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SECTION I

PURPOSE

This program is intended to study the feasibility of high-dielectric=
constant materials as resonators in microwave filters, and to obtain de=
sig: ‘nformation for such filters. Resonator materials shall be selectéd
that have loss tangents capable of yielding unloaded Q values comparable
to that of waveguide cavities. Thé i iterials shall have dielectrié con-
stants of at least 75 in order that substantial §ize reductions can be
achieved compared to the dimensions of waveguice {ilters having the

same electrical performance.




SECTION 11

ABSTRACT

An analysis is given of the coupliag coefficient béfween dielectric-
metal tubé bélow cutoff. As in the casé of the transverse orientation of
disK axes treatéd in thé Sécond - . T ird Quarterly Reports, a formula
is obtained that is reasonably convenient for computation. The formula

inclhides térms for all of the modés excited by the résonators.

In the axial orientation case, :'e TE,, and TE;, modes do not
contribute to coupling unless the disks ar .. ligned. The lowest
order coupling terms are for “1e TE;, and TE, modes. Formulas
for the TE 10 {and ’I‘Eaii coupling térms as a fanciion of trafsverse
and angular misalignmients are given. These formul=8 are useful for
détermining mechanical positioning tolerances necessary in given filter

designs.

Experimenial coupling-coéfficient data are given for thé axial
orientation. Coupling coéfficient vérsus center-to-center spacing was
measured for a pair of dieléctric disks in two differént sizes of square
tubing. Excellent agreément was found with curves computed from the

céupling -coefficient forrnula.

Ar éxperimental invéstigation is described of loop and probe
coupling to the end resonaters of a series of transverse-oriented cou-
pred diéls ctric Fesonators. Prinéipal attention is given in this report
to the case of two disks with end couplings adjusted to yield maximally
flat response. Y dissymmetry of the upper and lower stop bands was
observed, and was found to be strongly affected by the end cunpling
elements. Filter response curves arfe given for various loop and probe

designs, showing large differences in the stop-band behavier., With




oné coupling configuration using probes, "iniinite" rejection peaks ap-

peared in both stop bands. This efféct is attributed te dir=:t probe-to-
probe coupling bridging thé signal path through theé coupled dielectric
resonators. A formula is derived for the external Q of a disk resonas
tor coupled to a loop, and approximate experiméntal agréement is

shown.




SECTION HI

CONFERENCES AND PUBLICATIONS

The pericd of this program has been extended by one year. By
mutual agréement 6f USAERDL and Rante¢ Corporation, the fourth
gquarterly report will cover the investigation interval 1 April to 2!
August 1964,

On Septémiber 30 and October 1; 1964, a conference was held at
Rantec Corporation to discuss work completed during the fourth quarter
of the program and plans for the sécond year. Attending the conference
weré Mr. E. A. Mariani 6f USAERDL, and Dr. S. B. Cohn and Mr.

E. N. Torgow of Rantec Corporation.

Gn Septémber 10, 1964, Dr. S. B. Cohn presented a paper
covering some of thé work on this program at the International Con-
feréence on Microwaves, Circuit Theory, and Information Theory,
Tokyo, Japan. The title of the paper was '"Recent Developnients in

Microwave Filters and Related Circuits™.




SECTION IV

FACTUAL DATA
i. Introduction

The Fifst Quarterly Report’ discusses the nature of dielectric
resonators and describés how such résonators rnay be used in micro-
wave filters. The introduction to that repert should be consulted for
background information; and for a discussion of problems to be solved
before dielectric resonators can he uséd in practice.

Earlier répbrtéz’ on this program have been concerned with
dielectric disk rescnators in a transveérse orientation; that is, with
their axes transverse to the axis of the surrounding cut-off waveguide.
Ancther arrangéement is that of axial orientation, in wkich the axes of
the resonators and waveguide are co-linear. The axial orientation 15
intérésting because it pérmitf a more compact agsembly than trans-
vérse orientation. Also, it appears to lend itself to practical assembly

téchniques, especially when round disks are used in a round waveguide.

Ar analysis i8 given of coupling bétvwecn disks in the axial con-
figuration. The treatment is similar to that for transverse orientation.
As in the previous analysis, the coupling coefficient is equal to an in-
finite series of terms for the various excited mudes. In this case, the
TEjp TEgp : :
to the resonators., The lowest-order coupling modes are the TE

and TEﬂ modes in rectangular waveguide do not couple
20 and
Tééz' The infinite scries in the formula for coupling coefficient con-
verges fairly rapidly and is quite convenient for design parposes. In
conjunction with this analysis, measuremen:s of coupling coefficient

in the axial orientation were made. The agrecement batween theory and

experiment was remariabiy good, generally being within

[%1]
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Several two-tesonator band=pass filters (transverse orientation)

were déscribéd in the Third Quarterly Report. The couplisj coeffi-
cients, as determinéd from the measured pass-band responses of the
filters, agreed closély with the theoretical and experimental values
detérmined sarlier. It was foted, however, that the résponse charac-
téfistics of the dielectric-resonator filtérs were assymmetric outside
of the filter pass bands. The primary source of this assymmetry was
ascribed to the characteristics of the input and output coupling ele=
fiénts, which were large, short-¢ircuited 106ps aligned with their axes
parallel to-the axes of the diéléctric resonators. During tue fourth
quarter an experimental study was made to detérmine the factors lead-
ing to assymmetric résponsé, and to determine techniques for over-
coming this efféct. Various loop shapes were investigated, and also
probes were used. In addition to achieving improved symmetry, se-
veral interesting effects were noticed; such as infinite rejection points
appearing in the stop bands under ¢eftain conditions. This report also
gives an analysis of loop coupling to the énd résonators of a filter, and
approximate éorrélation with experimental data. The formula; while

not éxact, is usciul for filter design applications.
2. Analysis of Coupling Coefficient - Axial Orientation

In the Second and Third Quarterly Reporis a formula was de-
fived for the coupling coefficient between resonant dielectric disks
spaced along the cente: line of a waveguide for the case of the disk
axes in the transvérse x direction. Another important case is that of
the disk axes in the longitudinal z direction; that is, the axes of the
disks and waveéguide co-linear, as shown in Figure 2-1. An analysis
of this axial configuration in rectangular waveguide is given below, and
computeéd coupling-coéfficient values are shown to agree very well with
measured points. The case of axial configuration in circular waveguide

will be treated in thé next réport.




