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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 design information for such filters. Resonator materials
shall be selected that have los» tangents capablc of vielding unloaded Q
values comparable to that of waveguide cavities. The materials shall
have dielectric constants of at least 75 in order that substantial size
reductions can be achieved compared to the dimensions of waveguide

filters having the same electrical performance.
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SECTION I

ABSTRACT

This report is the last of a series of eight repcrts on an inves-
tigatior of microwave dielectric-resonator filters. The accomplish-
ments of the investigation are itemized and discussed, showing that
feasibility has been established and design criteria ootained for various
configurations of band-pass, band-stop, directional, and diplexer
filters contzining high-Q, miniature dielectric resonatcrs. The prob-
lern of compensating for temperature sensitivity, which has been out-
gide of the score of this investigation, remains to be sclved before

applications will be practical. Several approaches to this nroblem are
discussed.

Coupling between dielectric-disk resonators axially oriented
along the center line of a cut-off circular tube is analyzed, and a
formaula for coupling coeificient is derived. A comparison is made
between experimental points and the theoretical curve for a pair of
disks whose spacing is varied over a wide range. The measured
points lie about 14% above the curve, which is reasonable agreement
considering the extreme steepness of the curve. For most practical
purposes, the accuracy is sufficient and may be improved, if desired,

by minor adjustment.

The case of a band-stop dielectric-disk resonator coupled to
the magnetic field of a propagating strip line is treated theoretically.
A formula for the external Q, Qe - is derived.

Response curves are given for three waveguide directional-
filter configurations utilizing dielectric resonators. In all cases;
directional-filter behavior was verified. One configuration used a

pair of single-mode disks, the second used one dual-mode disk, and
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the third used two dual-mode disks. This third case was by far the
most difficult to adiast. Several strip- and slab-line directional fiiter
circuits containing diclectric resonators are discussed, and one of

these cases is analyzed.

External loading of the end resonators of a multiple-disk band-
pass filter is studied in the case of a parallel-plane boundary. For-
mulas are give.. l.at relate Qex of a2 band-pass disk loaded by a short-

circuited or open-circuited strip or slab line to the Qex formulas for

the related band-stop propagating-line geometries.

Various techniques are described for joining band-pass and
band-stop filters to form three-port diplexers. Approaches are dis-
cussed for achieving well matched channel bands when these bands are

widely spaced, and when they are closely spaced.

The problems of achieving satisfactory end coupling in the case
of a band-pass axially orientéd disk geometry are discussed in terms
of meacured data and theoretical limitations. It is concluded that axial
orientation in a cut-off square or circular tube has several practical

disadvantages compared to transverse orientation.
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SECTION III

CéNFERENCES AND P{{BLICATIONS
~

A conference was held at Rantec Corporation on 27-28 July 1965.
Mr. E. Mariani of the U. S. Army Electronics Laboratories and
Dr. S. B. Cohn and Mr. E. N. Torgow of Rantec Corporation were

present. Plans for the final period of the investigatioa were discussed.

A conference was held on 17 November 1965 at U. S. Army
Electronics Laboratgries, Fort Monmouth, New Jersey. Those
attending were Messrs. J. Agrios, E, Mariani, and N. Lipetz of the
Laboratories, and Dr. S. B. Cohn arnd Mr. E. N. Torgow of Rantec
Corporation. The work in progress was discussed and the goals and
accomplishments of the entire program were reviewed. Decisions
were made concerning the research to be completed and the experi-

mental filters to be delivered.

A paper entitled '"Microwave Measurement of High-Dielectric-
Constant Materials' has been prepared by Dr. S. B. Cohn and
Mr. K. C. Kelly, and has been accepted for publication by IEEE

Trans. on Microwave Theory and Techniqu=s.
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SECTION IV
FACTUAL DATA

1. Introduction

This Final Report follows a series of seven quarterly reportsl"-'
on an investigation of dielectric resonators and their application to
microwave filters. The basic principles and characteristics of die-
lectric resonstors are discussed in the First Quarterly Report. ! The
introduction to that report shculd be consulted for background informa.-
tion, references to earlier work, 8-10 and for a discussion of problems

to be solved beiore dielectric resonators can be used in practice.

The seven preceding reportsl-7 and this current report centain
theoretical and experimental studies of a large variety of topics re-
lating to the practical design of band-pass, band-stop, directional, and
diplexer filters containing dielectric resonators. These subjects are
listed in a logical crder in Table 1-1, with references to the reports
in which they are treated. The scope and accomplishments of the

program are revealed by examination of this table.

The investigation now completed has proven the feasibility of
dielectric resonators in many types of filters. The anticipated advan-
tage of higk Q (on the order of 10, 000) in a volume small compared to
that of conventional resonators has been verified. Theoretical and
experimental techniques of achieving the couplings aeeded in filter
design have been developed for a large number of useful geometries.
Experimental examples of band-pass, band-stop, and directional

filters have been given.

One important problem remains to be sclved before extensive

practical utilization cf dielectric resonators in filters can be made.
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This is the problem of temperature sensitivity, which has been outside
the scope of the investigation now concluded. A titanium-dioxide reso-
nator, for example, exhibits a relative change in dielectric constant

of about 1 (10)"3/°C. The resulting center~frequency change is

0.5 (10)'3/°C. At 3000 Mc, a *20°C temperature variation will affect
the center frequency by about 30 Mc, which cannot be tolerated in
most applications. Further investigation to devise methods of reducing
temperature sensitivity is therefore necessary. Possible approaches
are improvemnent in materials, temperature regulation, and compen-
sation through proximity of other elements offering the opposite change

with temperature,

This Final Rerort treats a number of technical subjects that
round out the work of the complete program. Included are an anzalysis
of axially oriented dielectric disks in circular tubes, an analysis of a
band-stop disk coupled to a strip iine, further investigation of direc-
tional filters, band-pass filters in strip or slab line, diplexer filters,

and a discussion of end coupling in the axial-orientation band-pass case. -
Table 1-~1

SUMMARY OF INVESTIGATION OF
DIELECTRIC-RESONATOR FILTERS

Report and

Topic Sub-section Numhers¥*

A. Properties of Dielectric Disk Resonators
(1} Analysis of f, and field distribution 112}
{2) Data on £, including effect of nearby 1(2), 3{4), 6{2), 7(5)

walls
(3) Experimental study of first three 7{4}
resonant modes in dielectric
cylinder
(4) Measurement of Q,, and effect of 1{3), 3{4), 5(5), 6{2),
nearby walls 6(4), 7(5)

6.




Table 1~1 {Cont'd)

Topic

] Report and
Sub-section Numbers¥*

C.

