiation is given by equation

(2.5)

-, ,
| €n- el
AT = KEEe tE (25)
| (ot A

From +his eguation it is seen that for a homogeneous
l§ad which has an € reasonably independent of temperatﬁre

and for a gived mode ( constan* frequency ), AT at every

. . } } ' a2
point in the load is proportional to t and to |E( at that

o

£
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“

poiﬁt. This, of course, ‘assumes that the  thermal
conductivity of the load is zero. This was not the case for
the load used in the experiments, but since it(;fs guite low
and since *he experiments involved short times, as a firs*

approximation AT canp«be.considered to be proportional to t
¥ . ‘ .

and |§ﬁ'only.

If the field patterds in the empty cavity are -not
significantly altered by the load,  the temperature patterns
obtained experimentally should closely resemble *he patterns
of |§|ﬁ when F is calculated from the eguations for the
emp*y cavity. SinceAthe modes chosen could be TE or TH, %be
éossibility of both being, excited simultaneously had to be

;
considered.

The model used +to calculate ? is the following: assume
a rectanqular waveguide of dimensions a and b along the X
“and Y axis respectively; in.which a TE mode is propagating.

The field ccmpoment of +this mode 1in -+he direction of |

propagationlz, is given by (32),

He= Acos A% oo mor ™™ (51)

where : '@ = phase constant

If a short 1is placed in the waveqguide, standing waves are

set up. If another short is placed at a distance d from the
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firs+ one, uhere Hz,is zero, 1t can be shown that Hy 1ncide
the cavity thus- formed, is given by: .

<

Hy=-2]A cos 2_1;_" Cos

M. My Qn o Ma (52.)
b d -

From this equation all other field components for the TE

'modevcan be calculated.

For a TM mode the field component in the-directidn of

propagation is given by,

) il x : i ‘ 4 >
C Esz= Bsin 5 s miTy g (5.5)

According to the same model, E, inside the cavity is qiven

by. -

"EZ_ — ZB S\.Y'\v /Q-S;)K 5("\1“_5'!_ C O D:dﬂ:&- (Sq>

‘'where d is the distance between the short and a plane where
dE, /92 = 0. Prom this equatidn all other field components{

for the TM,mode can be calculated.

The boundary conditions between two. dielectrics reguire
that - the tangential electric field.and the normal electric
flux density be continuous at the boundary. If dielectric 1

{



is air and dielectric 2 has a relative permittivity €'s thee

normal-electric field at the boundary inside dielectric 2 1is

~given by, . f
~ E - ‘
= 1 r
E, = : ' (3.5)
En _—
Since the load used in this investigation is a thin sheet in’

the XZ plane and 'E& is >> 1, according *o {3.5), the

contribution of By to heat the load is negligible. Thus, the
only field components that significantly contribute to heat
‘the load are: E, for the TE mode, which will be called Fy,

and, E and Ey for the TM mode. The lattqr‘yili‘be called

Z .

Ex, - The eXpreésions for these fields are (32):.

Ex = zwk-:(:oA <+gn)% R LA Iy i nfis (3.6)

E: = 2B sin AMx o MY 5 L2
a b

where: ki,= 2wt /c

w0

P
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3.2.4 Computations and FKesults

A compﬁter program was written to calculate the square
of +the total electric field at w1 points in the load, in
eéch position. The following five caées wvere analyzed: the
mode excited was a TE, a TM,JTE and TM in *time phase, TF and
™ 90° out of time pﬁéée and, TE and THM 180° out of time
phase. The square ofvthe tofal electric field' for jthese

cases arez:

léT\\\Z\.:“E\)xl\z' | o (3'3>
b= Ealg B . |

::v\Exr+E*1}?*'\El\L . .
o ‘Eks\.zw“ \EnlzwL\Ea]l | : (S'lz}

Erll = ] Exi = E)\l\z + \E_zlz-' | <D"5)

The computer output was a square' array of 441 values

corresponding to *he 441 points in the load. The printout
. . :

was then photographically reduced to the same size of the
Polaroid pictures for direct gomparison. In' all cases the

fa) . . .
values of |E vere normalized to a maximum value of 10

+ 1
before printing. Contours were drawn enclosing values of

(8 ¢ 27.0, 7.0>18 (" 25.0, ana 5.0>18_(*23.0. This division

was selected to match one of the pictures and then applied

L]
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for all the other patterns.

0
-

When analyzing those cases where the TE and TH moﬁe§
were excited, several comtinations of constants A and B were
tried. The best gesults were obtained for .B/A:380. The
resuits are shown in Figures 1.3 through B.é for the ?11’
mode and Figures v3.6 " through 3.9 for the 112 node.
Temperature ranéés are shown with different densities of

cross—hafching;:'thev higher the density the’ higher ‘the

temperature. All other theoretiéal results bore 1o

. resemblance to the experimental results. A Bew exceptions

are explained in the discussion.

3.2.5 piscussion
b

The model assumes that +he fields in the empty cavity
are not perturbed by the load; however, even in ~+he empty
cavity, tf "ields cannot be expected to be identical to the
ﬁheoretical, ones, since the +heory assumes perfectly
conducting walls, exact dimenéions and no input OFT output
port. Thé model neglec{s the *hermal conductivi*y of the
load aqd the dn§voidable nonuniformity L of the thermal
resistance between the load itself ana_the l.guid crystals
sheet. .Other sources of inaccuracies are fﬁg;—\}imiteﬁ

temperature range of the liquid "crystals and the . low

~-

‘resolution obtained with 441 points in a 30 cm square area.

—

Ka)

.



POSITION 1

POSITION 2
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FIGURE 3.3 Mode 211. Temperature patterns for positions 1 and 2. Expe-

rimental patterns are at Jeft.
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FIGURE 3.4 Mode ‘211. Temperature pattern for position 3. Experimer:
pattern is at the top. '
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FIGURE 3.5 Mode 211. Temperature pattern for position 4. Experimental

. pattern is at the left.
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FIGURE 3.6 -Mode 112. Temperature pattern for position 1. Expe-rimenté]
pattern is at the top.’ S
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FIGURE 3.7 Mode 112. Temperature pattern for position 4( Experi

pattern is at the left.
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POSITION 3
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FIGURE 3.8 Mode 112. Temperature pattern for position 3. ExpérimentaT‘

pattern is at the top. .
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POSITION 4
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.FIGURE 3.9‘ Mode 112. Temperature patfern for position 4. Experimental
pattern is at the top. '
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Considering the simplici*y of +he model and the sources
of error described above, the correlation bhe*ween measured

and calculated patterns is, in most cases, auite remar¥able,

The pattern in position 3 for the 211&&069 and those 1in
positions 1, 3 and 4 for *he 112 gode, could only be
correlated to tlnse where the TF and ;™ modes f wvere

considered "to ie excited simultanedusly. Lowever, none of
. . RN T

- -

*he three phase relationships analyzed { only *he best *wo
‘are  shown 1in the figures ) gives as qood a rcorrelation as
*hat ohbtained for *he other positions. One possibility is

that the actual phase difference between the modes 1s

different from those analyzed. Another is - that this phase

difference may vary with +ime. It would be difficul*}fé“

determine how it varies with time, since the way in - which-

*he TM mode is exci*ed +oge*her with ' .o ™F mode for some

loading cQQiitions, is very difficult to establish.

The results of this investigation show that if a node
can only be a TE or TM, the éélcula*ed teﬁﬁeratufé’iatterns
vould predict with reasonaplé accuracy, and no ambiguity,
actual feﬁperature patterns iff a low 'profile_loa&. For
microwave hea*ting sys*ems in +he lumber, textile and vpaper
industries, for instance, cavities_could be designed uitq_an

avpriori_knoiledge'of t*he modes that are required.

>
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For loads  1like food, th«ﬁ)rotlgwal- calculations ot
romporaturoﬁdiﬂtrihutions have heen done by Ohlason (20,22)
assuming a plane wave incident on =slahs ot food approxima*aod
as infinite plates. The model developed in this chapter , if
used 1n conjunction with a suifable model of heat fransfér;
shoulé give accﬁrate temperature distributions in  finite

loads in a microwave oven.

3.3 Temperature_ Pattern Tailoring

Using ‘the same 1oad and cavity as those used in the
vork of the previous section, a few experiments were
performed to study the superposition of temperature

. o .
patterns. Two micrqﬂ;yglsources were .used *o excite two’
different mode’s. A 'Pola:oid picture was fak@n of the
temperatufe pattern for each mode ;xcifed sepdratoly, 30th
modes weréﬁthen excited simultaneously and a pictﬁre taken.
The la*ter Qaq an al st perfect suporposition of the
previous two. This, hove(ter7 is to he expec*ed since hoth
sources operate independgﬁt of each other énd at different
fréquencies. The <same result would be exﬁec*ed if only one
source were used, but its frequen;y changed to excite both
modés sequentially. PResults of pattern superposition uéinq

this technique will be shown in chapter 5.
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These results ’shqqos* *he poscibility of talloring

*emperature patterns by exciting csuitable modes a* sultable

3

power levels. The technique developed in section 3.2 can he

a valuable aid in determining *these modes and power levels.

<

@



CHAPTER 4

MICROWAVE TO_HEAT_CONVERSION EFFICIFENCY

Microwave ovens csave enerqgy due ‘o *hg}r

=

(]1

high

conversion efficiency, however, there is still— siderable

room for.improvement. The main purpose of *his chapter is to -

determine conversion efficiencies 1in an experimental cavity

and in .a *ypical commercially available domestic oven,
comparison with conversion efficiencies which can

achieved using a new technique aeveloped'in chapter 5.
4

a.1 overall Efficiency of Microwave Ovens

verall efficiency of a microwave oven can

d{vided in+to the following partial efficienciles:
a.- Power supply efficiency.
b.- Magnetron efficiency.

. c.- Microwave  to  heat conversion efficiency

for

be

.Oor

circuit efficiency. This is an absolute value which

is calculated as the ratio of power absorbed hy

load *o-power delivered by *he magnetron.

the

The overall efficiency of a microwave oven 1is calculated by

measuring the power drawn by the systenm from the AC DpoOwWer

line and. the corresponding power absorbed by a large load, -

)
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usually, 1 to 2 1 of water (21,20)1'. Typical overall
efficiencies for domesfic.microuave ovens.are in the d40% %0
50% range (25,19)y. If a microwave oven " has an overall
efficiency of 45%, for instance, takinq.typiéal‘efficipncios
for the power supply and magnetron of 95% and 65% (26},

respectively, a circuit efficiency of 73% results.

R, =0 .

igures it is clear that substantial
f:ﬁerall efficiency can only be achieved by
improving the%%magnetrgm and the circuit efficiencies. The

efficiency of CW magnetrons in the 0.7 kW *o 2 kW range was,
on the average, 60% in 1967 *52) . Today, some production
magnetronsb\show efficiencies of approximately‘bS%;(35) and
up to 69% haé Been reported (53); Further imprdvemenf will
reguire a substantial research and development effor+ and,
Another 5% to 10% increase in'magnetron efficiency cannot be

b—he;

expected for several years. Thus, in the short *ern,

-

overall efficiency of a microwave oven can only be improved

by improving the cirtcuit efficiency and, as shown in chapter

EEERY

1, a circuit efficiency figure of "95% 1s a realistic goal.