In thé Second Quarterly

] 11;:; — | Report. the follewiny seneral for-
O n -+ mula is derived for the coupling
e '§ e coefficient between a pair of iden-

) F‘”“ tical resonant magnetic dipoles in

Figure 2=1. Dielectri¢ Disk Reso~ éither a parallel or co-linear
nators Axially Oriented in a Squafe

or Rectangular Cut-Off Waveguide Configuration:

- P'si:izi i,?l

X {(2-1)
" T ml

where m, and Wmi are the magnetic dipole moment and stored eneray,
respectively, of the first dipole when enérgized at its resonant frequen-
cy, and igz» is the magnétic field at the secund dipole duc to the first
dipole. As discusséd previously, the exfernal fieid of a disk=shaped
dielactric resonator (D/L>1) in its lowést-order mode of resonance
resembles that of a magnetic dipole directed along the axis of the disk.
Thus Eq. 2-1 may be used to compute the coupling coefficient between

such resonators.

The analysis will apply to resonators lacated at any paint x, v
in the wa -guide cross section, but will be  rticulurized for the
center-line case {x = a/2, y - b/2}). For axial orientation, 3:, 13 1n
the z-directic .. Therefore, the component of H, vielding coujiing is
sz. Only Tgmn modes contribute to coupling, since 11 @ by defini-
tion for TM . maodes.

mn

: - 2 . : .
The Scveond Quarterly Report” gives formulas for the soermal-

ized magnetic field components h and L at the TE e
- i xmn ¥ oan - PO
The corresponding h____ component is
= Zmn
2 N Y 172 .
T mn TN nw,s .
h T g— e S — Co s {—=—} C 33 f’ml :i i;":=~£}
zmn 0V | §EbEaa (—hees '
CEaL \~ i

-




where 8 _ is defined as follows

& =2, mel, nzl

The other symbols in Eq. 2-2 are defined on pages 9 and 10 of the
Second Quarterly Report.

The total field H,_ at the second magnetic dipole is expressed
in terms of thé normalized hﬁ’m compénents 28 follows {see Second
Quarterly Report, page 29)

L s K
. - “mn .
Hy, = z 3 nn Pzma® (2-3)
m,n

where & are amplitude factors related to the momert of the first
magnetic dipole located at z = 0. Equations 3-43 and 3-38 of the -
Second Quarterly Report give 3

Jun ) co
2mn * 77 Pama Mz ;;__{2'4}
It is immediately apparent from Eq. 2-2 that only "rsmﬁ modes
of even orders contribute to H_atx = a/Z and y = b/2. Thus, the sig-
nificant orders are m,n = 2,0; 0,2; 2,2; 4,0; 0,4; 4, 2; 2,4; 4,4; etc.
In the geneéral case of arbitrary location of iie resonator in the cross
section, Tgnm modes of all orders would be significant.
Equations 2-1 and 2-4 assume m, to ve corcentrated at a point.

Hlowaver, in the dielectric resonator, rﬁi is actually distribuicd over

-




tne volume of the disk. Inspection of Eq. 2-2 shows that h _ has
a considerable variaticn in the plane of the disk, as a resnit of the

cos (mnx/a) ¢os {any/b) factor, especially fo+ the higher mudes. Thus,

Eqgs. 2-1 and 2-4 should bé rewritten in this manner,

Bo = S (ff o z
- . mn . _oomnt L, Ll -
k= W Z 2 an® }thiﬁn{x’ yle m’iz av {2-5}
ml
E ]
] H "6 7 “ani » B
amn = z j{{hzmn‘(xs Y) e m}z dv (Zag)

where m}*z is the z componént of the volumeé density of magnetic dipole
maonicat, and integration iS pérforméd over the disk area and the axial
length, z = =L/2 to L/2. Note that

i ff ot

When Eqs. 2-5 and 2-6 are combined, oné obtains
jmpt Z e P e[ réf e z 12
et . Tmn L mnT . 5 -
k= o E e [‘H{ ﬁzmn{x’ vie my. &v] {2-7)
- 3]

Now consider the fact that f!i'fz isa symmi;icg} funciion of z abom the
central plane of the disk. Also note that e """ is approximately
linear in thé 2z = =L/2 t6 L/2 range, when L is small. Henee the vol=
ume integral may be replaced by the following surface integral over

the central »lane of the disk
” L R P

whete the area density my, is related tu m, by m, - Hm}? dS. Thus




w

. . 32
T S T, -
K=o Z ¢ M [jj mn y) mj dS} {2-8)

2

ml -
m;n

This may be writtén as

B.0om = . —0....5 -
S 2 M) K (@-9)

where h. . is evaluated at the center of the disk, and Kmn is defined
as follows:

Hz‘mm (xy) m{, ds I

K __=}== {2-10)
mn h_m }'m

i -

ﬁ‘ {x, y} m dS 12

i b (2-11)
h« "
L zmn i
Substitute Eq. 2-2 in Eq. 2-9
by m —amn
Y LN g“‘ . z mn mn L msz(mnx) (mrv)
m cmn gmn (2-12)

Theé sumfation isover m=0, 2, 4, 6, ««- andn =0, 2, 4, 6, ---,
but does not include the simultaneous combination m = 0, n = 0, since
the TE,, more does not exist in a metal-walled waveguide.