(5) Methods of €, measurement, €
data, and eciffect of temperature

(6) Magnetic dipole moment, stored
energy, and intrinsic factor

2
F=pm, /2w _,

Band-Pass Filters

(1) Approximate equivalence of dielec-
tric resonator to a magnetic dipole

(2} Generalized theory of coupling
between dielectric resonators

(3) Coupling coefficient - traneverse
orientation of disks spaced along a
rectanyular waveguide below cutoff

(4) Coupling coefficient - axial orienta-
tion of disks, rectangular waveguide
below cutoff

{5) Coupling coeificient - axial orienta-
tion of disks, circular waveguide
below cutoff

(6) End coupling - transverse orienta-
tion of disks

(7} End coupling - axial orientation of
disks

(8) End coupling - strip and slab line

{9) Experimental band-pass filters

Band- Stop Filters

(1) General case of dielectric resonator
in the field of a propagating TEM
line

(2) Analysis of dielectric disk in a
coaxial line

{3} Analysis of dielectric disk in a siab
line

2(2), 3(3), 5(5), 6(4)

2(3)

i(l), 2(3)
2{3)

2(3,4), 3(2)

4(2, 3)

8(2)

4(4)
8(7)

8(5)
3(5), 4(4)

3(3)

5(3)

5(3)
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Table 1-1 (Cont'd)

Report and

Towvic X c
* Sub-section Numbers*

(4) Analysis of dislectric disk in a strip 8(3)
line

(5) Analysis of dielectric disk in a wave- | 7(2)
guide above cutoff

(6) Design of multi-resonator band-stop 5{4), 7(2)
filters

(7) Experimental band-stop filters 5{(4), 6(3), 7{2)
D. Directional Filters
(1) Basic properties of directional filters | 7(3)

(2) Waveguide directional filters using 7(3)
single- and dual-mode disks

(3) Strip- and slab-line directional 8(4)
filters using single- and dual-mode
disks
(4) Experimental directional filters 8(4)
E. Diplexer Filters )
(1) Basic #echniques 8(6)
(2) Design of strip- and slab-line 2(6)

diplexers using dielectric resonators

*¥First number apgplies to report, second number to Factual Data sub-
sections; e.g., 3(4) indicates Third Quarterly Report, sub-section 4.

2. Coupling Coefficient - Axial Orientation in Circular Tube
a. Relation to Previors Analyses

In the Fourth Quarterly Report4 the case of dielectric-
disk resonators oriented axially in cut-off square and rectangular
waveguide was analyzed, and a formula for the coupling coefficicat
between adjacent disks was derived. & grzph given in that report

comparing measured points and theoretical curves showed excellent
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agreement over a wide range of

spacing for a pair of disks in twe

different sizes of square wave-

guide. The analysis will now be

extendecd tc the case of axial ori-
entation of disks in cut-cif circu-

lar tubes or waveguides, as shown

in Figure 2-1. A comparison cf
theoretical coupling coefficient

with measured data will then be

{b) EQUIVALENT MAGNETIC DIPOLES given.

Figure 2-1. Axially-Oriented Die-
lectric Resonators in a Circular
Tube ilar to that in the Fourth Quarterly

Report for axial orientaticn in a

The analysis will be sim-

rectangular waveguide, and will also be similar to that in the Second
and Third Quarterly Reports for transverse orientation in a rectangular
waveguide. These reports should be referred to for further details on

the method of analysis and basic relaticas.
b. Basic Relationships
As in the case of axial orientation in a rectangular wave-
guide, the following forrnula gives the coupling coefficient between a

pair of identical resonant magnetic dipoles aligned along the axis of a
cut-off circular tube:

R = = —= (2-1)

where m, is the magnetic dipole moment of the first dipole and sz is

the axial component of magnetic field at the second dipole due to the

Laahewa g 10 Merti it 41 Y
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firut dipole. The constant F is a funct’on only of the geometry of the
dielectric-disk resonator and its €, value. The following simple for-
mula for F is derived in the Second Quarterly Report, where also a

more exact but complex formula is given:

2 4
mom;”  0.927D°Le

F= =
zwml N 2
(o]

X, 0.25<L/Ds0.7 (2-2)

In the abeve esquations and in the following discussion, the dielectric
disk (L<D) is assumed to be in its lowest-order mode of resonance, in
which case the external field of the disk resembles that of 2 magnetic
dipole directed along the axis of the disk. Since Hz = € for TM modes,

only TE modes need be considered.

Utilizing the notation and basic relations given in the
Second and Fourth Quarterly Reports, we obtain the following equation
for sz as a summation of the contributions of all TEmn modes excited

by the axial dipoles.

-0 8
H, = a__h e ™8 (2-3)
2z mn = zmn
m,n

where the factors a are coefficients that will be evaluated below,

-

the axial magnetic-field components hz are normalized functions of

the transverse co-ordinates r and ¢, o o 2Fe attenuation constants of
the cut-off mode, and s is the center-to-center spacing of the dipoles.
The magnetic-field normalization is achieved by imposing the following

velation on the transverse-plane component h :

zomn Hhmz ds = 1 (2-4)
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where

2 2 2 .
tmn - Prmn * hé.smn (2-5)
and
- J2mm _
zo Ta___ X (2-6)

T . . a
The field ﬁznc:lt;ons hzmn’ hrmn’ and h dmmn 2T€ 28
follows for the Tj:?~ mode:

h,om © Canm(kcmnr) cos mé (2-7)

o G
= IR mn o, ) o 2-
Bmn K Jm.(kcmnr' cos m¢ (2-8)
cmn
e Cmn

By = - BR (k) sin mg (2-9)

cmn

where Jm('u) is the Bessel function of the mthk order and first kind,
H -
Jm(u) = dJm(u)/du, and

-2 =4 -
kcmn = «.':rl)\c q,mn/a (2-10)

is the cut-off wave number, u being the nth root of

J;n(umn) =0 (2-11)
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The cocnstant cmn is evaluated for each mode such that the normaliza-~

tion relation Eq. 2-4 is satisfied.
Normalization of Magnetic Field Components

The constant Crﬂx: in Egs. 2.7 through 2~% will now be

determined by means of the normalization v:lationship, Eq. 2-4.