The use of large water loads 1is *he most common

N
.
1For some standard tests (e.g. - loads for leakage
measurements) 275+425 ml of water are s*ipulated. The same
volume of corn oil has also been suggested as a "standard

load".
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procedure to calculate the Maximum Power Available to the

Load (MPAL) and the overall efficiency. The assumption is

that for an average size microwave oven, 1 to 2 1 of water

is a large enough load to absorb all ‘the microwave power

1

that 1is available in the «cavity. Ag overall efficiéﬁcy
figure based on such a load, hoge;of, isbsomewhat misi@adinq
since it says very lit+le abou* the efficiencyﬂthaf can be
expected for.smaller, more realistic loads ( a bbwllof soup,
for 1instance, 1s about 250 ml ). At the samé time if‘does
not take into account the vafiafiﬁns» of effiéiencxh with
varying‘vpositions of ’'the load insidé the cavity. Finailx;
. ' N
due to the different size of oven cavities, it 1is wmore
suitable to use a filling factor F (ratic »f ioad to cavity

volume, 33) rather than léqd volumes when qétermininq' the

MPAL or efriciencies.

"u,2 circuit Efficiency of Microwave QOvens

" The experimentsﬁ reported here were aimed at
investigatiné the following in a microwave oven:
- a.- variation of circui* efficiency with load volunme.
b.- Efficienéy dispersibn. In the céntext of ‘this
thesis; _this .expression defines the variation oOf

—

circuit efficiency.for a load, as a function of .i*s

c.- Effect of +he mode-stirrer on circuit efficiency

position in the cavity.

a
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v"Juihini;ize_heat losses. The dimensions of the cups used for

and efficiency dispersion.
d;— Ef fect of source banduidfh\ on officiéncy and
efficiency dispersion.

The experiments were berformed 1n an experimen*al cavity an.l

in a typical commercially available domestic oven.
4.2.1 General Fxperimental Procedures

‘Experimental procedures  which are common to all
experiments performed are described here. Particular aspects

"will be described later for each experiment. The following S

» .

filling fac*ors,were studied: 0.05%, 0.1%, 0.5%, 1.0% and

1.5%. Six posgitions werF'determined in a pseudo-random way,
. \ _

\

in the sense that three \levels above the "hottom of the:
: S ,

\

‘cavity were chosen; 0 cm, 2.5 cm and 7.5 cm, and 2 positionc
<

were randomly selected at eaéh levels At each position, the

péwer absorbed by each of.the 5 loads was megsured.&Thb-load

Y. )
- .

ryas”Qater in styrofoam cups provided with a styrofoam lid +o

s

+he ~different filling factors are given in Figure 4.2 and

are in centimeters. Preliminary tests? were performed to

observe how-the absorbed power varied when a measurement was

»

2For each filling factor and each position, the preliminary
tests were . repeated ten +imes. The resul*s indica*ed

- . . R s . - . :
considerable ‘care wasTrequired for heating small loads: For
high filling»factors fewer tests were necessary for each
load position. ' ' :

o



C =

temperature in

»

watts. Tt

efficienéﬁes tha* appear in the

following

repeated. Since larger variations were ohserved for the
smﬁllvr loads:, the values that appear on *te graphs are the
average 6f three measurements for the 0.05% and 0.1% f1lling
factor loadé, two for the 0.5% and 1.0% loads and one for
the 1.5% loads. Exposure times were cselected to yield a
'tomperature_ rise bet@éen 10 Yc ‘and 20 °c, and a‘i’
temperatures were ﬁeasured"wi*h a *hermocoﬁple. The power
absorbed by the load was computed from equation (2.u), with

4.186 (Jouless/°C g J, €= 1 (g scmn® ], time in seconds an
°c, thus, oh*aininq' the absorbed power 1in

is important to clarify, at this point, that the

graphs  are  not*

absolute,  “circuit .efficiencies. Unless otherwise specified,

they are

in each experiment.

2,450 MHz ISM band.

All

load

experliments wWere done within the

4.2:{2 Circuit Efficiency of Fxperimental Cavity Using a

Conventional Magnetron

The experimental cavity is +the same s the one used 1In

the work of chapter 3 of this thesisfrThe coupling structure

was an S-band waveguide connected to one of the side walls,

at a location that was chosen for

convenrience. The waveguide

could be rotated in 30° steps and, fdr this exberiment, it

~

(o]
was set at an angle of 60 between its broad side and +the-



horizontal. This angle was chosen becaunce 1t yrelded thoe

larges* number of modes excited 1n a 100 Mig handuld*h\
Seven were stronaly goupled ( return loss areater than 10 A&
). The microwave generator was .an XL-213 Americaf Microwave

. , A

Inc. CW magnetron, rated a+ 1 kW ou*pu* power and . opera*oAd

.
from a full-wave voltage doutbrler powor’ﬁupply. The outnut
power could be varied from about S0 W to 1 kW;hy meanc or f§
variable transformer.

. The six rpositions” of the load deccrited 1n section

[t

i \> s v
4.2.1 are, for the experimental cavity, “*hore <h i
Fiqure 4.1. B . AP

5
\ .

| T} ? 1}1 | T | ? 7
21.2 ) L —1»4 IR :
<_1s->i_. . 42 J ’ L ' ¥ 298 29.

| .
. ‘M “o e . +
-<—22.5—»l’ S S S i .

e 43

Ocm ‘ iScm =" 7 5cm

. _ ] s
'FIGURE 4.1 Load positions at each of the three levels chonen

———

in the éxperimai?al cavity. a = 52 cm ad d = S0 co.
A o~ . \.; E :,"‘ ' '. \ -
-:. ‘f.

“A. total of 66 measurements ( 11" for each position ) were

"made and the highest atsorbedAprwpp obtained, after

7

w0 N

3pulling:figure: 16 MHz @ 1.5%1 VSWR.

)



averaging the repea+ted measurements, was used  ds the
normalizing factor. In th.oo way, a relative circuit

efficiency was calcula*ed.

The results are shown in Figu. - .2. Highest, lowes’

and avor?qo relative circuit efficiencies for tﬁo different
. » I

loads are .shoyn. The actual’volunmes Corresponding to the

djfﬁ%rent filling factors for the 'éxperimental cavity are

qi&én onffhe horizontal axis. An extra measuremen* was *aken

for ‘a 2.5% load, in order to verify that relative circuit

efficiency ( a+ least .in this case ) was no* always an

increasing function of volume.

The main feature of these results 1is ®the laraqe

efficiency dispersion for all filling'fac+or loads.

u.2.3 Circuit =Zfficiency of a Domestic Microwvave oven

«

The microwave oven'selected tor this experiment can be
-considered typical of ovens in its class. Overall efficiency

was found to be 4u%. This figure compares very well with the

-
‘average overall efficiency of %3% measured by Consumers'

Research, Magazine (19) for 10. domes*ic microwave ovens.

Other tyvical <charac*eristics are: +he oven volume is 28.4
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Am’ {1 cu.ft.), a base 1ogd is provided " by a .lossy gqlass

‘

*ray and a mode-stirrer is included.

’
The measurements  performed in this ~oven were
essentially the“same_as those of the previous sectlpn. The

six load positions studied wvere, agaih, 2 at each of the 0

cm, 2.5 cm and 7.5 cm levels and are shown in Figure ua.3. //

a
T ﬁzs
25 _
<_18.5»i 301 d| - J «—28.5
. _ <—18.5 '

f

17.5 - el

Teos

e———31.5

} ) . N

Ocm - 25em . 75cm L

FPIGURE 4.3 Load positions. a+ each of the three levels chosen

in the domestic microwave oven. 'a = 37 cm and 4 = 3% cm.

<

Results

_= o

Relgtive circuit efficiencies are shouﬁ in Fiqure Q.ﬁ.
Before normalizing to the -highest ;bsorbed povwer measured, =
three extra meacsurements were perfbrmed at 2.5%, 5% ?nd 6.4% -$§§
filling facﬁors. The power abtsorbed by the S% load.was _useﬁ

+as  +he normalizing factor, since there was a hegliqible

change in the power absorbeddbw larger loads..
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The main feature of these results are a 'gzall

&

efficiency  dispersion ahd a ra*her steep decline 1n
efficiency with de¢reasing filling factors. This 'steep
decline *in efficiency 1is post likely due *o the base, load

provided by the glass, tray. N

4.2.4 Mode Stirrer Effect in Fxperimental Ca&ity Using a
. " ’
'~ Conventional Magnetron '

Circui*  efficiency measurements were performed to
determine the effect of a mode-stirrer on circuit efficiency

and efficiency dispersion when the source is a conventional

-

magne*ron, and *o establish Qhether these effects are .due to-

>

perturbation of the fields in the cavity introduced by the

node-s*tirrer or to freouendy%pulllng of the magnetron. The
%
two phenomena were separated by using an isolator between

+he magnetron and the cgavity. ,
. { .

.
%

‘Case 1. Effect of Mode Stirrer Without Isolator - .

The measurements performed are, essentially, the same,

as the vprevious -ones - in that load filling factors, 1oad

positions and method of calculating circuit efficiencies are

the same. e



The mode-stirrer was a S klade aLuminum}fdn, 25 ©cm in .

| ‘-{(,f /

. Wl “ . o R )
diame+ter. I+v was located +to y1;£1 maximum pulling ot *the
e =™ . \ i)
. / Ad

U

magnetron fré@ﬁéncy ‘A was rotated with a et of\comvroﬂrrd
air. Figure 4.5 <chows the frequéncy ‘spect*tum of *he
maqnetron'-meaSured in the input waveguide. Figure 4.5a is
for *he case of no isolator and no mode-stirrer, Figure 4.5b
is for the case éf no isolator 'wi*h mode-stirrer, Figure
4.5¢c 1is for the case with issiator and no mode-stirrer an

Figure 4.5d is for the case with isolator with mode-stirrer.

.Hhat is important to observe in *hese figufes, 1s +*he
considerable éﬂhgncemeﬁt of the 3.68 bandwidth achieved with
fhe mode—stirrg$4?fihen:-theré .is no isolation of the
.magnetron.fwithA;h‘isolator there is . a neqligible‘effect of

the mode-stirrer on the magnetron, and the 3 dB bandwid+h is

essentially the same as that when' no mode-stlirrer is used.

Results , i

The results for Case 1 are shown in Figure 4.6. The

main featwvres of +hese results are: +he higher average

circuit efficiency obtained without the #ode-stirrer and the

‘smaller. effiéiency dispersion obtained with the mode- .

-

stirrer. Of interest, also, is the fact that the vrates of

decline inm efficiency for decreasing filling factors are’

very similar.
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>
k!

) “:\ 2
. , / A
(a) Without isolator and without (b) Without 'isolator and with
mode-stirrer. mode-stirrer.

(c) With isolator and without (d) With isolator and with
mode-stirrer. _ mode-stirrer.