The first factor in Eq. 2-12, B om, 210w i)’ 18 @ function only
of the geometry of the dielectric resonator and its €, value. Itis
evaluated in the Second Quarterly Report, pages 31 to 33, for ii.e case
of the furdamental mode in a disk (D/L > 1}). To a goo< approximation,

-10-




2 I - 2
W, wme L e e e
k= W 2 e }‘fhzm{x, y) il dS] (2-8)
m,n

This may be writteén as
2.2 )
Jar "my" & ; =g. .5 .
k= —W_z' z (h g é a 2-9)

zmn mn

where hzmn is evaluated at the centér of the disk, and Km o i8 defined
as follows:

ok j.{hzmn (x,¥) m z ds )
K o3 Josses i 2-10)
hzﬁ:ﬁ_ﬂ-mia a3 |
- b 2
jh,,,, (e y) mi, das
== {2-11}
i'L
I amn } ]
Substitute Eq. 2-2 in Eq. 2-9
um 2 —emns
o 'i,, Z mn mn,, ] cesz( _)cél (nty)
cmn %mn 12)

The Summation iSsover m=0, 2, 4, 6, +-- andn = 0, 2, 4, 6, -+-,
but does not include the simultaneous ¢ombination m = 0, n = 0, since
the TE;, mode does not exist in 2 metal-walled waveguide.

The first factor in Eq. 2-12, pamiz?‘zwmi, is a function only
of the geometry of the dielectric resonator and its €, value. Itis
evaluated in the Szcond Quartérly Report, pages 31 to 33, for the case
of the fundamental mode in a disk (D/L > 1). To a good approximation,

=-10-




.2 53
?f'éf‘fi ~ 0.927D L.

WS 0,25 s L/D£0.7 (2-133
mi aé

This i§ within #2% of a more complicated formula for B, izw 1
Which also is derived in the Second Quarterly Réport. Fxgure 3~5 cf
the Second Quarterly Report givés a plot of the error versus L/D,

which may be applied to Eq. 2<13 2§ a correction factor, if desired.

Equation 2-12 will now be particularized for the cisé of disks
located on the céntral axis of a2 square waveguide. Thus b = a,
x =y = a/2, and terms of the summation for m,n and n,m aré equal.
(For example, the TE;4 and TEy, modes yiéld equal terms.) Rémeém-
bering the deéfinition of éiﬁ ot We may rewrite Eq. 2-12 as follows.

RAYAPIY K, 7 "&‘““é
k= %5#2‘3_ 83 z "“e +?‘z mn o
W a5 4
ml mb cmn mn mn cnm mn (2-14)

and (in>n>0)

mn=0 2,465,858, ...

Equation 2-10 for Kmn will now be evaluaied. Since m|_ occurs
to the same poweér in both the numerator and dénominator, only a rela-
tive value is needed. The magnetic dipole momént per unit area is
proportional to the magnetic flux per unit area in the ¢éntral plane of
the disk. That is,

. .
my, By *Hy,
The field Aistribution in the dielectric disk will bé assumen to be that
of the second-ordeér solution treated in the First Quarterly Report.

-11-




Tnus

2p5,7\

where p; 1 e 2.405 for the fundamental ¢ircular-electric rode. Note
that H,, =0on thé circumference of the disk, as is required by the

magnetic=wall cylindrical boundary useéd in the second-order solution.

Substitute Eqs. 2-2 and 2-15 in Eq. 2<10; Withh__  evaicated
at the centér of the cross section.

. 2
: . 2P, T
S oe[MUXY __/nmy 01° ;
ﬂ’cos( a,)ccs( 5 }3{3( 5] )rér a8 7
o = |————————— b (2-16)
e LAY
Hsé —5—) rarde
mn=0,2,4,6, ...
The integral in the dénominator will be évaluated first,
+ I3/3 /3
e 25,7 e 2pgit\
1 f | 3\=p—)rara0=2n f Jf—p— ) rar
¢ o 0
2
.1 MR .
= E—t}; }iipﬁi} {2-17)
L , 4
where use was made of
{; J ) du=ud w i2-18)

The integral in thé numerator will now be treated. As shown
:n Figure 22, the coordinatés x and y are rclated to r and 0 by

&

-12-
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Figure 2-2. Coordinate System

in Réctangular Waveguide Gross

Section Then, because mandu = 0, 2; 4,. .,

cog ITX nmy o -1 {m+n}/2 coi (,rm;r_ fn.s_,_ﬁ_) eos (mut fxn :] )
(2-20)

}{mi‘n)fz = #1 can be ignored, since the integral is
Thus thé numerator integral may be written

The factor (-1

squared in Eq. 2-16.
2r D/2

L 2pa, T .

anr sin 6 ( 9 ) :aras

;’1 = '{ f cns(mur acas )cas( & ) 33 9
o o (2-21)
D/2, 2n
. /mnr cos O _/owr sin®y .} z?ﬁir
= [ [ Eﬁﬁ(ﬁ-Ta‘—-) COS (—-—r——) ae 36 57 dr
et o (2-22)

The inner intégration can be performed with respect to G by means of

the following formula
.
j cos (u 5in 0) O = 7 J_(u) (2-23)
0

First, however, certain substitutions are nccessary. Because of the

following identity
{cos (A + B) 4 cos (A - B)) (2-24)

%

[’«\.II [

08 A cos B =

-13-




we may write

mnr cos 0\ . .. /anr 5in 6\
(“""'5'—"‘:"’5(”"“?*}

cos
1 _f../mées6  nsia@y. 1 f . (mcosd _n '_s;n,s"]
= 5 cos [ﬁr( = + = )]4- 7 cos ttrr( = 5 }
(2-25)
Now let
mcos® _nsin® _ ~ .
Y *—7 2 C sin {0%c)
=Csinccos9@xCcoscsind {2-26}
Therefore
m _ = ..
= C3inc
- Ccosc
and
= .z
\ 2 -
c-\(3) +(3) (2-27)
V(a} “5) “cmn
Aiso let

T -9+¢, d6' = d6
{2-28)