Thus
- 2, 2y 4o .
1=2 mn _”‘(hcbmn hern / ag =1 (2-1})
et
I, =2 _”h 2 as
1 omn ¢mn -
(2-13)
mZa 2 c ZZwaj (k 1‘)2 ] ‘
- mn ~omn mn m  cma P -
= > I J n = (a:n mq:)t dr d¢
k cmn
cmn g ¢

The possible values of m and n in the case of a TEmn m.xie in circular

waveguide are m 2 0 and n 2 1. Therefore,
27
J( sinzmég d¢ =1 form=z1
0
{2-314)
=0 form=20
and for all m,
-l2a

- e —— T & AL




where

where

€
m

The total integral Iis

mn me{x)\Z
Il =D I x dx
mn
0 4
x=k
cmn
T 2Z C 2
D -__mn “omn mn
mn 4
cmn
In a similar manner we cbtain
Ymn
2D
_ { 2.. _ mn 2
L = zmm”hnm1 as = — j (31 )% -
m 9
is defined as
e =1 form =0
m
€ =2 form 21
m
u
mn 2
me(x) 2
1=D + @'@9 % dx
mn X € m
0 m

=1

(2-15)

(2-16)

(2-17)

(2-18)

(2-19)

(2-20)

In evaluating Eq. 2-20, the following Bessel function identities will be
12

used:
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J'")(x) = —J‘l(x) (2-21)
By =T )+, 00 (2-22)
23 (x) =T 00 =T (x) (2-23)
2. _ x° [ 2
[ P ax =505 Pe -3 0T +1(x)] (2-24)

First let m = 0 in Eq. 2-20. Then, with Egs. 2-19,

2-21, and 2-24

u
mn

_ 2 _ 27, 2
I=2D__ j x32(x) dx = D_u [J’l () -Jo(uon)JZ(uon)]

on
G
(2-25)
Butu_ is defined such that J{(u_) =0, or J;(u_ ) = 0. Therefore,
I=—D w27 (u )T (u_) (2-26)
onon "o on" 2 on
Now, by Eq. 2-22
. 2 -
JZ(uon) - Ti:; Jl(uon) - Jo(uon) - Jo(uon) (2-27)

where use was made of J‘l(ucn) = 0. Hence, for m = 0, the integral I

reduces to
2. 2

1=D%n I,

) =1

on (2-28)

~14-~
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and with the aid of Eq. 2~17, the cozificient Ccn is found to be

2
kco:n 1 (2-29)
C = -
cn a’oz.z"lcmfro(uonT 11'zoon

Now substitute Eqs. 2-6 and 2-10 to obtain

c = Yon A

B aly ou on)"\l enCon

(2-30)

Next let m 2 1 in Zg. 2-20. With Egs. 2-19, 2-22, and
2-232 substituted in Eq. 2-20, we obtain

u u

D mn mn
\ 2 2
1= [ =3, Peoaxt [x1 % ax|, m=21 (2-31)
0 0

This may be integrated by means of Eq. 2-24 as follows.

2
_"mn mn 2 2
I= 4 [Jm-sl (umn) +‘Tm+1 (umn)

- ‘Tm(umn) (Jm-Z(umn) + Jm+2(umn})]’ m=1 (2-32)

The relations given in Egs. 2-11, 2-22, and 2-23 allow this to be
simplified as given below.
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I—Dmnum“ 2w {1 —-—Z-mz =1, m=1 (2-33)
— =1, -
m mn u
mn

Equation 2-33, with Eqs. 2-6, 2-10, and 2-17, yields

?
umnh l 1

Cmn= :
~raJ' (u )'V'Jmn 2

, mz1l (2-34)

Finally, Egs. 2-30 for Con and 2-34 for le 121, can be combined
with the aid of Eq. 2-19. Thus, in general,

u z e A

\/J?_a , mz20 (2-35)

\(’umn —m"

where €m = 1 form =0 and €r T 2 for m 2 1. The normalized magnetic

&

C =

mn

-n'aJ (u

field components for all TEmn modes in circular waveguide are obtained
as follows whken Eq. 2-35 is substituted in Eqs. 2-7 through 2-9:

2 cos mq: I (u__r/fa)
oo (2-36)
J?-na z J I CN

!I’

- H /
. _ 1 mnkem . w ., cos mé . J m,(umnr'a) (2-37)
rmn nwa 32y 2 3 I (umn) -
u - m
mn
\E
=1 mn m m sin mé ( r/a.) (2-38)
$émn 7T jin
1/ —m
-16-
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d. Coupling Between Magnetic Dipole Elements

The coefficient a2 n in Eq. 2-3 will now be evaluated.
By means of Eq. (3-42) of the Second Quarterly Report, 2 3 n is re-

lated as follows to hzmn’ and the axial magnetic dipole moment m, .

Jow
&yn - "7 hzmnmlz

(2-39)

The total axial magnetic field at the location of the second dipole due to

the dipole moment m z is given by Eqs. 2-3 and 2-39:

1

o Jop m Q8
- _ o 1z 2 min
H,, = 2« —"-T—hzmn € {2-40)

The coupling coefficient is obtained from Eqs. 2-1 and 2-40.

jopr F s
k= > z b “e ™0 (2-41)
mn

On the axis of the circular waveguide, all hzmn components other than

h are zero. Therefore, Egs. 2-36 and 2-41 yield

zZon
2 -CLO 8
_ F Yon e n
k= ® - (2-42)
Z-rra.4 Yon 3 z(u )
na2l o on’

In going from Xgs. 2-41 to 2-42, JO(O) = 1 and why.o = 2wn were uzged.
Also, the minus sign was dropped, since -k and k have the sams

significance in filter design.
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e. Coupling Between Dielectric Disks

Equation 2-42 gives the coupling coefficient betwezn a
pair of magnetic~dipole elements. In the case of a dielectric disk, the
equivalent magnetic-dipole moment is distributed over the volume of
the disgk. This effect will be taken into account by introducing a distri-
bution factor Kn into each term of the summation in Eq. 2-4Z., The
approach is the same az in the case of axial disks in a rectangular

tube, which was analyzed in the Fcurth Quarterly Report.4 Thus

u 2 on
k F n on 2.4
y Z 2 (2-43)
Zwa nzi %on Jo (uon)
where the distribution factor Kn is given by
2
- [ m! h da.) 2
_ (,J iz "zon 1 ' o
- Al (s
1z 1z
Integration in Eqg. 2-44 is over the central plane of the disk.
As in the Fourth Quarterly Report, let
. - I Zpolr _ J’ (4. elor {2_45)
miz o D / Yo D ) '

where D is the disk diameter, r is the radial cocordinate, and
2.405 is the first root of Jo(u) = 0. Now

Poi
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(2-46)

wh=re A is a constant to be evaluated. This can be integrated by means
of the following foz:mula.‘12

Bu J'n(G‘o.) Jn_l(Bu) - au Jn_l(au) J’n(Bu)