X3
7 -~
T
T
[T

FIGURE 4;5 Frequency spectrum of conventional magnetron exciting
the experimental cavity.. Vertical scale: 10 dB/div, Horizontal scale:
10 MHz/div. S .

~
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Case 2. Fffect of Mode Stirrer Wwi*th Icolator

The measurements performed in this cace are identical

to those of case 1 except tha* an isola*or was used between

the magnetron ard the cavity.

sul

Sasiad

o

\';Q’:o
®

The resualts fbrlthis ca%e.are chown in Piqure 4.7. The
main features of these reguits are: *he larqge efficiency
dispersion obtained without th> mode-stirrer, the small
~efficiency dispersion obtained with thé méde-s+ifror, and
the similar rates-of decline in efficiency for decreasing
filling factors. Comparing these feéults with those of

Figure 4.6, it is clear that the’ small efficiency dispersion
obtained in both ééses with +he mode-stirrer, is due fg

2

perturbation of the cavity fields rat@et than to frequency
(T

pulling. { ,
NG

- 4.3 . Importance o1 .ource_Bandwid*h on Circuit Efficiency

; . : .
What * . is the Rinimum bandwidth required to
satisfactorily oper#te a microwave oven ? This is a very

important question which has as yet not been answered or

o P : Ve
/ .

adequa@ply‘ investigated. This gquestion acquires special
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¢

.refévance in view of long 1lasting decisions on frequency

"fai;&cations which are to be made in *he near future (30).

Proposals are already being made in which, at the 1ISM “band-

of 2,450 MHz for instance, the 100 MHz bandwidth now

available shculd be  maintained (54). However, more da*a to

‘add substance to these proposals are considered necessary.

x

i _ ) o
! “Apart from bandwidth requirements due to tolerances on

*hescenter freguency of the magnetrons, i* .. Adesirable +to
establish whether larger operating ' ndwidt'!: ar necessary
or desirable to improve the perforum Cof . Towave ovens,

as measured by parameters such as «circuit .efficienct,
efficiency dispersion and heating uniformi{y. .

‘In the 2,450 MHz ISM band, over a bandwidth of 100 MHzZ,
for instancé,'a typical return loss responge of a microwave
oven ~ shows a number of maxima and minima. The shape of this
response changes gquite drama*ically with +the =<size and
positioh of the load. Therefore, it-is evident that if the
cavity:is‘ exciﬁed by a mnarrowband (< 5 MHZ) microwave
generator, the réturn loss and hence the ciréuit efficiency

can vary over a wide range and there 1is no way of

controlling it. This is pafticulariy‘true for small loads,

due to the higher Q of the ca#ity.(see chapter 2, section

2.1).
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4.3.1 Ccircuit Bfficiency as a Function of handwidth Swept by
+he Source
-

The experiment reported in this -« on was aimed at

R ¢

: \
determining the effect on circuit ef -iency and efficieuncy

dispersion; of frequency sveeping the source over differen‘\
bandwidths, cenféred at 2,450 ﬂHz, at éonstant inﬁut power.
The’ filling factors, positions and cdn+ainers for the watef
loads, were identigal to all prévious;experiments wi+h thé
experimentdl cavity. Thé coupling structure was the.samo
'waveguiae tat 60 ).as used in +he experiment discuséed in
4.2.2. A low power (£k100 mW ) sweep frequency osc%}lator
was uséd,.fherefore, efficiencies we é calcﬁlatedffrom -Qata
on input and reflected power.

when sweepin& err,é bandwidth +he circuit efficiency’
must be  calculated as an average. If the -input power 1is

constant, at any frequency,

P | (1)

t %
=2
o
B
D
-
R”U
i

reflected power

"o
!

input powver

The average efficiency in a given bandwidth is given. by:
N : . \

.

3
Pl

Pt
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pata on inpu* and reflected power were obtained with a

LY

frequency domain reflectometer, and the integra{ion in (4.2)
: , :

was done electronically. d

Results : .

Eleveﬂ source bandwidths were studied and the results
are shown 1in 'Figurg',4.8 where, for each filling factor,
highest, lovest and average efficiencies are shogn. ‘As
discussed egsliéi, for a Jidhtly loaded ﬁh%timode.cavify,_
the return Lgés response,ymeasured over a‘ large bandwidth,
'eghibiéé'shafp peaks and regibns where lit+le>orin9 powep‘is
absorbed be "the load. In these results it is seen that for
0.05% and 0;1% filling~facfors,'the a?erage crficiencies for
the 5 MHz bandwidth are quite high. is merely inéicatés
{ha at 2,450%2.5 MHz there 'is.a'hiqh réturﬁ loss. At a
di erent freguency the return lass.ééuld havé béen very lgu

and, hence, a poor circuit effici€ncy would have resulted.

RS

b}
The main features of these results are: the negligible'

changé in efficiency dispersion withalqcreasing bandwid+th

for fow filling factors ( 0.05 % and 0.1 % )- and the

considerable reduction in efficiency dispersions for medium
A3 .
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;FIGURE 4.8 Relative-circuit efficiencies for the experimenta]
for different source bandwidths swept at constant input power.
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to high filling factor lodds for bandwidthe  of 40 MHzZ o1

moTe. Wor*h no%ing is the fac* thu+ the average eft iciencies

for lovw fiilling factors stahbilize at a bandwidth .of
approxama*elv 40 MHz.

1s reasonable *o expec* +*ha* +hic bhandwii*h i=

L
dependent on the number of nodes, that the cavity can

. ¥,
§£E§tain. In a 40 MHz. bapdwi?*h the cavi*y _ used 1n the,

. . ,
.experiments could sustain H modesﬂ To achieve the same

recul+= fn a cmallar cavlty»v ar er bdndwiﬁﬁhp would mosct,
D . ,

. . .‘ i . e "l . . B i PN
prqpably' be required. Furthegr: research .or this point ic. =¥
. f N < . P I ) L
considered necéscary.
. L . ./\\) .
< 1
B - < 7
-~ N'ﬂ e ~ - '
N . “ - ., “
4.4 ggnclu51on§ ) 5. o
“ N ’ .
Lo, N : S - R
results

s

. A ! D7 s
1.- & mode-stlrrer significantly ?educes the €ff1c1ency

a
<

diépérs}on, i.e. it improves the‘ability ofvgke sstem]

to cope with varying positions of a 1dad. A+  least in

ST P by '
= 4 ) - h - . ..

systems which are not provided with an isolator, the

s

price paid for this "lower dlsper51on is a qomewhat

lower average eff1c1ency due to 1ncrpaspd reflectlons F

to the magnetron. B LT

2.- The reduction in efficiency’ dispersion achieved



v .
vhen a mcde-stirrer 1= used, 1 mainly due to field.
pevrturbations, r{T}er than to. changes in the maqnetron.
trequency due +o pullihg.
3.-In a system proviled with a mode-stirrer, better
results, i.e.., smaller " efficiency disnersions and
Ligher average efficiencies ‘are achiﬁynﬂ\ with an
iscla*oi> *han without i*.

| \4 . ,
4.z The presence o a base load reduces the efficiency
. aulte rapidlv‘forndecre cing loads. ',
S.- A Constanh$¢bogﬁ' mﬁcrowavp gqenerator swept over
bandv1d+hs of UO ﬂﬁz or more, sis effective 1n;_;9duc1nq
. | . Qﬁ“ o
. the m%fficienrv .dispprsion for metium to large loads,
w0 ' N
" <y n;.
li . ~
without 1gn1f1can%ly affec+1ng *he average eff1c1enry
& ) \ ‘
..;( . . . . . (.:5' Lo C,zj
. TR T

3

- o o
Conclu51oﬁ ‘4 is not onl intuitivel logical, but i+ 1is
Y N1 ‘ Y g ,

¢ 1}17 ‘ B . ks R . ¢4
derived fr0m a cOmparison of- the slope of th@ avpraaD
R o AN i S # T
efficiency @or:the“domestic/,ovéﬂ} which 1ncludaﬁ a ba;é

.ho avprage efflrlpncy of all the

load, and the slope

v

4 N v .
ogﬁ%r experlmentc whlch were performed in , the laborafor%

caVity,'withQut a base load. - . .

> »

Conciusibns < 2 and 5 may appear to be somewhat
. ' . - : ‘ .
contradictory, ho&g}gx, it wust be recalled *that, as shown
. N P - Cog N . - h - »> -
in wFigure 4,5 ;- frequency pulling of Ehé'magnetron,in the -

experiment desc 1bed in section 4.2.4 Case 1, was achieved

/,_
over a bandwidth of 10 MEZ"only. ) (;

1

™



CHAPTEP 5 .

T CAVITY FXCITATION WITH A FREQUENCY AGILE SOURCE
!
A ‘ u;;.:.‘. L™ ’ \
Frequency: Is ther most - important parameter in '

ontrelling the performance of Fesonant nRicrowave heating

-

systens. In chaptef‘ 3 i+ was shown tha* . different
teﬁperatﬁre patterns can be obtained by exciting the cévity
in different modes and, in chapter 4, ﬂhatﬂefficieﬁcy‘
dispersion is effectively reduced wheﬁ the*caviﬁy'is excited
gith cons*ant power -and the eréquehcy is swept. over a ygit

bandwidth_ of 40 MHz or more. Jkgsé findings Fuggesf*a's?ﬁ&Q
on.the potential of exciting a cavity with a frequéncy agile

l

< .
. L N "L . Al . .
source. The use of such a source. is 1investigated 1in +his
" )
chapterb ‘ » N

4 » R
) a .
i : .
A voltage *unable magnetepn was used as the microwave
et e » . ,
source in the experiments performed Lut, a$' QiIf* bhe \seen,
. . . ~ . N W

e 3 . . . . o A\
the (onclusions obtained are not restricted to the uge of

. ) ] p ' '.
“;‘th;s particular tube.”It will be shown . *ha* +hils approach ,

leads to a great improvement in circuit efficdiencies and to

AN : : - - P s ‘ T - -
}he{yo§§1bllltx of tailorfing temperature pa;ternsf ] R
- S ' N '
yL < , . » )
w /‘v b
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b ﬁmo voltage tunable magnetron is one of the family of

’ crossed-field miérovave tubes. Frequency is "made

" pr portional to the anode voltage by. heévily loadinq‘.fhe

resonant circuit with fhe.putput_coupling (~¥ypica1 Q valies

©, are of the grder bf 10 ) and by controlling the injectiop of

v%pelectrons so that the space charge is limited at some iévei
below *ha* thCh>v6ﬁ¥d.be prdvided by a thermionic cathode.