8" =96 -c, d8" = dd

-14-




The inner integral of Eq. 2-22 can now be given as

2nte - 2nec
, [ - , / ;
g j ¢os (@‘3— sin 8’)6‘5‘ *2‘» j cos \f“ sin 0"} do"”
4 cmn -t cmn

(2-29)

These two integrals are equal, since the range of infegration in each
case is 2w, or one period. Theréfore, the inner intégrai of Eq. 2-22

is equal to
2n
1 = J cos (Y‘?EE- cin e) ae (2-30)
cmn
0
1 2n
Equation 2-23 can now be appliéd, recognizing thét} 2 I . The inner
integral is thus equal to e T
L=2w3 6(}-—-—?""‘ ) (2-31)
mn

Substitute this in Eq. 2-22 to obtain the numerator integral in the fol=
lowing form:
n/z

; 2Py, T o
ng=2n | ory (2L ) (—2)ar (2-32)
fy o kéﬁm o D

G

This can be integrated by means of 4

- sulJ {(su)J {Zu}=au J_ ,{:xu} J {Zu}
; . _ o m T T T n=1'"""""n .
Ju J_(ou) J (cu) du = - - {2:32)

Letuzr,n=0,J_,=-J,a=27/\__ , %~ ngi;*!}, and J {py,} 0.

n

]
-
i

4




Then

7

 fan \. .
2P Jc(!:éfnn )3’{933}

EN = - " ¥ {2-34)
(2?.9') ( 2n )
b *emin
Substitute Eqs. 2-17 and 2=34 iato Eq: 2-16 to obtain
12
"I {vD/N__ o
K‘ = _ o( cmﬁ) _ {2;35)

mn = 2
1= fTD__
P01 crmn

where pg, = 2:405.

Finally, coupling-coéfficient values may bé computed from Eq.
2-14, utilizing Eqs. 2-13, 2-35, and the following:

I

I = e
cmin

(2-36)

(2-37)

In the néxt section, Eq. 2-14 i5 used to compute coupling-
coefficient-versus-spacing curves for two sets of practical parameters.
In each case excellent experimental agréement is found.

Residual TE, g~Mode Coupling

The TE,
if the resonators are pérfectly aligned on the central axis »f the

and Tgéi coupling terms are zero in Eq. 2-14 only

-16-




waveguide., Weak coupling by these modés can occur if the resohators

are slightly off centér, or are tilted with raspect to the waveguide axis.
For close spacings of the misaligned fésonators, the TE, 4 «nd TEj,
terms will bé negligible compared to thé higher-order ferms in Eq.
2-14, but for wide spacing they will bécome significant and éven pre-
dominate, since their attenuation constants are about half that of the
T 20 and TEG?. fmodes

Two caseés of misalignment are considéred. These will permit

evaluation of the tolerances necessary for Eq. 2-14 to beé valid.
a. Resonators Off-Center

Let the resonators be off center by X, or=x,. Then

I3
1

%i&x; (2-38)

Equation 2-12 reducés 1o the following f6F the m = 1, n = 0 term. (The

distribution factor K,, is assumed equal to 1 for simplicity.)

2\ , - \ ¢S
ko= —ra—%@i T sin® ——wx§ S (2-39)
10 °\2W 1 /2% a’ [ 3,

This expression applies t6 resonatérs displaced in the same direction.
For small displacéments of the resonators in opposite directions, it
can be shown that the TE, -mode coupling is the negative of the value

given in Eq. 2-39.
b. Resonators Tilted from the z Axis

Let the resoy- tor axes be at angle . or - wwith respect

to thé z-axis in the x, z plane. Then




=m, sing (2-40)

The TE 10 coupling term is obtained as follows from Eq. 2-28 of the
Second Quartérly Répértz.

pm.\ .. 2, =0, a8
o "o 1 }sin ¢ - 10 -
kijp=#% — /a6 %10® (2-41)

In this case the + sign applies to tilting in thé same direction and the
-~ sign to tilting in opposite directions.

c. Combinations of Misalignments

Coupling can occur if oné resonator is displaced and the
other tilted, or if combinations of these misalignments occur. Also,
coupling ¢an occur if the displacements and tilts aré in other than the .
x-y plané. Equations 2-39 and 2-41 are sufficient, however, for esti-
mating misalignment effects. Othér possible cases will be of the same

order of magnitude, and hence will not bé treated in detail.

3. Comparison of Theoretical and Experimental Coupling
Coefficients -~ Axia. Orientation

Coupling measurements were madé on a pair of identical
dieléectric-disk resonators on two sizes of cut-off square waveguide.
The configuration is as shown in Figure 2-1. Parameters of the disks
are D = 0.393 inch, L - 0. 160 inch, and €. =97.56. The waveguide
dimensions are 0. 625 inch and 0. 995 inch. The measurement tech-
nigue is as discussed in the Second Quarterly Repor-t, pazes 34 - 37,

except for the axial orientation in the present case.

-18-
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Figure 3-1. Comparison of Theo-
retical and Expérimental Coupling
Coefficient Data for Diéléctric Disks
in the Axial Orientation Waveguide

Figure 3-1 shows thecret-

ical curves and measured coupling-
coefficiént points pivtted versus
The

théoretical curvés are séen to

center-to-center spacing.

agree with the experimental data
extréemely well. The various
measured points are within 5 per-
cent of theoretical, except for two
at large spacing that deviate by
about 6 to 8 percént. Since thése
points are for weak coupling, it
is likely that the error is due to
residual TE; J coupling. This
possibility is supported by cals
culated values at the end of this

section.

The curves in Figure 3-1 were computed from Eq. 2-I4 with

the aid .f Eqs. 2-13, 2-35, 2-36, and 2-37.

two curves are as follows:
Curve 1
a =b = 0,625 inch
f = 3485 Mc¢
o -

- 0.0302

2,
oM T/2W

The parameters for the

Curve 2
a - b - 0.995 inch
£ =33653 Mc
o
- 0.0281

250
By .fZ“m’

The above fé values are measured center irequencies, and are virtually

indepéndent of spacing.