J(u 3_{au} J_(Bu) da =

2 _ g2
(2-47)
The result is
u D
fpol J’l(pol) ‘To( gn _)
,/Kn = 271A 2 (2-48)

ZPOI 2 v 2
D/ "\ a
where use was made of Jo(Pol) =0and J_;(u) = —J,(u}. Now A may be

determined from the fact that Kn must approach one as D/a approaches

zero. With A evaluated in this manner, K is given by

u D 2
3 on
A e ALY (2-49)
[2) e}
e
L - i o)

- ‘Therefore, the final foi'z’nulgg for the coupling coefficient between an

= ) axially oriented pair of dielectric disk resonators in a cut-off circular
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tube is as follows:

2<uonD> -y 8
. F uonZ .Jo = e on (2-50)
2 272 J e )
LC ) ¢ D\% o' on on
1_< on )

wheze F is given by Eg. 2-2, u is determined from ¥q. 2-11, and
Pg; = 2.405. For convenience in using Eq. 2-50, the first ten values

ofu__and Jo(uon) are tabulated below. (See Ref. 12, p. 166.)

{ - 1

n Yon Jo‘uon) n Yon J omon)

1 3.832 -0. 4028 6 19, 616 0. 1301
2 7.016 0. 3001 7 22.760 -0.1672
3 10. 174 -0. 2497 3 25.904 0.1567
4 13. 324 0.2184 9 29. 047 -0. 1480
5 16,471 -0. 1965 10 32.19%90 0. 1406

f. Comparison Between Theoretical and Experimental Data

Because several approximations were involved in the
derivation of Eq. 2-50, its accuracy can orly be determined by a com-~
parison of computed coupling-coefficient values with experimental data.

For these measurements, & metal tube of inside diameter 0. 745" was

selected. The same pair of dickes was used as in the earlier coupling- : ‘
coefficient measurements for axial orientation in square 'cu.bes.4 The * :
parameters of the disks are D = 0. 393", L = 0. 160", €. =97 6, and
fo = 3455 Mc (mezasured in the 0. 745" diameter tube).

Comparison between theoretical and measured coupling- -

coefficient data for the above case is showrr in Figure 2-2 for a wide
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Figure 2-2. Coupling Coefficient

"~ versus Center-to-Center Spacing

for a Pair of Dielectric-Disk Reso-
nators Axially Oriented in a Cir-
cular Cut-0Off Tube

range of center-to-center spacings,
g. The theoretical curve was com-
puted from Eq. 2-50 with the aid of
.Eq. 2-2. Convergence of the series
in Eq. 2-50 was found to be ex-
tremely rapid. Only two terms
were required for s 2 0. 16", and

only one term for s > 0. 6.

Examination of Figure 2-2
shows that the meacured points all
lie above the theoretical curve, the
average discrepancy being about
14%. Because the slope of the
curve is steep, a horizontal dis-
placement of the curve by the
small distance As = 0, 010" wili
bring the theoretical and experi-
mental data into close agreement.
For most practical purposes the
accuracy of Eq. 2-50 is adequate.
Where greater accuracy is desired,
minor experimental adjustment of
the spacings will quickly yield the
required filter bandwidth,

3. Band-Stop Resonator in Strip-Line Croszs Section

a. General Case in TEM Line

The Fifth Quarteriy Report contains a general analysis
of a dielectric resonator placed in the field of a propagating TEM




transmission line. > The effect of
this proximity is to introduce a
rejection response equivalent to
that of a parallel LC circuit in
series with the transmission line.

Formulas were derived in the

{a) CoAXIAL LINE Fifth Quarterly Report for the
2/ external Q, Qex’ of a dielectric
3 ey resonator in coaxial-line and slab-
é‘ Fa line cross sections (Figure 3-la

and b). A formula will now be

TIT7777 77777 777777777 derived for the strip-line case

{b? SLAB UNE
, sy (Figure 3-1c).
‘ i v fo—x—0 orELECTRC .
‘ r NS ﬂ g pETER = 0 The following general for-
i q ! kD mula holds for Q_, of a dielectric
777 7 resonator placed in the cross sec-
{e) STRIP LINE tion of any TEM line.

Figure 3-1. Dielectric Resonator
] Coupled to Various TEM-Mode

2
Lines ANZ I
0“0

Q. = (3-1)
ex TFnH

where XQ is the wavelength at resonance, Zo is the characteristic im-
pedance of the TEM line, I is the electric current carried by the TEM
line, F is a constant related to the parameters of the dielectric disk as
given by Eq. 2-2, 7= 376. 6 ohms per square, and H is the magnetic-
field value in the TEM-line cross section at the center of the disk.

This formula assumes the disk axis to be aligned in the direction of H.

If the disk axis is at an angle 6 with respect to the vector H, a factor

cosze should be inserted in the denominator of the formula.

22~
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To apply Eq. 3-1 to any particular TEM cross section,
it is necessary to evaluate the ratio H/I as a function of the cross- |
section coordinates. This was done for the coaxial and slab-line cases

in the Fifth Quarterly Report, and is done below for the strip-line case.’

b. Evalur.tion of H/I in Strip Line

The ratio H/I in the strip-line cross section will be
determined by means of the conformal transformation method. 13 In
order to simplify the analysis, we shall assume that the strip is suffi-
ciently wide that the fringing field at one edge is not affected by the
proximity of the opposite edge. Previous study of strip line has shown
that this assumgption holds with good accuracy if w 2 0. 35(b-t). For
er = 1, this condition requires Zc» to be less than 121 ohms for t/b = 0.
or less than 86 ohms for t/b = 0.25. Since Z  would usually be about
50 ohms in a band-stop filter, the simplifying assumption will seldom

limit the practical utility of the analysis.

As a result of the above assumption, the field distribu-

-

tion in the space adjacent to one edge of the strip will be the same as
that of the semi-infinite-plate geometry shown in Figure 3-2a. Because

of symmetry, the dashed line is an E-field line and perpendicular to H.

Therefore, a magnetic-wall may be inserted along the dashed line,

permitting the cross section to be bisected as shown in Figure 3-2b.

The z-plane bouﬂdary in Figure 3-2b is transformed

into the w-plane boundary in Figure 3-2c by means °£14,15

_c w-1f/28—(a +1) 1 ~1f{a + {)s —2a
z—;[cosh (——a—_-‘-—-—)—ﬁ\.osh ( =15 ):!—J(c—g)

(3-2)

where

-23-
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2 m) (3-3)

L, L 8 = a sech (—2-—
b _é_m ““““““““ s The coordinate systems and impor-

tant dimensions in the z, w and s

YIS LSS LS SIS 777777

ined in Figur
(a) CROSS SECTION To B ANALYZED planes are defined in Figures

3-2b, ¢ and d. Cozresponding__

vz=v y
" ¥ T t points in the three planes are in-
- -] i 22X +j)y
z= c ° dicated by letters 1., M, N, P, R
i . ° ] y ’ s s P ’
L] et e T x
v=0 ——_..-.,_.__...}._s and S.