The VTM makes use of a reentrdnt RF structure and +thé

o

electron 'injection\ﬁgystem is made up of a cold cathode, an

emitter and a coptrel electrode, as shown in Figufe 5.1. o

. LN - S, e @'@
n, i -
T T X Y

X

coLd 5
CATHOD® S ’

. s R
‘ N .
' . CONTROL
Lv::. : - RING « e
. . ~
’ EMITTER
>
- ‘ “
{// \ EIGURE 5.1 Cross section of a wpltage tunable magnetron. - ~-\A

~
s oAb

R xi;+h the emitter iotated awvay from tRe interaction ."area,

paék—bombardmentfis essentially eliminated and the influence

- ' o A

A\

&5
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of the anode voltage on the emitter is minimized. Usually,\\
the control electrode voltage is a fixed fraction of the -

anode voltage, typically 30%, and is derived, from the anode
voltage through a resistive veltage divider. VIM's can alcoﬁ%

]
be designed to"be amplltude modulated by varylng }he control-

S

“n

‘lectrode 'voltage. Because of the tight coupllng requlred
between the resonant circuit end t@e"load, VTM's 5%:%
normally supﬁlied with an 1ntegral 1soletor . The 1qola+o;¢
can work continuously vlth VSWR s of up to 2:1 and for ?b %&

20 s wlth total reflecg;on ( a short or pen Clrru1t _).

)

urtheép 1nformatlon ‘on the operaflon of VTM'< can be found

in the llterature (55 56, 7,58). The main characteristics of

VTM's are;
S . ‘ =
Foan 'var vol*age frequency relatlonchlp.
3 "’l .
“2.~.flat power- fr Uepcy response.
"~ - B
T 3.- Capability.of high rates of .modulation. , N
’ o f
4.- High efficiency. L.
“5.- Versatili;y.-'4 | | ¢ . .

6.~ Sméll §ize,trugged sttucture and light weight. »

R - . - , - . ‘ . , ‘
. - . L 6™, .- .
For VTM's in the 0.25 W to 500 W pswer range, “efficiencies

vary'betveen 50% and 70%,”tuning~rangesifrom~66%:for the low
t

power un1+s to about 13% for a 500 W unlt at 3 GHZ a d power

T

J
variation, within +the tunlng,range, is typlcally less +han
. -

R

tg',dB._ Hoyever,, VTﬂﬁgy vlth "higher 'output pdwer ‘and

4

Fon
@y

eff1c1ency can be made at +he expense of +un1ng range (58).

v )

)

s

(‘ ) "
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The following 1+ the specifications of the VTM used in

" the experiments - .. dos:ribed:
~ , : O

Specificatioiiy of VIM Model: $2.25-265/150 MICTRON INC.

" Output Power T 150 watt
Efficiency .. | ' 62%
RO ) . :
Linear S)leeep Range. | o 2.25 - 2.65 GHz
Power Variation - < .. t0.2dB
Frequency Sensitivity : -0.76. MHz/volt
K Anode Voltage at Midband - .. > 3,825 vplts
- 7 . . . y N
.Anode Curren: at Midband, . "0.063 Amps.
.+ J = Control Electrode Voltage =~ . 1,200 Volts* - L
. . - . Control Electrode Current ) - 20.001 ‘A}'mpsug y
= 1 Fitament Voltage . _ 3 Volts
2% : ca . : - ’ .
- A | - ~y_F‘nIamg‘nt Current _ T 5Amps. - .
- Yoo ‘.:Méé(.fgiﬁée;')ing Rate’ L . 50 MHz
N . . PRI s . ) SL
, : "Qbfained From Anode Voltage With A Resistive Vo[tage Divider.
;.tji . :
R4 v
The power supply useéfﬁith this VTM is a commercial unit?
that featurés'independent adjustment of filament, .anode and
e o - E 2% S - .ff" -

control electrode  voltages, §s well as a modulation input

”

with variable gdin. The full 200 MHz tuhing range can be

> /8 5
covered with a .10 V change in the modulation voltagé:\%hé

Ve

‘vrH vas supplied with an integral isol&tor.

-

of the “order -of 500 " h “(56). Also, ripple in the anode

- A

1MICTRON ‘INC., Model No.100B4200.

2 N . -

Presently, VTﬁ's are expensive and life véxpecténéy is |
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voltage must be kept to a minimum if frequency nod¥¥lation. is

b

to be avoidgd, and this puts stringent requirements on the
power supply. However, 4 larger market for these tubes,

which up *+to now have been mainly used in electronic
v N . g . . :
countermeasures, would certainTy stimulate further research

s ©

to, .lower costs, lengthen tube 1life and simplify power.

supply designs, as has already occured with convent ioral

oA
.

magnetrons. g (,

N

5.2 Maximization of Circuit Ffficiency

PR
EXA

&sg@ varlatlon in  circuit efﬁiciehcy for

different loé&é”fin nicrowave ovens is due to the ;ggﬁ of

control - over the c1rcu1+ and mlcrowave source garameters.

,Thus, a compromise is made and. today's microwave ovens ame

optimized fof,qperation with a "typical" loaA.

e e .

uvane way of maximizing *he circuit éffiéiency for any

load is to prov1de the system with a éonventlonal aq;omatlc

tuning device. By thls it is understood any scheme in which

thev load is matched to _the_source. The philosophy behlnd
, "

this approach is to adjust the.circult parameters soO that

!

’
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minimum . reflected powet“ is achieved at the operating
"frequency of the microwvave source. Such an 'app}oach wvorks
well 1in Qrinqigle and 'in pracgtice (59,60), a?fhit may . well
be justified in high power ( >10 kW j) industrial systems.

‘For domestic microwaye(@%ven@ or other small systems with

\
?

similar characteristics, however, it has several

disadvantages. v 1 
] - *&@

First, conventional,'au+omé+icv tuning'gevicés operate
satisfactorily only ‘within _narroﬁ f;equency "qghdwfdﬁhs
(<2%). This preqludes .the -possibility of‘excifing a wide
" variety of modes to imprdve heatinag uniformity. According to
present~ technology é‘ mod;-stirrer,5would be -requir€ad >to

achieve acceptable "hea*ing uniform%%y, but the rapid changes

in -‘the magnitude,‘and phase df'the>reflection coefficient

introddced by this devicé, would defeat the purpose of +the

automatic tuning control. Secondly, this .type of tuning

4

sf%tem ~ requires faitly ’cbmplicated .electromechanical

hardware. Best results are obtained with a iple stub'tunep

(60), which requires 6 deféctor diodes, 3lmovu31eistubs with
;he 'cdrrespondin, eléotric not ors aﬁd feeﬁback dévﬁces and,
a ,pbt =too comp}ypatéd eleétropic 'ciﬁcu;t. \The~“minimum
diséahéé betfqen;;the microw;ve'geﬁenatérvand\the cévity<is
;Q/BAQZ At 2,§50}MH§‘agd in S band (RR28&Y waveguide,\ fhis

~eans 60.4 cm. . , e

7

-
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)
v

It is 'Leaﬁ\:ii* this +ypn of automatic tuning sysfo
is not sufficiently flex1ﬂﬂﬁ* to improve  the circult
efficiency of microwave ovens, and that +he physical

implementation of such a system requires a large amount of

space and several mechanical and electromechanical parts.
> - ! ‘

These would require frequent - maintenance and would

<

undoubtedly be the source of many problemé.

€

5.2.2 Frequency.Agile Source and Flectronic Tuner

When +he nmicrowave .source with which a cavity is

»

excited ~ has a resistive output impedance, *wo.

conditions ( see; %ihapter 2 &ust be, met in o: ler to obtain
makimum power trani rm the ‘%@he;afor frequency must ' be

! .y

eq al to that of a cavity resonance and the equlivalent

1

cavity input = resistance must be equal to the driving

- impedance. In a multimode «cavity and " within a. given
-3

bandwidth, the above conditions are usually met, or at least

approached at several f[e%DPnCléi and their numbér A

- ' A
~ ~\) -3

'larger, the larger the banduidth and the ‘larger the number -

\

of modes that the cav1*y can sus*ain in tha+ bandgldxtn.N L
L ’ . : ‘e

_From the above ‘it follows,  tha*. without changing

w - ) .
" . o ¢ -

circuit parameters by electromechanical tunifiy or*by other

means,, maximum power transfer and, therefore, highest

/
I - .
T . _

hY
. . . T~ . . N 4
efficiency_ _can__be achieved ‘by setting the source&o a .

*~
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ANt requenc which jelds wminimum reflected hower., oThis -
q Y : .

T

approach has. been rnvestigafed Ssing. the system shown
'schematical§ in Fiqufen5;3. A defailed‘ description of the
design and circuifrf used to inplemeﬁ* the electrtonic tuner
is given in appendix IT.

Peferring”to Figqure 5.2, a directional coupler samples.

. R ) R .
the reflected power and a crystal -diode generates a DC

'voltage proportional to that power. A ditebi;onél coupler
. \ S o
with a  low coupling coefficien* is reguired to ensure
operation‘j of the diode in i€é7'squére law region. 1In
. - ® ‘

peratlon, +he clock sta*fs +he eweeplnq cycle in which the

4
frequency.of the- VT%@ is conf1nuoé&1g4 varlod +hrough the
# R -
operating bandwidth. Fverytlme» fﬁeﬁdﬁnfle@ted . power goes
)

+hrough a minimumn thch ic smallexr than any previous Qne,

‘thepcorrespondlng state of the ramp is stored 1n ;he memory, -

erasing what was previously stqredf;ln,f“ £ way, a* the end

of thé.sueeping cycle the memory dontd{ns the” information

3

necessary to Eet ‘the vdltage ramp and, hence, the freguency

of the VTN, to give nminPmum re%S:§§ed” power. Hhen due to

hanglng .properties of the load Auring the heatlng proceqq
minihqml reflected power ‘is achieved ep» a dlfferent
frequency, = the VTM. is -lgckedw?o'the ney freduency in the

next swveeping cycle. This frequency is malntalned durlnq the

hold cycle and then the process 1is repeated.
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5.2.3 Circuit Efficiency of Experimehtal <Cavity Using the
ftficie 7o )

!

/ -

Using the systen just described and the sanme

VTM and Electronic Tuner

experimental cavity used throughout this thesis, two sets of
; : .
experiments were = performed “to determine €ircuit

efficiencies. Thi only difference between the two
e 8} .
expériments was th® use of differen+ coupling structures. In

] . , ] ,
. the first, a-probe couple1 was used and in t@g“/second, . a

~waveguide- at’ an anqle of 60° between the broad side and the

, . .
horizontal. The type of loadsh fllllng fac+o¢s, ~positions in

‘the cavity and rrocedure to calculate PfflClQDCleS, were all

’Kﬁ

fldgntlcal~to *hose used in the experiments 1nvolving~ the

Y

ﬁexperimental"éavitY  reported .1n chapter 4. The electronic

thner “was adjusted fgt sweeplng and hold cycles»~of"100' ms -

NN

and ’5 S respec*av@iy, and th@JVTM was . swpp from.2,400 MHz

t0°2,500 Hpz.” T ] | ya
-.Q' : | - | - .  o %?;l

oY

’R@sults . - . T S o
) o - i » 5w
. Figure 5.3 shows highest, lowest and average values, of
‘circuit efficiencies for +he coupling s*ructures used. If is
€

Seen that, on thé whole, efficiency dispgrsions are similar

for both conblers, though smaller for large filling factors
when . thé probe _coupler is used. For small filling factors

the average efficiencies are :higher“ when +he wafeguide

) 5 ,
66upler is used and, in general, the rate of.decline of the
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AvVeraage eofttrcrencies tor decteasanag trlhang et ar Lot 1

Iower wher the waveguide coupler 1 g ed, ,
Thoen tesualte coan b bavt b oy unlerstoe wheo thoe
tollewing o constdered: gy Pecan o of c1regye felav, <
electronte tuner Gas o ounalle ta e Cothe frecuencv ot tr e Y.
exactly, when *he peaks of r'wn.!mz’m yvtlm‘_‘wf(‘\uw' Wel o vty
chati, ) shere peake were o ced very charp tor o dow 10l
factor Toade oand, o) the peaks of o minimum 1ot Tecte] Pt

were  lecs sharp when *he wiveguide, coupler  wa uded, cdae oy

thedctronaer counlaing ( lewer 0 ) providod by this counleg.
£ .