In computing the coupling coefficient, sianificant inode terms

are as indicated by x in the tables that follow,

-19-

Contribution of terms




coefficient value.

Curve I
Modé_ i o s, inch . o
mn 0.3 0.35 0.4 0.5 0.6 0.7 0:8
20 x x x I3 % x x
22 x x x x x x
40 X x x
Curve 11
Mode | —— o s, inch o
i 0:3 0.35 0.4 0.5 0.6 0.7 0.8
20 x % x x X % x
22 x x x x 3 x x
40 x x x x x x x
42 x x x x x X x
44 x X x X
60 x x
62 x x
64 x

|

it is clear from these tables that convergence of the infinite sevies in

£q. 2-14 is rapid except for very closé spacing.

Thé more rapid con-

vergence of the séries in the case of Curve I results not only from the

higher values of the attenuation constants in the smaller waveguide, but

also from e fact that Kmn decreases more rapidly with m and n when

a given resonator is placed in a smaller waveguide.

Misalignment effects will now be computed to determine the

eftect of TE, ;-mode coupling in the above cases. First assume the

resonators to be displaced by x| = 20.03a. By Eq. 2-39,
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=2.60s8

Kyg = 20. 00265¢ {a

kyq = 20. 0102e~% 705, @
At 5 = 0.8 inch, for example,

Kig® 0. 000331, (a

K = 0. 000237, (a

4l

11}

0. 625 inch)

0. 995 inéh)

[}

0. 625 inch)

Next assume thée resonators to be tilted by = +5°. Equation

2-41 gives
kg = 20 6(30562&“‘2‘5%; (a
kg = %0. 0027662708, (3
and at § = 0.8 inch,
kg = 0. 0000703, (a
kyp = %0 0000642, {(a

It is evident from the above examples

1]

0. 995 inéh)

1]

0. 625 inch)

0. 995 inch)

0. 625 inchi

h

that the miinor discrepan-=

cies at the weak-coupling points in Figure 3=1 are explainable in terms

of misalignménts. An additional factor is pussille accentuation of

TEm mode coupling due to the tuning screw utilized in obtaining synvhs=

ronous tuning of the resonator pair.
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4. Coupling of Dielectric Resonators to Fxternal Lines
. — _ - _ _ 3 - _ - - . o = . - _
a. Experimental Invéstigation of Coupling Techuiques

The insertion 1oss ¥esponse of a two-dieléctric-resonator
filter, in which the end coupling was accomplished by means of large,
shortacircuited 16ops, is shown as Curve I of Figure 4-1. A considér-
able degree of assymmetry is evident in this curve. Several experiz
ments wére conducted during thé fourth quarter in ordér to isolate the
cause of the assymmetric response. During the course of thesé meas-

) uréments, the distancé betwéén
resonators was held constant and

3 S ——r— the input and output couplings
l = g al | weré adjus-ed to yiéld a maxi-
o j_j AuZ | ‘ 1 _E1 mally flat response.
1 y =
OELECTIG o :
. wm‘sm_‘ il s J} 5 To déterrnine the degree &
s YL Spdingl B = Rl PR e - L =
HOUSHE CROSS SECTON, ;; N ’ A to which direct coupling between el
i 1 i L{i inpiit and output loops affected
T T 1T il > g’ T—1 the résponse characteristics,
§ :*‘i'"f."f"i“f“mti l} two rods were introduced into
£ JTTTon e posTs |y )
R e 4 Wi L the filter structure. These rods
L ;' were located adjacent to each
i 1 _ o _aa —
i IR g _ g R résonator and perpendicular to

,M = = ; the plane of the H-field, as

T KESOATD X shown in Figureé 4-1. In this

w
i
|

8
|
1

position, the rads have theé least

effect on the coupling between
e e 6Bt % % & & Trésonators and cn the coupling
ti=tgi=tc

(-8

between 2ach loop and the reso-
Figure 4-1. Eiffect of End Couplings
onthe Response ofa Two-Resonator
Filter differences in the filter charac-

nator adjacent to it. Therefore,
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teristics o¢bserved when thé decoupling posts are introduced can be as-

éribed primarily to the reduction in couplifig between thie input and out-
put 106ps. Curveé I of Figure 4-1 shows the band pass respansé of the
two résonator filters with the decoupling posts added. A slight narrow-
ing of the pass band was observed, indicating that the posts did have a
slight effect upon the ¢oupling beiween resonators. However, it is evi-
dent that the assymmetry was reducéd. A fhird sét of data wWas taken
with the découpling posts removed, but with the 106ps terminatéd in an
opén circuit. The resulting band-p-55 characteristic, Cutve III of
Figure 4-1, again exhibited an assymmetry, but the assymmetry is
reversed from that observed when the loops were short-circuited.
This, it appears that in addifion to direct coupling, the transmission
line effécts and the reacfancés associated with large loops are signifi-
cant sourcés of the assymmetries. The efféct of thése parameters will

bé eéxamined in greater detail in the followihg sections.

In addition to the use of a single large loop as a coupling
eléement bétween a dielectric resonator and its terminating iine, several
other coiipling eléments were investigated. A singlc open=circuited
wire paraliel to the résonator axis and a small short-circuited wire
loop whose a¥is was pérpendicular to the aXis of the resonator were
placed ciuse to the resonator. The absence of any detectable coupling
verified that there were 1o Significant field components orthogonal to
the assumed resonator fields. Measurements of the coupling of multi-
turn loops {with looD axis parallel to resonctor axis) indicated that a
two=turn loop coupled slightly more strongly to the resonator than a
single<turn loop, but a three=turn loop of approximately the same diam-=

eter coupied more weaxly to the resonator. It was deduced that the in-

[l

creage in the . eactance of the loop more tnin vifset the inéreass in the

induced voltage in the loop {see Para b).