The field distribution in

the w-plane consists of straight,

vertical E lines between the

w0
K i 7o P ittt electric-wall boundaries ML and
{c} w-PLANE BOUNDARY NR, while the H lines are straight
and horizontal. Fringing of the
t wMN . . . .
g - T : ————2% fieid in the region near R and S
{d) s-PLAHE BOUNDARY is prevented by the constraint of

Figure 3-2. Semi-Infinite Plate the vertical magnetic-wall bound-

Geometry and its z, w, and s Plane ary between those points. Because
Equivalents " the electric field is uniform within
the w-plane boundary, the field
functions in the z-piane are given by the following general formula

obtained from basic conformal mapping theory. 13
dw
= H =K} =4
E=n Liz (3-4)

The constant K may easily be evaluated in this case by considering the
uniform-ficld region far to the left of x = 0, where inspection of Fig-
ure 3-2 shows that E approaches V/g and dw/dz approaches 1/g.
Therefore, K = V and




E=nH= vl ‘ v [ [ (3-5)
Differentiation of Egs. 3-2 and 3-3 yields
[ 2 2./a
dz _c a~—1 a — 1 (3-6)
ds " w 123-(::1.4-1))"‘_1 17z~ ((a+1)s-2a2 21174
( a—1 a— 1 ) —s
ds s .
I - TR sech —z-tanh-z-—-—':rs 1—-— (3-7)

When Egs. 3-6 and 3-7 are substituted in Eq. 3-5, a formula for H
versus the complex variable s is obtained. Equation 3-2 gives the
relation between the strip-line cross-section coordinates

z =x +jy and s.

The dielectric resonator will now be assumed to be
centered symm.etrica,lly between the ground planes as shown in Figure
3-1c. Therefore, the field components E and H need only be evaluated
along the dashed line RS in Figure 3-2. In this case, the coordinate

ranges arex 20, y=—{c—g), u=0, 0<svs<l andass<ocw.

Equations 3-2 and 3-5 now become

x = % [cosh-l (.Z_s._a"._':(._g_‘r'*'_l)) —,/-:.: r\:osh-1 ((a%all sD—-SZa)] \(3-8)

VA
H_ Toldv ds
T"Tl&?l y laz -9

where use was made of V = ZOI. Equations 3-6, 3-7 and 3-9 combine
as follows to yield I/H as a function of s.

25
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I_bn f__ ]
ﬁ—zn :’ ' [(Zs-(a-i-l));—(a-—l)z]llz

NEY
[((a +1) s - Za)_z -{a~ 1)2 52]1/2

{3-10)

The position x along the line RS corresponding to s is computed from
Eq' 3"8‘

c. Computation of Qex versus x, 0 <x < o

Equations 3-1, 3-8, and 3-10 permit computation of
Qex versus x for any value of x greater than zero. Note that
a=1/(1 —t/b)’2 and ¢ = b/2, where t and b are strip thickness and
ground~-plane spacing. These expressions can be simplified in the
case of x large. By analogy to the slab-line solution, 5 we may antic-

eZ'n'x/b

ipate a functional dependence Qexa: when x exceeds b/2. The

simplification for x >b/2 is performed below.
d. Computation of Qex Versus x, b/2<x< o

Let x/b and s/a approach infinity in the above equations.

Then Eq. 3-10 apprecaches the limit:

= 2, fors—»w (3-11)
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Simplification of Eq. 3-8 requires the use of the identity

cosh™t A = log,, (A + ‘/AZ -1 )

Then in the limit s/a — ©

-

(3-12)

2
= e, (o) o, (24520 1)

- 10g, (7227) - 1og, (2t
- to, (z227)- Jten, (541

4s/a

= log , for s —»
el” _ ,
(1-18) VR (1 s AR
(3-13)
Therefore, with ¢ = b/2 and 1/,/a’ = 1 - t/b,
t 2 t
1/t\B t\“"b 2
2=2(5)" (2-3) ° L ke (3-14)
Equations 3-1, 3-11, 3-14, and u = 127 yield
2 t t 2wx
Q T2%" .’t)s (z-‘)z"‘ga L e (3-15)
ex FZ, \b, b ) :
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where F is given by Eq. z-2 as a function of the dieiectric-disk param-
cters. The range of validity of Eq. 3-15 begins at approximately
x = b/2.

4, Further Studv of Dielectric-Resonator Directional Filters

a. Measurements on Waveguide Dielectric-Resonator
Directional Filters

As discussed in the Seventh Quarterly Report, 7 a direc-
tional filter is a reciprocal four-port device combining the properties
of a directional couplc;,r, a band-pass filter, and a band-stop fiiter.
Figure 4-1 shows a schematic representation of 2 directional filter and
the response at the various ports. Ideally, Port 4 is isolated from
Port 1 and Port 3 is isolated from Post 2; furthermore, each port is

-

reflectionless when the other ports are terminated by their Zo loads.

A number of waveguide directional-filter structures
were described and analyzed in the Seventh Quarterly Report. 7 Data
on some of these structures are

presented below. Figures 4.2

through 4-4 show the configura-

tions measured.

The response curves for
Figucre 4-2a appear in Figure 4-5,
In this case, two identical disks

are used in their first resonant

mode. The band-pass and vand-

stop responses exhibit typical

Figure 4-1. Schematic Diagram of gjrectional-filter behavior. Iso-
Four~Port Directional Filter and

Insertion-Loss Response Between lation and VSWR deviate from
Yarious Pairs of Ports ideal, but are nevertheless good,
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Figure 4-2. Arrangements of Fairs of Dielectric Disks Yielding
Directional-Filter Response in Waveguide
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Figure 4-3. Single-Disk, Dual- Figure 4-4.  Pair of Dual-Mode
Mode Configuration Yielding Direc- Disks in a Waveguide Directional
tional-Fiiter Response in Waveguide Filter
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Figure 4-5. Measured Response Figure 4-6. Measured KResponse
Curves for Pair of Single-Mode for One Dual-Mode Disk in Direc-
Disks in Directional Filter of tional Filter of Figure 4-3
Figure 4~2a

The disk arrangement in Figure 4-2b was also tried, but
with poor results. Apparently, direct coupling occurring between the
two disks was of such magnitude as to seriously affect propex perform-
ance. Although band-pass and band-stop responses were observed, the
isolation and VSWR were very poor. Because of the success with Fig-

ure 4-2a, Figure 4-2b was not pursued further.