For this came  reason the  magnituds o f the peaken wer o
comewha* lower tor *he wivequide coupler and, hence, +h.o
lower g effi1ciencies in most of the ranae  of f11'l1ng

ftacrtors  considerwkd. Further research 1s tequited *o tin i

vRich agives optimun resulte when  useld

coupling structure

with a  frequency agil}_source and elec*ronic tuner syctomn,

Certainly, one requirement\is that it should.” be  arnl- to

proviie good courling *o ag)miny modes ac poseihle,

/ (.
FN o

RN

|

The results cshow a<)ui‘h an i1mproved elec*ronic “uyner

\/
the

capable of setting VTM  frequency exactly and an
optimized courling struc*ture, i+ 1=« possible *o ~btain =mall
efficiency dispersions and circuit efficiencies of the order

of 90T and which remains nearly constan* *hrouchou* . *he

useful rance cf 1- sizes.
/



“.

comparine *these  results oand o those chtartned  with o
conventional agnetton 1n the <ame cavity (see Figqure 4.y,

1t 15 ween that higher average effrecrencieoc arl much wmaller

)

crti1ciency drspercions . are  achievad  with  the  VOM O and
cToctronic tun ¢ osystem, N
] )

“tticiency di1spersions -obrair S1th the VTH,
oloctrronic tuner and probe coupler  vateo comparable *+o
those obtaiined with the fomestic ovo . (ll»cinsf ob*ained
with hOThvﬂyﬁmeS are shown in Tiagure . and 1t 1 seen

that *he VTM system exhibi*s  much. higher cfticiencios,
especially towards the low filling factor end. Firgure 5.5
“hows the improvement in avérage efficiencies 1n percent. A

\, .
minimum improvemeﬁf of 205 is achieved for large fillinyg
N\

\

factor lo:ds and a Baximum of 159% for small fillipg factor

.

loads. Thi- siqnificawﬁ improvemen* in efficiency by uce of

i

the VT4 ¢epr*iinly warrants *he <cerious consideration or

microwav over minufacturers in settinc futur» 7lesiqn trend s

for microwave OVens.

5.3 BHeating Uniformity Test

The GSW Research Centre has developed a "Microwave 0Oven

Heating Uniformity Test" (45), in which a statistital
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analysis 1s made of the . temperature rise of 4 number ot

'

small water samples randomly placed 1in the oven Eeinq

tested. The vresult of .the *est ic a Dictribution Ratio (.

D.R.) figure which has An op imum value of 1 if ‘the

temperatlire rise in all the samples is the =ame. The test

. was applied sby the GSW' 'Research Centre to 10 different

o

! - -
domestic ovens. Three were selected and each was iiven to

o

order

+he same housewife to pe used for one month. A+.th9 ehd ot .

the three months she was ‘asked to grade the ovens in

of cooking uniformity. Her judgement was in agreement With
- ' %

the results of the GSW test for the three ovbn$. ' B

-

<

‘The GSW test was applied to the laboratory éhvity iftﬁ
the VTN as the Source. The VTH® was con*inuously swvept ~'a_t

)

cbnstant power from 2,400 MHz to 2,500 MHz. The test was

also applied to two domestic microwave ovens..
S ’ - :

Pesults ‘ . .

i
3

The results are, the following:

.

‘Labératory éavity‘and VTH;., D.R.= 2.41
Domegtic-OVeﬁ 1 ) o " D.R.= 9.55“ Q ‘ ﬁ {
bomestic Oven #2 f  : D.R.= d4.66 )

. ‘ & - -~ )
These results{ésho; a distinct improvemen#* .in hea£ing
uniformity ;hen frequency'sﬁ eping'thelsoufcé. o . L -
*? -

B

3 . - . ' - .

X .
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Superposition of ktempetature patterns by exciting a
Cavify with separate'mibrouave sources‘has;been'demonétrated
experimenfaliy ( see chapte£ 3 ). However, the same effect
.can be‘\achie;ed with a single microwaveg source whose
frequency is. séﬁ;éntlally changed to those values which
generate the pa%%erns that are to bhe superimposed.

An experimeqt aimed at.demonStratinq this pfinéiple was
performed. The fr&yguency of the VTM was seqhentially’changed
'to three different values by means of a modulator which 1s
described in appendlx IXY. In essence, thig modulator is ‘q'
circuit which sequentially generates‘a voltage with three

°

independentiy _adjustable levels. The duration of each

Y

voltage level 1is the same,si}e;,‘one third of the sequence
time. )

For the purpose of showing ' the ‘operation of such a

systenm, three frequencies were found which yielded :
| ‘ o . . . :
"temperature patterns whose hot spots 4id no%*,  in general,

coincide. The 1load was the same 30 cm square lossy sheet

covered with_ liquid crysgals used in chapter 3.



()0

Fi@ur@ 5.6 shows the temperature patterns obtained in
this case, at 2,410 MHz, 2,480 MHz and 2,490 MHz, and *he
pattern corresponding to. their superposition. The result, as’

~can be seen, is an-almost perfect superposition of the three
, :

patterns. This technique allows; if necessary, for giving
different ieightingﬁ factors to the patterns that are to hbe

superimposéd. This does not require changing ,k power levels, -

but merely the duration of the different voltage levels of
. the modulatd:. Txtensicn of +the modulator Gircuitry to

x generate any number of voltage levels is straightforward.

v <
{ 0

-

5.5 Discussion

) e L f
Three ways of using a frequency agile source have heen

ot AN ! . -
investigated'in this chapter, and have abeen shown to be.

o

péwerful .techniques for; obtaining highbcifE%iﬁ efficiency:
- o i . . J o
with small efficiency .dispersions, %@ppd@iqg heating
o ; , o .
uﬁéformity and tailoring temperature patterns. o
4 L \ ¥

» i
!

Maximizing efficiency does not guarantee good heating

—uniformify and, conversely, a techniguge that allows control

Ty

of teﬁperature pa{terns does not qu rantej high efficiency}

Y

In resonmant  microwave heating systems, highest possible
- s A ® .

efficiency and highly uniform temperature‘pa?terns are goals



2,41Q MHz - 2,480 MHz

=

2,490 MHz

Superposition

)

FIGURE 5.6 Superposition 'of three temperature patterns using the vTM

and the discrete frequency modulator.

Q]

>



3 adéqyate (39).

N,

\

} )

K‘ L4

[

that are  difficult to achieve simultaneously (61). A
compromise is pogsitle, h- wver, by operating a frequency
agile source 1in a fougth way. D' ing the oweoping cycle of
the electronic tuner, all the ‘recuenciles [ or which the

reflected power is hbelow a prescribed value would be stored.

In the "hold" cycle, the frOQuency ot the wource would be

4

sequentially set tg those values for a period .f time.  The
different. temperature patterns -would improve heating

uniformity with a guaranteed minimum efficienc

Operating a frequency agile sSource in any of the ‘“our
ways discussed and, perhaps, in more sophisticated ways, can

~
easil be accomplished usin todavys mM1Croprocessor
y p g Y p -

Ca

technology. 1In any case, "~ the success of any of the

techniques described requires:

a.- As large an . operating bandwidth as possible. A+

2,450 MHz no less than 80 MHz to 100 MHz should be

available.

: b.- A caVity that can .sustain a larqe number of” mode s

ih'the operating bandwidth. A computer program to optimize

the dimensions of a cavity, in this respect, was written and

~

-

is giqeﬁ in appendix IV.

c.-' A -coupling\ structure capable of exciting as mény

modes as possible: wave coupler may be the nost




Q {

G ‘\
"Rase (_loads, vhich are »ften used in microwav: ovens to

protec* the\\magnetron,. are not necessary with a frequency

aqilé source -and electronic t fn(-’\l,‘sysh?xl . This 1's one reason
AN g .

why higher efficiencies are' possible wi+h - 1c¢h a systen,
N

especiafly for low filling factor waads.. 1f desired,

<. 1?

-

however, it is easy to shut-off th91§QG§§§$if the reflected
power to the tube is *oo h{ﬁh. Jil\g”
N

S N\
=

s

Other frequency agile sources which could be used 1in
microwave heating are: modified conventional magnetrons (627)

ari solid-state microwave generators. In appendix I multiple

-

solid-state sources and a single solid-state source, using

.

-

power .dividipg-combining techniques, are discussed- as
alternative approaches for +he exditation of a cavity'vith.a

freduency~agi}e source.

v



CHAPTIHR b

neducticn of efficiency consitivity to loading
conditions and improvement of heating uniformity in
microwave ovens, are presently achieved wusing a mode-

¢

stirrer. It has been shown in this work that these offects
are due to perturbations of the fields in the cavity, rather
than to frequency variations of the. magnetron due to

pulling. In systems not provided with an icsolator, however,

¢

‘8@ redugtion 1in efficiency results from the reflections

Y

-

introduced by the mode-stirrer.

o
~

N

Freguency has been found to be the most important

ﬁarameter in confrollihg - *+*he performance of résonant
micxowavevheatipq systems. A new technique whiéh makes use
of a frequencl\\i?ile microwave source has beén developed,
R -
together with an electronig circuit which allows operation
of ~a'"re§onant miéfoﬁave heafing system at the maximum
possible eff ie. v under given loading conditions. With
this fechniq - a large imprdvement in circuit efficiency
over a AOmestic microwave oven usiﬁg conventionad techniques

o -
has been demonstrated, especial’y, for low filling factor

loads. Frequency sweeping of -the source 9@ver ranges of the

~

e-ordér of 40 MHz, in the 2,450 MHz 1ISM band, 1is another

N



offective way of reducing Tt Ly ety ensrtrvat ? to i
posttionta,. However, bhandwid*hs o thoe ord.o o0 8o My
100 MHz  are  likelv  to be reoquired rn cavotoes of amal ben
“17e *han the ope tested. Froeguoency sweening of the onioe
has  atso” been &‘;hown to f\o cttective inoamproving et g

uniformitv.

A new technique has heen devoloped «vhwruhy thoe
*ﬂﬁfordfuro pat*ern 1in a load can  be  tailored *+o g
considerable dogropi'The technique makes uce of a4 freauency
aqile' sohrce and suitable frequency modulating circurtry.,
The successful op@ration of the techniques involvin? a
fréquency aq;le source, requires as large a4 source banawidth
as possible and the excitation 6f as larQO\a number ofg modes
in that bandwidth as bossibl€.