A single-tuin loop with the plane of the losp parallel 1o

and partially overlapsing the flat surface of a résonator wa= more




weakly coupled to the réscnator than was a non=overlapping loop. This

results from the fact that, in thé former case, somé linas 4f flux lie
completely inside the loop and, theréfore, do nut contributé to the cou-
pling. More lines of flux will link a 166p that is tangent to the cylindris
¢al face of the resonator, Thus, it was observed that partially shaping
the 166p 50 that it was in contact with the résonitor 6ver a section of
the cylindet (See Figure 4-2) increased thé coupling. All of theé loops
nsed in theSe eXperiments were
constructed with 0. 040 to 0. 060

inch diameter wire. Therefore,

the reactance of thé loops was

fairly high. The degree of cou-

E””;”“' gling obtained was fé%fiy weak and
indicated that these loops were
Figure 4-2. Shaped Coupling Loop primarily suited to narrow-band<

filter coupling elements.

Simp:e probé coupling was found to be comparable to
icop coupling. A simplé wire probe bent to be paraliel to the eléctric
field linés in a resonator produced a measured value of extérnal Q of
approximar<ly 3000 at a probe-to-resonator center spacing of approx-
imately 0.3 inéh. A two resonator filter was ¢onstructed with probe
end couplings. The performance characteristics of this filter are
shown in Figure 4-3, Curve I was obtained when both probes were
directed teward the same side of the waveguide axis. When one of the
probes was reverséd so that the probes were on opposite sides of the
waveguide axis, the performanéeé shown by Curve IJ was obtained. The
relative positions of the probes and resonators is shown in Figure 4-4.
The difference betwcen the two curves is a direct result of the phase
relationship betweenr a signal passing through the filter and a sigral
coupled directly between the probés. For an even number ot resona-

tors, it can be shown that the same phas~- relationship exists between
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Figure 4-3. Two-Resonator Filtér Response with Probe End Couplings

input a2nd output signals above and below the filter pass band. There-
foré, probes alighied 50 that the direct-coupled 5ignal is out of phase
with the signal passing through the filter will produce rejection peaks
on each side of the pass band. If the orientation cf one probe is re-
versed with reéspéct to the other, the direct-coupled signal is in phase
with the filtéred signal. In this case, the out-of-band attenuation is
reduced on botn sides of the pass band. For {ilters having an uvdd
number of résonators, the phase between input and output signals at

frequencies abové thé pass band differs by 180° from the phase at




DIELECTRIC " fréequenciés below the pass band.
RESONATORS

In this case, probé=tosprobe cou-
pling will éause the rej<cétion to be

increased cn one. sidé of the pass

band and dééfeasaed on the other

[ side. The reldtive orientation of

61 m;:mm,ﬁ $19E5 OF Ats the coupling elements will deter-
mine on which side of the pass
band the peak will oécur. Of .
course, as the number of réso6-
nators is increased the spacing

bétweéen coupling elements also

in<reases and the direct coupling

decréases. Therefore, the amount

{b) PROBES OM SAME SIDE OF AXIS

o _ . by which the out-of-band rejection
Figure 4-4. Probe Coupling of . __. . . ;
Dielectric -Resonator Filter is affected by direct coupling de-
creases, and the partial canceila-
tivn or reinforceimnent of the rejection characteristic occurs at higher

insertion loss levels.
b. Coupling Betwéen Reésonators and Loops

Formulas Fave been derived for the coupling coefficient
between adjacent dielectric resonators inside a waveguide beyond cut-
off. The case of cylindrical rescnators in rectangular waveguide,
where the axes of the resonators are parallel to éach other and normal
to the axis of the waveguide, was tréated in the Second and Third Quar-
terly Reports. Elsewhére in this report the coupling coefficient between
resonators whose axes are aligned with the waveguide axis i5 derived.
The resonant frequencdy and unloaded Q of dielectric resonators can be
readily determined from the dimensions of the resonator ard its mate-

rial properties. Data have also been given for the effects of side walls




upon these parameters. Thus, only one factor rémains to be deter-

mined, theé coupling of the end résonators to the terminating lirés, in

order to complétely specify a dielectric résonator filter.

In thé preceding subsections,

n
1
o

séveral different techniques for end
coupling dielectric résonators to

coaxial lines were described. A

(61 DIELECTRIE mmmm oo formula for loop ¢oupling t6 a die-

——— g ———pf— § .=

b} DIELECTRIC RESONATOR AND COUPLING LOOP WiTH IMAGES

lectFic resonator insidé a cut-off

O } Q{u ractangular waveguide, and with
- the reésonator axis normal t6 the

- — waveguide axis, has beén derived.

® 3 A dielectric resonator luop

! coupled to a terminating line is

shown in Figure 4-5a. If it is as-

(€} EQUIVALENT CiRCUST FOR LOOP sumed that thé rescnator i éner-
Figure 4-3. Equivalent Circuit for gized at its 1 esonant frequency £,
Loop with a fnagnéti¢ dipole moment m,

directed out of the page, the

effect of whe wall can be detérmined by taking into account the images

of the resonator and lo6r as shown in Figure 4+5b.

cuited voltage induced in the loop is then given by:

S P
Ik

2 Vét‘: - 3u;x 2

da . js..-iHE:"x

The peak open cir-

(4-1)

Where H?. is the mean value of H normal to the loop due to ihe dipole

moment m, at a distance s, and A is the area of the loop of Figure

4-55 (twice thé area encloséd by the actual loop).
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If, as a first approxifmation, loose coupling is assumed

56 that the impedance of the resonator seen by the loop a* resonance is
small and the power dissipatéd in the résonator ¢an be neglected, then
the external Q can be defin.ed by the relation:

wW

_ e »m; .
Cop = B (4-2)

whére W_ . is the stored énergy in the résonator enérgized by m |» and
P 4 18 the energy dissipated in the extérnal circuit. Repreésenting the
166p and extérnal términations by a series circuit, Figure 4-5¢:

2

_9oc | p (4-3)

R-!-;X

=3 I'R =

LY kT
z

where R and X are the real and imaginary parts of the impedance seen
at the terminals of the induceéd voltage génerator. The factor of 1/2
reduces the opén circuited peak voltage to its RMS value.