Response curves for the single-disk dual-mecd: case in
Figure 4-3 are given in Figure 4-6. Quite satisfactory directional-

filter performance was obtained, although the isolation and VSWR are

inferior to that of Figures 4-Z and 4-5.
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P The last case (ested is that

. N “'!"E?éﬁ? g"é‘é of the two coupled dual-mode disks
oo / \ “=% | of Figure 4-4. As anticipated, the
20 ’ \ band-~pass and band-rejection
/ .-~ curves are typical of the response
.f - ] achieved with two-port filters uti-
,;;;J;‘\ ! \ [\ ,’l ii.ing two resonators. The isola-
= W ]u\ jL “\- 7 tion is quite good, but the VSWR
204— d _,/ is poor.
" fe [ V] 1/
® \ / / The superior results
10 uims / achieved with single~mode disks
) N\, / \ / is not surprising. With a pair of
) /\\___/ single-mode disks, independent
o e @ mm  ow aee—m, control is achieved over resonant

1~ te
frequency and loaded Q of the two
Figure 4-7. Measured Response

for Two Dual-Mode Disks in Direc-
tional Filter of Figure 4-4 disks, ‘there is a much more com-

resonant modes. With dual-mode

plex problem in achieving identical
values of resonant frequency and loaded Q of the two modes, and further-
more there is considerably greater difficulty in eliminating direct cou-
pling between the two modes in each disk. When two qual-mode disks
are used, the difficulty is increased still further. Thus, the results
plotted in Figure 4-7 were obtained after lengthy, tedious adjustment.
It was found that a simultaneous conditicn of good performance on all
parameters could not be achieved with 2 reasonable amount of effort.
The curves in Figure 4-7 represent a compromise in which VSWR was

sacrificed in favor of the other responsés.
b. Strip-Line and Slab-Line Directicnal Filters

Figure 4-8 shows several strip-line (or siab-line) @irec-

tional-filter circuits utilizing dielectric resonators. Circuit {a} is
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Figure 4-8. Three Strip-Lins (or
Slab-Line) Circuits Providing Di-
rectional-Filter Performance with

" Dielectric Resonators

analogous to the well-known half-
wave-~-strip directional filter. 16
Circuit (b) uses a pair of cascaded
3-db couplers with rejection reso-
nators coupled to the connecting
arms. This is aralogous to a type
of directional filter widely used 1n
microwave communication sys-
tems. 17 Circuit (c) contains a
dual-mode resonator coupled to
the primary and secondary circuits
in a manner that excites a circu-~
larly polarized rotating m vector
in the disk.

operation of this case is similar

The principle of

to that of the circularly polarized
waveguide-cavity type of direco
tional filter. 1©

The directional-filter cir-
cuit in Figure 4-8a will now be
analyzed by the method of even and
odd excitations. 16 The two exci-
tations on the two sirip lines ars
shkown in Figure 4-9. It is cleax
that the odd excitation couples to
the axial m vector of the disk,
while zero coupling occurs for the
even excitation. The reflection
coefficient r and trahsmission

coefficient t a.pply at the mdicated

reference plane,
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Figure 4-10. Schematic Diagram
Showing Wave Amplitudes

In Figure 4-10, in-going
wave amplitudes at the four ports
are 2;, 25, a3, 2, while out-~going
wave amplitudes are bl, b?.’ b3,
b4. Let Port 1 be the input port.
Then the desired :onditions a; = 1
and a,=az=a,= 0 are satisfied
by superimposing one-half unit
each of the odd and even excita-
The disk at

Reference Plane I in Figure 4-10

tions of Figure 4-9.

couples only to the odd excitation.
Note that the excitations at Refer-
ence Flane II are reversed due to
the \/2 difference of length of the
two-strip lines between Planes I

and II.

disk couples only to the even

Therefore, the second

The

superimposed half-unit excitations

excitaticn of Ports 1 and 3.

at the four ports are as follows

with respect to Reference Plane I:

a1=1/2+1/2.=1
_r . r o _

bl—-z-l'-z 180" =0

a3=1/2—1/2=0
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These wave amplitudes are shown
{ @wf ? on the circuit in Figure 4-10, and
) Tl

conform to ideal directional-filter
? Y ;
[ O — — P

(b) RESONANT OISK COUFLZD TO TWO STRIPS .r-»0 and t—=1. Therefore, the

behavior. At resonance, r =1 and

N

t = 0, while far from resonance

Figure 4-1i. Amplitudes and response sketched in Figure 4-1

Powers Coupled into Adjacent Strip is obtained.
Lines by Energized Resonant Disks

The bandwidth of the direc-
tional-filter response curves wili now be related to the bandwidth of a
single-reconator band-utop filter. First assume the dielectric disk to
be oscillating at its resonant frequency fo with energy W, as shown in
Figure 4-1la. Its external magnetic field will induce waves of ampli-
tude a and -a traveling to the right and left. The total power dissipated
is 2P, where P is the power contained in each wave. Since

= ¢ /P =
Qex ws‘/.‘dandP 2P,

d

(Qex) BSF ~ %g'

Now consider Figure 4-11b where the disk is coupled to two strip lines
as in the directional filter. The spacings, and other dimensions are

assumed the same as in the case of the band-stop filter. Therefore,




four waves of amplitude a or -a

D'E"ff[mf DISK are induced, and the total dissi-
L , 1— pated power is 4P. The external
[E'L'Ell/ —— Q of the disk is
) 2
| | |
!a— X e X —ol (Q ) _ wW
) ex/ D¥ T 4P
@ ©a @ : Hence
Zo 2y l
e $ gl —— - 1
(6) <Qex) DF "~ 2 (Qex) BSF
(4-1)
Figure 4-12. Strip- and Slab-Line
Cross Sections Used in Dielectric-
Resonator Directional Filter and
(Bw3db> ) 2<Bw3db\
Zo DF EEo / BSF
(4-2)

Now the formula for Qex of a band-stop resonator, Eq.
3-15, may be used to yield the 3-db bandwidth of the corresponding

directional filter. Thus,

BV, db) F zoe‘z"x/ b
= (4"3)
* o \b b

where x 2b/2 and w > 0.35(b—t). The symbols kt, t, and x ave defined
in Figure 4-12a, while F is given by Eq. 2-Z,

For the slab-line caze, Eq. (3-4) of the Fifth Quarterly
Report may be used to yield
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<Bw3db) ) 60n°F (4t
T T 2 . .2 /w8 -
o DF o'\‘ob sinh (-B—-)

where Zo > 50 ohms. The symbole b and s are defined in Figure 4-12b.
5. Band-Pass Filters in Strip or Slab Line

Figure 5-1 shows how dielectric-resonator band-pass filters
may be constructed in strip or siab line. Since magnetic-field coupling
is necessary with dielectric resonators, the resonator should be located
near a maxirmnum current point on the adjacent strip. This condition can
be achieved by ending the strip in a short circuit near the resonator, or

in an open circuit a quarter wavelength beyond the resonator.