The theoretiéal prediction of temperature-patterns in
low profile loads exposed *o elec*romagne*ic enerqgy in a4
resonant cavity has been demonstrated. Correlation between

>

theoretical and experimental patt*erns is very good,

considering *the simplicity of the mathematical model uced.

A single transistorized  wmicrowave generator, using

power dividing-combining techniques, has been shown to he

.
- - -

the most sui*table approach for the desi@n of an all soli?-

state frequency agile source.
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AFPENDIX I

Solid-state devices have many\at*ractive features for
~

microwave heating applications; They arp small and rugged,

¢

have a 1long life span ( MTRBF qf \{E?,006 h for csome
‘ransistors ) (63) and, except for Impa%ﬁ diodes, . operate
¢ with voltadges below S50 V. Equipment\using IOQ volfag@‘actiYG
devices to genera*te microwave po;ér are lecs dangerous to
seryice, reqdifé low voltage high current powef . supplies
which are less costly than high vol*tage low current power
supplies (64), and gréatly s%pplify mth;\iﬂégiqh~ of . mobile
systehs. ‘
. RN ‘ .
In this appendix the state-of=the-art of,microwéve
power transistoré is, reviewed and two tpchﬂiques for
operating ‘a microwave oven witE transistorized sources e
discussed: Also, a practical application- of. a 20 n
franéistorized source used uifh-a fringing-field gpplicgtor £

&

is given.

1.- Iransistorized Microwave Generators |

‘
\

-

-
N

CW pow:- cutput capability‘and'efficiency‘are >the two -
most important parameters to be considered, when selecting
: {

.
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the most suitable semiconductor device for microwave heaving

applications.: For frequencies: helow 5 GHz the bipolar

"fransistor is by far +thq most powerful and efficien*

microwave semiconductor (65). From 1964 *o 197¢ a *enrold
: .o : . . ’ : .
increase 1n transistor. performance, in terms of freauency

and .output power, was achieved (63). The main goals in that

perio:l werse - to developb highér power and higher frequency

i

transistors. From 1974, on, however, the goals have heen to

..

;hproye reliability, efficiency and bandwid+h (66) . Typical

-specifications for state-cf-the-art transistors are:

1 GHz 2 GHz

Powér Output (é). By 40 . | o ,20

ﬁffici?néy %) S5 ue)

Gain Coa@m 8 o

Minimum bandwidths of 6% to 107, 28 V collector voltage and

MTBF of 10,000 to 100,000 h are typical.

Thé first &icrowaﬁe power ¥ransistors_wﬂich_aépeared on
the marketr had such ;ow input and output imppdanées, that
designing and réctually making the external ma*ching

, o iy
circuitry was very gifficu;t.'ihey were also very sensitive
o a'lqadihg mismatch. ;oday, many transistors are offered

with internal matching. This technique uses MO0S «chip

capacitoré and discrete bond wire lengthé»placed inside +he

e
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*ransistor package. In this way, efticiency was improved ?%
to 10%, thus reducing Jjunction feméoraturn {Eﬂ, improving
reliabilify; Input and output 1impedances hd;L also been
.0 .
incrgased;. greatly simplifying the desiqn of external
matching circuits. Sensifivi*y to 1load mirmﬁ*ch-hav been
drastically rpduced, to the point that ﬁany transistors .
today are guaranteed to withetand an infinite VSWR for all

phases at rated _utput power.

1 L

In spite of these advanées, the . output powe; from

single +transistors. is 'far from +that reﬁuired in most
’ ’ :

microwave heating applicatio‘;. Althdugh the™ theoretical
limiga*ions ON power oﬁtput for a microwave transistor areij‘
according to one authqr (63), aﬁproximatély 800 W étl 1 1@Hz
and 400 W at 3 GHz, it 1is obvious that these values
represen* goals éifficult ‘o achieve. Taking state-of-+he-~
art transistors or even ‘assuming more, }9alistic future
values of 100 W' at .1 GHz and 50 W at- 3 GHz, it
unavQidable that some power combination f;cﬁniques have to
be used.in grd;r to reach ‘the powe} levels required for
microwave ovens. Oné éf thesé techniques 1is discuséed at
length iﬁ the next section. In gection 3 afother technique
1s discussed; together with *he descriﬁfion of a practical
exéméle of a low power ( < 100 .w ) application ‘where -

—~

microwave transistors can find immediate use.
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The idea of, using multiple €ources of MICTOWAVY pOwer

in migrowave heating systems is not new (15). Coprson (v7)
¢ +
reported their use ‘in freeze dryina systems, Gerling (nn)

D

reported tﬁgi use in food processing equipment and Pusichner

(69) describe Q: @ °cavity can be excited with *wo sources.

Kamidﬂ:170) and Keﬁgreis ot allo(71) were  issued  patento

Ty
Y2 S
‘'which describe *he use of ‘two source<s opera*ting at two

.

widely different frequencies ( 915 MHz and 2,050 MHZ ).

The use of multiple sources has been proposed tfor

severall reasons: to. increase the power level in the syston,
*o improve heating uniformity, +o * increace opera*+ing
reliability and, in the case of SQurces operating at widely

differén*’frequencies, *o *take advan*tage of the normally

different penetration depths.

-
t -

The main problem of using more than one source is the
Cross-coupling cf energy between *+hem. This problem is not
too serious, however, in conveyorized systems in which the

applicator is a series of cascaded cavities. In systems. of,

this type the hicrowave bower sources are usually mounted

<

side by side above the conveyor belt. Fach source can be \\;

tuned +to couple op%imally ta the load passing below ahd ta

5



minimive counlang to the e ghl o i ot

1 coenstant, retuning 1" ol lom Tequred, Mot ] bttt b
plates Caro cometame:s dntrodaced betwesn g acent cAnel g
. - .
“Hructures, to redace crocs-coupiirag to o vecept bl Ty ]

In micrcwive oven:, in which the loald can Vaily o Oovaed 8
wide  range, Phe  crocs-counlng nrob o 1 Dot ronlar iy
serious. For o oa ogiven loeading condition, any onpe SO Ce Can
TOCEO1TVe an aAppreciable amonns O SRR Dowe s, N

2 \
addition to power counled fron F oo cother  sourcos. Copoon

mentions  the  problem but docen'™ o much (i her . Far s wo

sourcess, Puschner  cuqggests Y hoo e ot Crocs o polariye

;
couplinag structures mounted on one cavity wall. In multimodae
cavities, however, mogct modes ‘have non-7o10 inteqger:s L, =

N .
and n and, therefore, T® and Q\Podns have two  and  throeo
components of electric fiel] cespectivelv,  which are gt

right angles *o each o*her. The cuccess af  +his *echniraye

seems doubtful, particularly for more than two sources,

- a

Reducing cross-coupling becomes increqcingly Aifficul t

as the number of scurces is pade larger. a+ *?o cAme time,

v i
the larger the number of sources the more n@c§j¢1ry 1t 15 to
\\ﬁ ';
achieve neagligible Cross-coup! ' :, because of *he~ inc:ijﬁﬁnd

-
ratio of total @power in - cavity tc power handling

capability of each csource. Despite *hece difficul*ies, .i* i

natural to think of multiple sources when investig-zting the
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e Ot solird-otate Jqeneratorp o 11 MICT YW AVe hea*aar g

applications,

McAvoy (72) descecribes a microwave oven  1n which tae
M1CTOWAVe power 10 generated by A large numbor ot dirode
{ Gunn or avalanche type ) oscrlidtors, which are mounted on

1 incide  *he cavity. Yoo men*ion 1o made ot ~he

ot}
[

the W
cross-coupling rhencemenon or how the' diodec  can withe s and
. . . ) . /
the electric field intensities corresponding to the topal
e
power 1n *he cavity. Chang (73) describes a4 <aimilar  cycoten
huat suqgests  the us e ot isolators  to protect the
3 B '
occillators. This is an expensive solution and can seriously
reduce *he circuit+ efficiency of *he syctem.

N

Another way ot using mul*iple solid-sta*e cources 1¢ *o

operate them in a Sed mode. Suitable circuitry would

.sequentially switc\

at any 1nstant. T

he sources so tha+ only one would be on

»r, 15 not a nractical solution:

with state-of-the-art mi ave power ‘*rancicrtrors  hecause

the ratio of opulsed to CW output power 1s of the order of

for 1% duty cycles.

‘ In view of what has been discussed and +he fact +het

with present solid-state technology, no less than 35 sources

would be required for a 600 W microwave oven at 2,450 MHz,

.

/ .
the use of aultiple solid-state sources does no* appear *o



be feasible for now. \ ,

[ 4
v Power Daviding-Combining Technique _and__Low Power
' :
Applications
1.7 Power Dividing-Combininag Techniaque

i
’

A technidgue to obtain high levels of micréwavp powWe T
wvhich is precving very frui*tful, makes usef qf power divider
and power combiner networks. %hoso notworkf‘nrn essentially
the <=ame. A typical configuration star+s wi‘*h oscillator
tollowed by a driver amplifier. Throﬁqh a . power dividihq
nefwork\w*his amplifier drives as many o*ther_amplifiers as
required ( 2, 4, 38, etc. ), and the output prors of these

aﬁplifiers\are finally combined in a £ingle ou*put.

’

Using a similar arrangement, a 500 ¥ CW «class C

amplifier has been built (74). The amplifier operates in the
'

960 MHz %o 1,212 MHz band, uses 22 *ransistors, exhibits a

midband gain ofq?OtdB and an overall efPfciency of 30%. A 1

kW L-Band pulse poier amplifier with a center‘_frequency ,of

1,250 MH=zZ ‘has qiso'been buil+ (75), with a . _ of 7.2 4B
'\\ — .
and an efficiency of 35% at nidband. The .cduction in

efficiency, from that for sfnqle transistors, is' m "nly due

to the losses in the pcwer divider . and power combiner
¢ : .
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networks. Recognizing this fact, eftforts are being made to
M R

develon less lossy  and  wider  bandwid*hk  power dividers

( combiiners ) (76,6n) to  substitute  for  the  alassical

Wilkinson (77) power divider ured =0 tag. _

From a technical poi;§ Orf view +his approach i1s *+he

most feasible for the development of an all solid-stat»

microwave oven. It also allows control of +he ou* put power

-

and frequency, simply by controlling these parameters in the
low power oscillator. Purther con*rol of *he operating
frequency can  be obtained h. a4 wvoltaae controlled
oscillator véo ) - Lif*lé informatior 1 found 1n the
literature that allows an accurate estimate of the cost, for
instance, of a 500 ® unit. Judaging h& *he cos* of individual

transistors, however, one can estima*e a present cost of ‘a

few dollars per watt. From this point of  view, it is not

-

likely +*hat - solid-state power genera*ors will be able *o

compete with conventional magnetrons for use 1in microwave

ovens, a* leas* for 2ometime.
. “

3.2 Low POQR; Applications
Q a

s

The . best  kpnown microwave nvower applications usually
involve power 1ldvels: above 400 ﬁ.».There are, howe, ¢ ,

.

applications where power ‘levels of less than 100 W .ie

I
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rouuifié. These include diathermy (78), skin wound  rvepagr

—

(79) and curing ot adhesives. In applications such as *hese,

transistorized microwave power gyenerators  offer  very
desirable features, in particular, low voltage operation and
small size. Ro*h characteristics make possible the desiagn. of

handheld generators which are safe to operate.