Then

(4=4)

From Eqs. 3-36, 3-52, of the Second Quarterly Report, and Eq. 2-29
of the Third Quarierly Report, the factors:




2

=
-

"y,
H
;TQ

2

(1-5)

L

K(s) < == o F

i

¢an be recognized where F is d factor that depends only upon the param-
eters of the resondtor and

0.9270%Le_ ,
F s =y ; 0.25 5 L/D3s0.7 (4-6)
A
o

for a cylindrical résonator. Furthermore, k(s} is the couplihg coef-
ficient between identical resonators, and both experimental and calcu-
lated values of k{s) have béen given in previous reports for a number

of c.ses.

Thus

) . 2, 2

Qox * 7 Fz -2 7*%2 (-7
- [ié(s}] wuRA

and as wig is equal to 23677\,

. f,x(;;z + 32) .

Qe "o 2l 02 (4-8)
% 2367RA [k(s)}

it can be seen from Eq. 4-¢ that the product Q. [k{:—;}]z
® L
is independent of the spacing between the resonator and the coupling
loop. Therefore it would be expected that the experimentally deter-

p
mined values of Qeka{s}}z would approach this value for loose coupling,
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wheép proximity effects aré mini-

N e T DA
nrasoie] " I rmal. This was confirmed by méas=
-g_‘» uréments of Qex of the reétangilar
=& N 160p of Figuré 4-6a coupled to a
—— = cyiindrical dielectric resonator in

HEIGHT OF RESONATOR 2 DEFTH OF LOOP= 0.25" L
THICKNESS OF LOOP CONDUCTOR = 0.010" a rectangular waveguide beyond
(o) EXPERIMENTAL LOOP DIMENSIONS oz e . _
cutoff, The results of these meas-

uréments are shown in Table I. A

correciion factor
b ; ,
_ S SN DR | 5
e oo g 9
SECTION &4 ®¥corr  ““meas °
2,260 106y % + Lo75(%°

{VALID FOR 252 90 OHMS) )
‘ 7 N was applied to account for the un-
16} APPROXIMATE EQUIVALENT CiRCUIT loaded Q of the resonator alone.
Figure 4-6. External Coupling Loop Thé values of {k{s;]"' are expéri-
mentally determined values as
given in the Seéond and Third Quarterly Reports. It can be seen that
Qéx[k{s’}}z does indeed approach an asymptote for large spacings.

In order to compare the values of Qé}i[k(sﬁz of Table I
with that u.termined by Eq. 4<8, if i necessary that thé values of
R and X, the réal and ima-inary parts of the impedance seen by the
indiced voltage genérator be known. Since the fields in the sicinity
of thé loop are extrémiely complex, the sélf inductancé cannot be ac-
curately determined. It ¢an be séen from Eq. 4-8 that, if X is com-
parable in magnitude 1o, or larger than R, small errors in X can

produce large errors in Q.

A first approximation assumed that the resistancs seen
by the voltage generator was the 50-ohm terminating resistance and

thé reactance was equal to one-half the inductance of a square loop




(the actual loop plus its imagé) in free spacés Qéf}:k{-é)_}?‘ computed.on

this basis was more than twice the asymptotic valueé given in Table L

To moré adcurately account for the presence of conduc~
ting walls in theé vicinity of the coupling loop, and for thé transmission
line effects of a long loop, it was then assumed that the loop was a
length of transmission line with a vVoltags geénerator in seriés with the
liné at its centst (See Figure 4-6E). The line was terminated at one end
by a short circuit and at the othér eud by a 50 ohm resistive load. The
charactéristic impedanceé of this line was 2ssuimed to be that of a flat
thin strip above ground. Theé lengths £/2 should be correééted to account
for the input and terminating lengths of liné. A correction factor should
alsc be applied to the characteristic impedance of the flat strip above
ground to take into account the stray capacitance beiween the strip and
the sidé- and top-walls of the cut-off waveguide. Thére is no direct
analytical method for évaluating these €orrection faciors. The depend-
ence of the factor ééx ;i{‘s}]z upon small variations in these parameters
can be fairly critical as shown in Table II. The coupling parameter has
beén computed fcr z length of I'ne 0.2 inch on each side of the voliage
génerator and for cc .ected lengths of 0. 25 and 0.3 inch. It can read-
ily be seen that a 0. 050 inch variation in length has a significant effect
upon the computation of end coupling. Similarly, the last two rows of
Table II, which assumed .mpedancé correction factors of 14" and 20%,
demonstrate$ the critical dependénce of the couplihg upon the impedance

parameter.

The assumption was made in the derivation of Eq 1-8
that the magnetic field adross the losop was constant and equal to the
field at the center of the loop (including its image}. This snpr stima-
tion is madre accurate for a circular loop than for the rectanguiar loop
being considered hére. If the actual H field variation for » '1'52“) mode

in a waveguide beyond cutoif is substituted in Eq. 4-1 the upen circuit
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TABLE L
Centér-to-Center Qex Qex !‘K(é}]f: Q {k{s}]a
Spacing(s) inch | meas | corrected § L°0 ] Texl ]
0.4 85.3 86.3 0. 6039 0.338 |
. 46 130.6 133 . 0024 .314
.50 203 L 209 . 0016 .334
.57 355 376 . 00078 .294
.63 572 626 . 000470 .295
.70 1004- 1181 . 000256 L3085
.81 1905 2700 . 000011 . 296
.97 13933 ) 9940 | .00003 | .298
; B -1
Qex_ o ed T T
correcte T Qu
meas
Q, = 6500
TABLE dI
£/2 ZL R X Q. fxts) Q[
_ inch ohms | ohms | ohms | T _corrected
m - — - : -
0.2 114. 54.8 69.4 0.318 0.254
.25 114,2 57 88.5 . 434 . 346
.3 114.2 60.5 108 . 564 .451
.3 92.2 59 82 . 385 .300
.3 100 60 90 .434 | . 346

f=3070 Mc, X = 3.85 inches

-32-




voltage determined- on: the basis 6f 2. un.form. H. ficld distribution must

be corrected by the multiplying factor (sinh ah/2)/{ah/2), where a is
the attenuation of the cut-off TER;’ mode in népers/unit length and h/2
is the height of the loop above the end wall. For the loop of Figure 4-0,
the corréction factor reduces Qéi by 25%. This cofre .. is shown in

the right-hand column of Talle .