The external loading of a
resonator is a necessary quantity
::}1, £ N in the design of a band~pass filter.
Z The parameter used to express
_$ this loading is Qex 1’ whezre the

subscript 1" denotes loading by

Q
£
A\

-

¥
L
LA
s
(e}n=1 .
one termination, only. There is

? { a close relationshi‘.p bet_w‘een the
cases of band-stop and band-pass

resonators coupled to a line, This

1
S
WACYS

relationship is apparent from Fig-

NARN

/ ure 5-2. The esseatial difference
I{: r 7 between the two cases is that the
= } l__ >V T - adjacent line is terminated by Z
(b}n>1 at both ends in the band-stop case,

Figure 5-1, Examples of Dielectric~ and at one end in the band-pass
Resonator, Band-Pass Filters with

Strip-Line Terminations case. From the equivalent circuits

in Figure 5-2, it is apparent that

-36~

s, K




(Qexl) BPF =21' <Qex) BSF (5-1)

This eguaiion assumes, of course, that the dielectric resonators are

identical, and that all dimensions are the same.

A resonator in the n = 1 band~pass case is loaded by two ter-~

minations, so that

£ .
"B_W’:_g = (Qex) BPF =21' (Qexl) BPF =711" (Qex) BSF {5-2)
The design of a multiple-resonator
. (n > 1) band-~pass filter for a given
m bandwidth and response function
Zo Zo ézo L“'g’l can be accomplished in terms of
% Q,,; 2t each end of the filter, and
= = the coupling coefficients klz’ kZ ,
(0] BAND- STOP CASE, Qqz * 2ZouC etc., between the resonators.m"%o
@ . The parameter Q__, may be eval-
- {¥¥N) uated by means of Bq. 5-1 and
% = %zo L—! A either Eq. (3-15) for the strips
; line band-stop case or Eq. (3-4)
il é of the Fifth Quarterly J.‘{.eport:5 for.
{b) BAND~ PASS CASE, QgrtZqsC the slab-line band-stop case. A

Figure 5-2. Equivalent Circuits, formula for the coupling coefficient

Band-Pass and Band-Stop Cases between twe resonators in a region
bcunded by two ground planes has

not yet been derived. Until a suitable forrnula becomes ayailabie, ex~

perimental coupling-coefficient data must be used.
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6. Diplexers in Strip or Slab Line

A diplexer filter is a three-port component used to separates or
combine signals of different frequencies. Diplexers may be formed by
joining a pair of two-port filters at a common junction. Figure 6-1
shows several such combinations of two-port band-pass and band-stop

filters, and indicates the frequency behavior of each diplexer.

Care must be taken in joining the individual two-port filters to
achieve satisfactory VSWR in the desired frequency bands. When the
channel spacing is wide compared to the bandwidths, the problem is
simple. With moderately close spacing, the presence of one filter will
appreciably 2ffect the performance of the other, but minor empirical
adjusiments will usually yield low VSWR in the pass bands. With very
close spacing, it is often necessary to design the circuit specifically
as a diplexer, rather than as separate two..port cliannels, 18 An alter-
native approach is to use a four-port directional filter as a diplexer,
while another approach is to use a three-port circulator connected to
a band-pass, band-stop, low-pass, or high-pasg filter (Figure 6-2).
Each of these apprcaches automatically provides matched pass bands.
Note that the circulator-filter type of diplexer is nonreciprocal, which

may in some cases be a disadvantage.

The varicus cases in Figure 6-1 will be discussed under the
assumption that the channel-spacing~to-bandwidth ratios are sufficient
to permit simple joining of two-port filters. Figure 6-1a shows two
band-pass filters coupled to a cornmon strip line. At the center fre-
quency of each resonator, the other resonator is far from resonance,
and therefore the reactance it couples into the strip line is too small
to be importanit. The design method v.escribed in Sub-section S, above,

may be used to achieve the desired bandwidth of each channel.
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Figure 6-1., Examples of Three Basic Diplexer Circuits
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Figure 6-2. Circulator-Fiiter Type of Diplexer

Figure 6-1% shows a diplexer consisting of twe band-stop filters.
At fl’ the lower resonator introduces an open circuit in series with the
adjacent line. Therefore, at the junction point A/2 away, the lower
line presents negligible shunt admittance, and a signal at frequency f
will pass between Ports 1 and 3 with very little reflection or dxssxpatmn
loss. At frequency f,, the situation is reversed. The desired band-
stop bandw1dths may be achieved by the techniques and formulas con-
tained in the Fifth Quarterly Reports and in Sub-~section 3, above.

A band-pass and band-stop filter are combined to form a diplexer
in Figure 6-lc. Note that hoth resonators are tuned to fj In the case
of a signal sufficiently far from f T the resonators are virtually unex-

cited, and Port 1 to Port 2 is a low-loss path. At fl, the lower reso-
nator introduces an open circuit in series with the lower line, and
causes a short-circuit (high-currsat) point to occur at the location of
the upper resonator. Therefore, Pert 1 to Port 3 is a band-pass path
centered 7° {.. The bardwidths of the band-pass and band-stop filters
o

1
may be related to dimensions b oy means of the techniques discussed

above,
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Figure 6-3. Example of Multiple-Resonator Design

The various band-gtop and band-pass {filters in Figure 6-1 have
one resonator; that is, n 1. If desired, the selectivity of the channels
may be improved by utilizing multiple -resonator filters (n > 1j. An
example is shown in Figure 6-3, which combines an n = 3 band-pass
filter with an n = 3 band~stop filter. Design approaches for multiple-
resonator band-stop and hand-pass filters are given in the Fifth

Quarterly Report, and in Sub-section 3, above.
7. End Coupling in an Axially Oricunted Band-Pass Filter

Formulas for the coupling coefficient between axially oriented
dielectric resonators spaced along the center-line of A cut-off rectan-
gular or circular metal tube are derived in Sub-section 2, above, 2nd
in Sub-section 2 of the Fourth teaarterly Report.4 In order to achieve
2 band-pase filter response with this géometry, end couplings to ter-
minating lines must be provided. The subject of end couplings has
already been studied in connection with tranaverse orientation in a
rectangular cut-off tube4 and with strip- or slab-line geometries
(Sub-section 5, above). The axial-orientation case has beer found to

have special problems, however.
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In the transverse-orientation case, end loadings can be achieved
that are suitable for bandwidths up to about 2%. In the axial-orientation
case, however, the end loadings achieved experimentally are smaller,
yielding bandwidths under 1%.