Fbr the purpose.of evaluating fhc diffiéultios‘invol§ei
in the design of a small microwavplgenorafor, a 200 W'- unit
operating at 915 MHz was built. Details of tho desiqn and
Consfrucfibn Are given in section u.‘ The desiagn  was vvﬁy
Successful }n *ha*+ only two transistors were féqui:pd; one’
operating as a power oscillatdr nd the other Asja  class C
power ampl;figr. 'The transis+*or ‘used iﬁ fhelampiifipr 1s

-

rated at 20 W output power for a case temperature of 25 ° ¢,

therefore, *he 18 #® oh*ained are considered 4 qooi

achievemen+.

S

A fringing field coaxialéuz&}ﬁa*dr was also desiqned
and buki&, in crder to investigate the use of the

transistorized microwave power genetato; in curing epoxy
/

adhesives. The applicator is, essentiélly) a coaxial line

]

wi*h a flared outer conductor. The diameter of the 1inner

v

conductor +dincreases towards the end of the applicator, to
) N

maintain a consStant characteristic;&mpedance. The shape of

the end of the center conduc*or ccntrols, *o some extent,



the field pattern in the load.

Fiqure AT.1a shows a partial view of the applicator,
and *+he temperature pa‘fern in a thin liquid crystal load.in
a vertical plane. In b, the‘tpmp@rature pattern of the same
load in the horizontal plane is shown. In C,//A' 2.9 c¢cm in
diameter and ¢ mm .deep patch of industrial grade epoxy.

adhesive 1s shown, after 1t was cured  using the

o

transistorized generator .and the wvoaxial applicator. A

ferrite isolator was used to protect the generator fron

severe mismatches, therefore, 16 W were availabl

.load. With state-of-+he-art transistors the isola*torf may no*

be required since, as indicated in section 1, many themn
can take an infinite VSWR. A two stub *uner was also uked +o

obtain maximum transfer of power to the epoxy. Cu g times

were as follows:

Roor temperature: 2 to 2.5 h.

Witn 16 W of microwave power and +he coaxial
_ - 3
applicator: 45 s.

This method of curing is very efficient since the power can

M . & i . . N .
be corcentrated in the adhesive. 1+ is also a very fas*t one
as the results show. A blob of epoxy on an aluminum sheet

was also cured wi*h this methofi."Curing *ime was 60 < and

adhesion of the epoxy to thelaluminum was very good; Chips

to tha -



. .:' (c)

FIGURE Al.1 Epoxy patch cured with a 16 W transistorized microwave
génerator and a coaxial apph’cator.‘

‘ %




S
b

of epoxy could only be broken out with a chisel and harmer.

e

Transistorized microwave power generators for use in

microwave ovens or other ‘high power applications, are not

years., For

RS
for many

be cost competitive

likely to
applications requiring less +than 100 W and fea+tures like

small size and safety of operation, *ransistorized microwave

power generators offer the best solution.

' ' S ] __a Tra;;:;:;?ized _l§m__ﬂig£9!2!§-—29!g£'
p Yy i :

The basic specifications were:

P (CH) = 10 to 20 W

" f > 915 + 19 MHZ

frequency, there are three arrangements which can

specifications.
three schenes.

is § supplied directly by

In’%a), the output power

single +*ransistor connected as dn cscillator. Alt hough its

simplicity is ' an attractive feature, i* - has

/
’ &

/

/

n

In . view -of the pcwer +transistors available at thic
meet the

Figure A1.2 shows a block diagram of *hese

a ..

*wo



Power

Oscillct_of ,

(a)

Low
Power
Oscillator

118 .

MemUm
-Power
QSCHlator
Class A" 1 Class “C" R
R ‘ Power —>
Amplifier Amplifier .
(c) .

FIGURE A1.2 THree schemes .that can meet the power source
specifications. ~
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digadvanfaqo; which make Lt undesirable for the intendod
application. The first is *hat a *trancictor operated as  an
Qséillator is 1Q to 15 % less efficient than the same
transistor operated as a class C amplifier (80). The second

is the strong load dependence of the oscillator. frequency.

Scheme (b) can be regarded as a compromisp between (a)
"and (c¢). The overall efficiency can be higher than that for

*he oscillator alone and +he amplifier s*age providéc

adequate isolation between the oscillator and ‘the load.

Ther@ is, however,-oné problém wi*h this <ch Nae +o +he
variation of the input impedance wi+h inpu+ po A class
C amplifier and, because of the depenﬁoncv of ths s~ "lator
frequency 6n this impedance, i* is normally diffic  for

the .oscillator to start. Nevertheless, this can be Qus o~
by proper selection of the*frequency charac*teristic of the
oscillator oukput' impedance and the amplifier input
impedance. ) _ , .
~ :

Scheme (c) is the most elabhorate. [+ comprises - +*hree
transistors and the Ceresponding cf%cuitry. Isolatiqm‘of
the osciliator is 'excellent and +t+here is no sfﬁrfdng

°

problem. However, the overall efficiency is lower thah that

N

of the other +wo because of the. inclusion of the «c¢lass A'

amplifier stage. . ' .
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/ ~ .
In view of +he above discussion eccheme (b) W
antected,
4. 1 Class C Amplifier Design

.

!

The transis*or. selected for this stage was an MSC 1020,

|
whose principal charagteristicssare (80):

Vcc = 28 v
P max (CW) = 20 W 2 1 GHz, Case Temp., 25°C

Power Gain = 7.8 dr 3 1 GHzf Case Te 25°

o

Coll. Fff. = S0 %

: ) : . T »
The design of a class C amplifiér basically amounts to

the design of an input and an output network. At each end

. tha purpose of the network is to match. the impedance of the

. ) . e R . .
trapsistor to that selected for *he amplifier, in *+his case,
. . g

ASOQ,.A

oo~

The main difficulty in the design of these networkﬁ
ariges fronm the'very-low values of the input and oufpu;
impédance éf microwave pbﬁer transiétors. Typical yiﬂﬁgg
for saturated output power, are (1 + Jj4)0 arnd 5 + 92)Q

respectively. Fortunately the design is somewhat simplified,

in this case, because of the narrow bandwidth requirements.



LA common  base contiqurataon wac chocen hocause of gt
inherently ‘higher stability, gaid and cfficiency at

frequencies close to or higher than £(87).

Figﬁro A1.3 shows the final circuit of the amplifier,”
The 0.3l resistor reduces the conduction angle to the point

where maximum efficiency is obtained and 1its value was

determined experimentally.

The amplifier was huilt using microstrip techniques

because of their superiori*y over other 'methods and because

théy of fer goodrreproducibility (8@).

The characteristic impedance cf a microsfrip line can
be calculated from graphs (83) or by +the more  accurate

expression (84) ,

577 h

Lo % T W [ e ]

where, h : spacing Dbetween the strip line and the ground

planel” -
( W : width of the strip line.

En : relative dielectric constant of +he substrate.

Pl
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The wavelenqth .in the microstrip ‘line is

- )\

3 «

\1&

wh@re,;{é rree space wavelength.,
~

The amplifier vas mounted directly on

aluminum heatsink to reduce the dperating temop

transistor (85) and the hédgured characte

{ amplifier were:

/

'
S

. * — ~
= 3
) p maX(Q§) %\/ﬁ;
. Powver gain = 7.2 dr
) Ffficiency = 47 %
) f
v
4.2 Medium Power Oscillator Design

A

With a measured gain of 7.2 d8B, 3 W were
drive the amplifier to - full outpu*. The

selected as a suitable transistér for this

S

principal characteristics are:

® - Vcc = 28 v

P (Osc.)(CH) = 3 to 4 W @ 1 GHz, Case Ten

.
N\
Jiven by,
an extr

crature of

ristics of

p@quired

nded

the

the

to

MSC B006Y was

purpbse@

p.2%éc.

_Ltsn
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The design o ot transistoryved MIcTowave  oc oy bhatoq
consists 1n the determination of a4 network that matchio: tho

output impedance ot the transis*or *o *hat chocen toy th
oscillator ( SN in this case Yy, 4 bias network  and !

feedback network.

N

The Jdesign ot *he matching nerwork tollowe the «ampo
‘
N +
techniques used in the arplfier, f.en, microstroip
trancmission line sectionr and  subminyature  frimming

capacitors.

The biasiﬁq network 1s such that before oscillations
start +*he’ transistor is biased in class A. As oscillations
build up the biaské;ndirions shift to class C to obtain hiah
efficiency.in the steady state.

. N - . ) : \/

The common baso cantlguraflon was chosen tor +he  cape
reasons given. before. In this configuration the feodback
pata 1s normally provided by the omi**gr—éolloc+or
capacitance .of the transistor. Figure A1.4 shows the final
circuit of the oscilla*or.

/The oscillator was mounted on an ex*truded aluminum

heatsink and the measured characteristics wuere:

<
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FIGURE A1.4 Oscillator schematic circuit.

i
el




“

106

P O(CW) = 3.2 W
Fff. = 15 %

Freqg. Pange < 915 & 29 Mz

The circuits shown in Figures A1,A”ﬁﬁd Al.4 aqre the
circuits tved at after considerable experimentation  to

solve the starting problem. The measured chdrac*eris*ice or

the complete unit were:

P (CW) = 18 W
Efficiency = w0 ¥
Frequency Range = 91% 3 27 HH? A

Fregquency drift f-om cold *o operating temperi+ure < 3

MHzZ.

Harmonics are 20 4B or rote.b@lOw‘fundam@ntal.




The :uppet—part of the circuif'in Figure A2.1 comprises
a nodinvertinq amplifier and a posifiv; peak detector. The
émplifipr not only amplifies the signal fronm the de*tector
diode, which in this case is negative, but also adds to it a
fixéd positi ve voltéqe, The detec*or diodo showld bq
operated in its &square iaw regiocn and zerovoufpug means Zero A
refleéted bower, therefore, after *he amolifier fhic

condition appears as a positive voltage maximum.

The péag detector is a circuit whose output tracks the
input sigﬁai until the 1nput rpachos a maximum value and
.then autométically ho;ds that peak value. Therefore, iﬁ 4
given -period of *ime, the lés* Chango in‘fhp output+ vol*age
of the peak’ detector .corresponds  to the largest input

voltage'peak as shown 1n figure A2.2.

. This wvcltage from the peak detector is differen*iateqd.
Therefore, the output from the differpd{?afor ‘becomes zero

N

. . ) . :
everytime the input *o the peak de*ector has a maximun.

-
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Pulses  are obtained  for this condrtrontby v Schmitt-
Trigger circuit. A few other stages are used to properly
condition these pulses to conform to the requirements of “the

Memory and D/A circui*ry.