It can be assuméd that small displacements of the die-
lectri¢ résonator with respect t6 the loop, in a direction transverse to
the wavégiiide axis and perpendicular fo thé axis of the rescnator, would
cause very small changes in the magnétic field inténsity over the loop
area., Furthermore, any change in magnetic field intensity would be
symmetrical about the axis of the waveguide, Scme effects would be
expected as a result of the movement of the equivalent induced voltage
genérator of Figuré 4-6b toward, or away f1om, the short circuited end
of the loop. The variation in Q,, for a lateral displacement of the die=
lectric resonator was computed for an assumed loop impedance of 100
ohmée and a loop effective léngth of L = 0.6 inch. The measured values
of K(s) given in the Second Quarterly Report were used in these calcu=
lations. The calculations are compared to measured values in Figure
4-7, for the ¢ase of the dielectric resonatsr tangent to the loop {center-
to-center Spacing of 0.4 inch). It can be séén that the actual variation
in Qex i significantly greater than was predicied by the compnutations.
The coupling is considerably weaker when the resonator is displaced
toward the input end of the loop and stronger when displaced toward the

short-circuited end of the loop.

It ¢an be seen from Figure 4-7, that the stray electric
field of a dieler*ri¢ resonator, encrgized as shown, produces an elec-

tric field between the loop and ground in one direction neaf the shorted

end of the loop and in the opposite direction at the input en.d of the loop.




When the resonator is centered
- ) 1] ] - with respect to the lcop, these

FOSITION components of electric field are

approximately equal and the cou-
pling is entirely due to the mag-
netic field in the resonator. It

can be deduced from the measured
1ata that the electric coupling tends
to increase the coupling when the

u ¥

resonator it positioned near the

short circuited end of the loop

wpr e maximum magnetic field

— coupling occurs. When the reso-

nator is displaced away from the

shorted end of the loop, where the

-]

o o7

magnetic field coupling is weaker,
. 3 ] the electric field coupling tends to
Figure 4-7. Variation of Qg with ¢ ) p' g.

Lateral Displacement of Resonator counteract the magnetic field cou-
pling resulting in a significant

decrease in the total coupling between loop and resonator.

Thus it has been demonstrated that the coupling between
a dielectric resonator and a loop is critically dependent upon the size,
shape, and position of the loop, both with respect to the resonator and
with respect to the cut-off waveguide housing. From the steepness of
the curves for k{s) as a function of s, it can also be seen that small
errors in s will produce substantial errors in the value of Qex' The
error here is greater than in the case of ¢v ipling between two reso-
nators, since Qex is inversely proportional to [k(s}]z. Thus the design
of coupling loops for dielectric resonators must be somewhat empirical.

This is entirely analogous to the desizn of loops in cavity-resonator
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filters, where some range of adjustment of loop size or position is

génerally provided, and the adjustment is made such that thes pre-

scribed filter performancsz is achieved.

‘Design formulas, such as that given by £q. 4-8 are val-

uabie in that:

ll

The approxiinate size and position of a coupling
166p can be determined for a specified degree of

coupling; and

Variations in coupling as a result of changes in

the position or shape of a coupling loop can be
predicted. It has also been shown that reiatively
large coupling loops are required for use with
dielectric resonators to realize filters exhibiting
fairly narrow {up to approximately 2%) bandwidths.




SECTION V

CONCLUSIONS

The axial arrangemeént of dielectric disk resonators has several
promising properties compared to the previously analyzed transverse
arrangement: (1) larger coupling values can be achieved; (2) a given
number of resoniators can be packed into a smaller volume; and (3) a
practical, rugged structure can be i :adily constructed, espscially with
circular disks in a cut~off circular waveguide. The coupling-coefficient
formula derived for this orientation gives excellent agreement with ex-
perimental data.

The problem of loop or probe coupling to the end dielectric reso-
nators of a band-pass filter is too complex for precise analysis. Rough
agreement was found between experimental data and 3 formula for the
external Q of an end resonator (transverse orientation) coupled to a
loop, but it is clear that empirical adjustment would be necessary in
a given filter design. This fact i5 not unexpected, however, since ad-
justability of loop or probe couplings is generally necessary in conven-
tional coaxial or waveguide-cavity filters having coaxial terminations.
The shape of the stop-band skirts is especially dependent on the nature

Aiad

of the loops or probes. “his behavior is partly due to the equivalent
circuit >f the coupling element and partly due to coupling beyond the
adjacent resonator to the second resonator and to the output loop or
pruoe. With probe coupling, "infinite'’ re¢jection peints could be
achieved in Loth stop bands. This was attributed to a secondary sig-

nil path directly between the probes.
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SECTION VI

PROGRAM FOR NEXT INTERVAL

The axial-orientation analysis will be extended to the case of
a circular cut-off waveguide surrounding the dielectric disks. An ap-
proximate formula will be derived for end-loop coupling for this geom-
etry. Expsrimental data will be obtained for comparison. Applicability
of the axial orientation to medium- « 1d wide-band filters will be inves-
tigated.

An experimental and theoretical study will be started on band-

rejection-filter configurations.

The study of metal-wall proximity effects on @ and f of dielec-

tric rescnators will be extended and completed.
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