The basic difficulty in achieving large couplings to an axially
oriented dielectric resonator is use of a higher-order waveguide mode
as the principal coupling mode. In square waveguide this mode is the
TEZO’ while in circular waveguide it is the TEOI' These, respectfively,
have cut-off frequencies and attenuation constants 2.0 and 2. 08 times
that of the fundam.ntal TE, and TE,; modes. Use of the higher mode
causes several difficulties in comparison to the use of the fundamental
mode in the transverse-orientaticn case. (1) The larger attenuation
constant requives cloger spacing of the coupling loop to the resonant
disk. For the closest possible spacing, where the loop is in contact
with the disk, less coupling will be obtained. (2) The mcre complex .
field distribution of the higher mode in the waveguide cross section
results in a reduction in the effective area of a large loop, which fur-
ther reduces maximum czgupling in the axial orientation case. (3) Un-
less a difficult-to~build, elaborate ccupling means is used, the funda-
mental mode will be strongly excited, reducing the coupling fcr the
desired higher mode. Aiso, because of the relatively low attenuation
of the fundamental mode, direct coupling between the end-coupling
elements at the two ends of the filter may reduce the attainable stop-
band insertion loss below a tolerable value. The latter disadvantage
may be minimized, howevex, by positioniné the end-coupling slements
with a relative 96° rotation about the waveguide axis s0 that their TE,,
excitations wiil be cross polarized. ) -

Figure 7-1 shows two coupling configurations that were tested
experimentally. In both cases, the internal cross section of the sguare
tube was 0.750" by 0.750". The parameters of the resonant disk were




!‘-smcmc D = 0.393", L = 0.250", €.~ 98,

| f = 3150 Mc, With the loop shown
E /Q @\ in Figure 7-la, the measured ex-
'

7 < ternal Q, Q__ versus spacing is as
R LOOP: DIELEGTRIC.OISK: _ ex
0.750° x 0.750" DIA « 0.280" D+0.393° L+0.280° s .
LD. WIOTH» Oq25*  ,898 1,530 Me Siven below:

—| o015 (o)

Spacing Qex
0. 027" 495

§
o~ ; 0.52 476
i oAsosa” UNE/'U \\SAME . o
0.750" z 0.750" LD. (b} AS 11 (s) 0. 62 594
0.77 643

Figure 7-1. End-Coupling Struc-

tures Investigated, Axial Orienta- . .
tion of Disk gate lenta The minimum value of Qe < 18 476.

A band-pass filter designed with
this value would have a bandwidth. of about 0.2%. Increasing the diam-
eter of the loop decreased the minimum-attainable Qex to about 200
with the diameter slightly smaller than the diameter of the disk. A
laxger loop resulted in an increase in Qex' signifying a decrease of
coupling. Minimum Qex for a loop larger than the disk was obtained

with a slight positive spacing, rather than with an overlap condition.

The second coupling element, shown in Figure 7-1b is a center-
driven inducti\ig post fed by a coax’al line. This excites the TE10 and
TEZO waveguide modes quite strengly. Minimum Qex of about 220 was
obtained when the post and disk we.e in the same cross-section plane,
as indicated in the figure. This would permit a bandwidth of about

Oo 5%'

Figure 7-2 shows a symametrical-post configuration that results
in about one half the Q__ value «f Figure 7-1b. In addition to the ad-
vantage of two coupling elem.ents, the performance benefits from dis~

crimination against TEmexcitation, Any device or circuit that drives




4 coax- UNE LERGTH
BETWEEN GAPS

Jcoax-ung
(o} DIFFERENCE (8

Figure 7-2. Double-Post Excita-
tion of Axial Disk

the posts in equal amplitude and
opposite phase may be used. One
additional means of achieving this

excitation is fhown in Figure 7-2b.

At this point one may
conclude that traisverse orienta-
tion of dielectric resonators has
practical advantages over axial

orientation. - With transverse

orientation, greater bandwidth is achievable for a given complexity of

end-coupling structure; the fundamental waveguide mode is utilized

rather than requiring suppression; rescnator tuning is more easily

accomplished; and positioning of the resonators is less critical.




SECTION V
CONCL.USIONS

This program of investigation of microwave dielectric-resonator
filters is now complete, The goal of estzblishing feasibility and design
criteria for high-Q, miniature dielectric resonators in various types
of filters h2s been successfully accomplished. An important problem
requiring study and solution before these filtzsrs can be used in prac-
tical applications is that of temperature sensitivity. Possible ap-
proaches to solve this problem are improvement of materials, temper-
ature regulation, and compensation through proximity of other elements

offering the opposite change with temperature.

During the final gquarter, a theoretical formula was derived for
the coupling coefficient between axially oriented dielectric disks in a
circular cut-off tube. Agreement with experimental data showed this
equation to be adequate for ordinary design purposes. Theoretical
analyses were also successful for band-stcp disk resonators in strip

line, and for band-pass disk resonators coupled to strip and slab line.

Directional-filter performance was verified experimentally for
several of the waveguide counfigurations analyzed in the Seventh Quar-
terly Report. 7 As expected, adjustment proved easier for single-mode
disks than for dual-mode disks. The n = 2, dual-inode configuration

was especially difficult, and raay be too complex to be practical.

Diplexers offering various types of response are feasible with
dielectric resonators. The design of diplexers is simple when the
channel separaticn is at least several times the channel bandwidth.

When the channel segaration and bandwidth are more nearly equal,

more complex structures and adjustments are necessary. This

SRR




difficulty may be circumvented by using directional filters or circulator-
filter combinations as diplexers. ‘

End coupling in the case of axially oriented disks is subject to
difficulties not present in the transverse case. To achieve bandwidths
exceeding a few tenths of a percent, complex end structures must be
used with axial orientation. The maximum band-pass-filter bandwidth
is on the order of one percent compared to about two percent for far
simpler structures exciting transverse disks. An additional problim
in the axial case is excitation of the fundamental waveguide mode by the
end structures. This mode is not utilized in coupling between axially
oriented disk resonators, the principal mode being the 'I‘E20 in rectan-~
gular waveguide and ’I‘Eo 1 in circular waveguide. In the transverse
case, the fundamental mode is the principal mecde of coupling between

resonators as well as to the end structures. -
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