Resetting the peak detector at +*he begining of the
sWweeping mode requires the following steps: opening of the
input tb the peak detecfér, discharging the holding
capacitor (. 1uf) andieliminating‘a pdlso that accompanies
the rese*ting proéess. Once *he reset pulce from the»ﬁemory
and D/Ah has been received, the resetting process 19
controlled by the 4047 Monostables. and the 4071 Gate. |

The  first *wo steps wmentioned above are executed hy
properly biasing the 2N5460 FET andj the 2N3904 *ransis*or
respectiwely. Thecselimination of the initial pulse is
achieved by temporarilly inhibiting tﬁp ou*put to the Memory

~ ‘ .

and D/A.

In short, the circuit in Fiqure A2.1 generates negative
pulses, during the swgeping mode, everyfime the output of
the - detec?or diode goes fhrough a maximum. ( @minimum
reflec*ed p%wer ) . The last pulse generated corrésponds o

the largest maximum.



2.- Memory and D/A

Reterring to Fiqgure A2.1, the clock 15 a tree running
multivibrator. The 4020 Coun%eﬂzand the 4072 Dual OR Gato
determine the length of the sweep mode and the hold mode, in

+ht% case, 100 ms and 5 s respectively.

1

The 4000 Duai ‘'NOR Gate controls the storing of the
state of the DkA in the memory everyfime a pulse 1is received
from the Peak Deteétor during the sweep‘>modei,and, the
reading"fgom' the mémoryrat'hhe bedining of *he hold mode .
The 4029 is .a Présetfable UP/DOHN Counﬁer proQided with Jjam

.inputs.  The +two. upper ones and the two lower ones are

connected to ob*tain two E’Q%& counters respectively.

Ea

Tﬁe upper codnter counts, pulses from the clock and its
binary outpﬁt°is fed to the 4016 Analog Q?F@. The output.of
these'gafes are added with *he appropriate wsighfing factor -
in,i 741 Operational Amplifief. The output ts\the ﬁodulatién
input of .the> VTM power csupply is a disconﬁinuous voltage
famp of 10 Vv maxi%um and steps of 39}mv.vﬂhen the modula%ion
'éain"in the VTM power supply is adjusted so hat a change
from 0 to AQ' V causes the VTﬁlto change 100 MHz; each

frequency step amounts to 390 kHz.

The ou*put from the upper counter -is also connected to

) . “? RN 4
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~

the jam input of the lower counter which acts as a memory.
The output from the memory is connected to the jam input of

the upper counter..

During the sweep mode the upper coun+%{ counts pulses
from the clock and uith'lzhe rest of the D/A circuitry
generates the modhlatiﬁg ?ZMp. Everytime there is a pulce
from the Peak Detector the:binary output of this codﬁter (
state of the ramp ) 1is jammed into the'memory. At *he end of
the sweep mode the last binary number stored ( corfespondinq
to the frequency of minimum reflected poq;r ) 1s jammed 1nto
the upper Coudter, thereby setting the ramp to the vol+dq9

level that determines the frequency of minimum reffected

power.

During the hold mode *he upper counter - - ‘ented

from couYfng\pulses from the clock. At the erd of this mode

IR

t+he entire process is repeategd.



APPFNDIX 111

Referring to Figure A3. 1, two of the NOR gates in the
- . ’ . M :\.
4001 Ouad NOR Gate are connected *oge*her +o form a free

running mul*ivibrator .

The fwo"flip—flops in *he 4027 pual J-K ,Flig—Flop are
clocked by the muitivibrator and are connected in “such a.;ay
as to generate pulses of‘a leng*h equal +o *Bo pe;ioé of *he
mul;ivibrator signal. These pu}sos AppeAr sequentially at
points A, B and C and are added in a 741 Operational

"Amplifier with émplitudes " set independently- by the

corresponding potentiometers. .

: . ‘ - ' ) .
The last operational amplifier is used as an inverter
to obtain Qulses of positive polari+y. The maximunmn amolitude
of these pulses vas set at 10 V.
The “circuit can éasily be\\expahded to generate anv

number of sequential - pulses  all wirh\\Kindependen*ly

~

adjustable amplitudes.

TN
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APPENDIX IV

—_—— e L=

\ \

Given target dimensions A,RBR,D for a cavity, thig
progranm will’vary two dimensions ( P aud D ) over a given
range and in steps of a specified size.

For each set .of dimensions, *the modes wifhiresonanf
frequency within the specified bandwidth around th central
trequency” are calculated and stored. FPor cubighl cavities

. ’ b :
each set of L, M and N which is a solution, is taken as one
mode and tﬁi sixfold degeneracy due to syametry ic not

. ', ’
considered. ’ .

Ty i

e The progranm then orders the sets of dimensions from the

one that yielded the highes* number of modes +o the one with

the lowest number of modes. The form and number of the

"solutions are pridted as specified.

The input data given by +the user is +*he following:
, Y :

7~
IS 5
~—

1.- Centralhfrequency,hﬁ: Up to 9999.9 MHZ.
2.- Bandwidth above and below F, DF: Up to 99.9 MHz.:
3.- Targe* dimensions, A,B,D: Up %o 99.9 cm.

4.- Dimension range above and below B and.D, DR and Db:
g . oy )



Up to 99.9 cm.

5.~ Step size, STEP: Up *to 99.9 cn.

-,

6.- A number somewhat ldfqog'than the largest expectal

L, M or N, J:.0Up *o 99;:

7.- Number of soluticns wanted, NMAX: Up +to 49,

‘8.-'Form of’outpdt, FORM:  FORM=C, only +he dimensions

and number of modes are printed. PORM=1, the

" dimensions, number of modes and the. modes ( sets of I,

M and "N, an’ +the corresponding resonant frequencies )

are printed. -

The data should be entered in the ficdlowing format:

XXXX.Xbxx.xbxx.xbxx.xbxx.xbxXx.xbxX.xbxx.xbyxbxxbx where )

means a -blank,

N

The compiler wused 1in this program is the WORTRAN 1V,

version G. After the program listing ar example is given
(

with the two forms of output. ’ : !
~ ‘ |
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60

70
80

90
91
92
100

110
150

151
C

160

PROGRAM TO OPTIMIZE THE DIMENSTONS OF  CAVITY
THF MAXIMOM NUMPEER OF MODES

REAL BN (100),DN (100)

INTEGER*2 NMD (100),FORM, P, T,RILG

READ. 200,F,DF,A,B,D,DB,DD,STEP,J,NKAY RN
CALCULATF NO. OF DIMENSION INCREMENT:

NB=2% (DB/STEP) +1.

ND=2% (DD/STEP) +1.

ESTABLISH LOWER LIMIT OF DIMENSTONS

BL=B-DB N

DL=D-DD

1=0 .

INCREMENT DIMENSIONS B AND D. A,RS(2),DS(2) ARE T#W
FIRST SET OF DIMENSIONS

DO 151 KB=1,NB

B=(KB-1) *STEP+BY

DO 151 KD=1,ND

D=(KD-1) *STEP+DL

I=1+1

BN (I) =8B

DN(I)=D

MD=0

DO 150 LC=1,J

DO 150 MC=1,J

DO 150 NC=1,J

L=1.C-1

M=MC-1

N=NC-1

CHECK IF CAVITY IS CUBICAL

IF (A-B)90,60,90

IF (B-D)90,70,90

REMOVE REPEATED SETS FOR CUBICAL CAVITY

IF (N-M) 150,80,80

IF (M-L) 150,90,990 ~
ELIMINATE POSSIBILITY OF DOURLE 2EROS

IF (L)91,91,92

IF (M*N) 150, 150 100 N .
TIF (M+¥) 150,150,100 '
FIND A SOLUTION
FRFQ=15000*SORT ( (L/A) *%*2+ (M/BN (1)) **_+ (N/DN (L)) **2)
IF (ABS (F-FRFQ-DF) 110,110,150

_MD=MD+1
“"CONTINUFE

NMD (I) = MD - i
CONTINUE :
ARRANGE NOS. OF MODES IN ASCENDING CPDER

NMD (I) =MD

" K=I

BIG=0
pO 170 MD=1,K

IF (BIG-NMD (MD)) 165,165,170



165 -

170

180
C

171

181
182
183
184
185
186
187
191
190
192
200
300

301
302
303

139

BIG=NMD(MD)
T=MD
CONTINUF
P=NMD (K)
Q=BN (K) .

R=DN (K)

NMD (K) =NMD(T)

BN (K) =BN(T)

DN (K) =DN(T) -

NMD (T) =P ‘

BN (T) =0

DN (T) =R

K=K-1

IF (K-2) 180,160,160

CONTINUT

CALCULATE AND PRINT MODES IN DESCENDING ORDER
PRINT 300 '

TP (FORM. EQ. 1) PRINT 301

MAX=MINO (NMAX,I-1)

DO. 192 P=1,MAX

K=I-P+1 ‘

PRINT 302, A,BN(K),DN(K), NMD (K)

IF (FORM) 192,192,171 -

po 190 .Lc=1,J

DO 190 Mc=1,J

DO 190 NC=1,J

L=LC-1

M=MC=1

N=NC-1 ‘

IF (A-B) 184,181,184

IF (B-D) 184,182,184

IF (N-M) 190,183,183

I¥ (N-L) 190,184,184

IF (L) 185,1857186

IF (M*N) 190,190,187 , ~f)

IF (M+N) 190,190,187

FREQ=15000*SQRT ((L/A) **2+ (M/BN (K)) **2+¢ (N/DN (K) ) **2)
IF (ABS(F-FREQ-DF) 191,191,190
PRINT 303,L,M,N,FREQ “

CONTINUE
CONTINUE : :

PORMAT (PF6.1,7 (1X,F4.1),2(1X,I2),1%X,11)

FORMAT (*'1',3X,'DINENSIONS (GM) NO. CF MODES!')
FORMAT ('+',u0X, ' HODE FRFQ. (MHZ)')

FORMAT ('-',3(F6.2,2%),5X,12) :
FORMAT .(*+',37%X,'(',12,',',12,',',12,')*,5%,F6.1/"' ')
STOP .

END .



DATA

2050.0 15.0 40.0 49.% 9.0 0.2 0.2 0.1 # 10
R

DIHEQSEONS (CHM) ' “NO. OF MODES
40.00 49.00 38.90 14
40.00 48.90 39.10 13

DATA
2050.0 15.0 uo;b 49.0 39.0 0.2 0.2 0.1 S
DIMENSIONS (CH) . NO. OF MODFS  MODF | FREQ. (MH7)
. 40.00  49.00 38.90 14
( 0, S, 5) 2061.7
Co, 7, 3 2435, 2
( 1,'7, 3) 2063.9
(t 2, 1, 6) 2451.3 ’
« 3, 5, 4 2ud6,9
' €3, 6, 3 2444, 9
(3, 7, 1) 2050, 7
) (4, 0, S)7 . 244208
B (u, 1, 5) " 2ue1.a
) (4, 5, 3) 2435.4
(5, 1, 8)  2047.1
( S, 5, 1)  2450.9
(6, 2, 2) 2056. 0
,x.é. 3,00 24€0.6



