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‘ Note: bja =1.4, f.a =15 GHz. cm.

considered are presented in Table I for a frequency where TEU and
‘rMll modes both propagate in the output guide. Mode power con-

version and launch phase coefficients converge rapidly and are essen-
tially constant after six to eight evanescent modes on each side of the

discontinuity are included. The ratio of the number of input to out-
put waveguide modes considered is not significant if more than six

evanescent modes are included; this supports a similar conclusion by
Clarricoats [6].

The relative reactive power in the evanescent modes is shown in

Table II, in which 20 modes are considered. The modes are numbered

in terms of increasing cutoff frequencies. The reactive power quickly

diminishes as the mode order increases and the inductive or capaci-

tive nature of the discontinuity is provided by the total reactive

power.
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Radiation Loss from Open-Circuited

Dielectric Resonators

J. WATKINS

Abstract—The Q factor of an open-circuited resonator is in-
fluenced by dielectric, conductor, and radiation losses. Thk short
paper discusses these losses and shows that insight into the radiation
loss can be obtained by an extension to the analysis given by Lewirt.
This shows that the radiation loss is a maximum for the dominant
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Fig. 1. Patterns of the conduction current for various modes.

mode and that provided the permittivity is not less than 9,0 the
radiation losses are at a minimum for the second mode.

It is suggested that these results may be applied to the design of
filters based on dielectric resonators. The application of the resulte to
stripline reeonatora in which the dielectric extends past the termina-
tion of the upper conducting strip is more difficult, and it is suggested
that experimental work is required to investigate postulated im-
provements. Finally, some of the radiation patterns of the open-cir-
cuited dielectric resonators, obtained in this paper, show interesting
directional properties which may be applied to the design of antenna
systems.

I. INTRODUCTION

Resonators involving ceramic substrates whose upper and lower
surfaces have been coated with metallic conductors have previously
been reported by Napoli and. Hughes [1]. To avoid the degenerate
resonances which would occur with a square resonator, a rectangular
geometry is chosen and simple theory shows that

where

x
c

:,
yLz

Y
m, n

resonant frequency;

velocity of light;
relative permittivity;

larger side;
shorter side;

<1;
integers.

(1)

The assumption is made here that there are no variations in the fields
across the thickness of the dielectric. Fig. 1 (a)–(h) shows some of
the patterns of the conduction current for resonances with different
combinations of m and n. Fig. 2 shows the dimensions of the resonator
and the coordinate system used in this paper.

The Q factor of these resonances are due to losses from four

possible mechanisms: 1) coupling with the load and generator; 2)
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Fig. 2. Dimensions of the resonator and coordinate system used.

dielectric loss; 3) conductor loss; and 4) radiation loss. Assuming

that the couplings can be reduced to produce negligible loading, then

1 1 1 1
.

—+—
Qres.,tmt Q,,.,..;. + Qcorductm Qr.~iat;

(2)

where

Q,iel..trl. Q of the resonator if the losses due to conduction and
radiation were both zero;

Q..n&~o, similarly defined with respect to dielectric effects and
radiation;

Qr.diat,cm similarly defined with respect to dielectric and conduc-

tion effects;

Q,esult.mt overall Q resulting from the presence of all three effects.

Since the loss tangents for the high quality aluminas used in these
substrates lie in the range 1–5x10–4, then an upper limit for

1 /Qriieleotric is

1
—— = 0.0005.
Qdvalectric

(3)

In the case where no field variation occurs in the x-direction, the

value for l/Q..n,.~t,,, may be obtained from the expression given by
Watkins [2]

—.-
QCOnW.r= ~h$pou.b (4)

where

u conductivity;

po 4TIO–7.

Taking the following values for the parameters involved

J’=6GHZ

~ = 5 X 10TS (for copper)

b = 0.64 mm (a commercially available substrate)

then

—~— = 0.00142.
Q..ndu.tor

(5)

This short paper is concerned with the radiation loss which can

be determined by an extension of Lewin’s analysis of radiation from

discontinuities in stripline [3]. The analysis which follows relates to
modes of oscillation in which w or ti equals zero, Le., those in which
the current flow is parallel to one edge of the resonator, and is uni-
form over the width perpendicular to this edge.

II. ANALYSIS

The result for the Hertzian vector H obtained for an infinite
stripline is

x and z unit vectors;
relative permittivit y;
= 27r/k;
free-space wavelength;
strip current;

current coordinate in the z-direction.
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Among a number of cases that Lewin considered waa that of an open-

circuited stripline coinciding with z = O and extending to infinity

along the negative z axis, so that the appropriate limits of integra-

tion are O and — m. By assuming that the contribution of exponen-

tial with imaginary arguments is zero at negative infinity he ob-

tained an expression for IL Using this he obtained expressions for
the far-field components of the electric field, viz., lb and E+. By in-

tegrating IEd I Z+ [E. I ‘Jover a hemisphere he found the total power
radiated to be

P = 60(kb)z.F1(c,) (7)

where

()er+l
Fl(,r) = y –

(,, – 1)’

—=”’O’G%) ‘8)2e,4er

In the case of the open-circuited resonator we may describe, with

Lewin, the strip current 1 by a sinelike function

where k’= fik; but we replace the lower limit of the integral in (6)
by –ti (7r/k’). (The nature of the excitation which gives rise to the
presence of the current 1 and which can be realized by a number of

different experimental techniques is not specified.) Here n, which

takes integer values other than zero, represents the mode number.
The upper limit of the integral remains, as before, equal to zero.

After some algebraic development the 8, @ components of the far

electric fields become

(lo)

je-jkr 120(kb) (e, – 1)
E+ = —-T.

v ~q. (., – Cos’ e)

.COSOsin @[l – (–l)~ecj~~ co’ ‘1~~~] (11)

which may be compared with Lewin’s results for the semi-infinite
open-circuited line, viz.,

~. = je-i” 120(kb)
.—=-’- Cos~

r d.,
(12)

je-@ 120(kb) (c, – 1) .

E+ = —$—-—
<; (% – COS’T Cos 0 “n ‘“

(13)

f’

The influence of the modifying term

[1 – (– l)~e(ifi~ COS@l@j

leads to a value for the radiated power given by the expression

P(n, ●,) = 60(kb)2Fs’(w, G) (14)

where

F1’(tz, q.)= J(“: 1+
Cos’O[er—1]’

0 c, [,r–cos’ e]’ )([ 1-(-l)”CO%?IT

+sin2Fasine”’e‘1’)
which may be compared with Lewin’s result

‘(’) =@’kb)2[(%-%;:’O@w ’16)
The integral in (15) has been evaluated by numerical methocls using

trapezoidal integration (details of an associated computer program
are available on application to the author). Fig. 3 (a)– (d) shows
values of F1’ as a function of mode number for the permittivity values

3.8, 9.0, 30.0, and 80.0. These correspond to quartz, alumina, ma-
terials with zero temperature coefficients of permittivity, and lastly,

titania. These results show a number of interesting features and are

as follows.
1) AS n+ co, FI’+z F, i.e., twice the value obtained by Lewin

for the single open-circuited eud of a semi-infinite stripline. It there-
fore justifies his assumption that the contribution of exponential
with imaginary arguments at minus infinite is zero.

2) F1’(fi, e) has a maximum value at n = 1 and is nearly twice

the value obtained by merely doubling F. This finding cor-



638 I lEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, OCTOBER 1973

1,6

1.+

1.2

Lo

03 1
+_--..---,.- .-—-’- -Z3+s67gqlo2i 304050607080WW

~ mods rumbrr

(0)

1.1

i

F,’(.)*) 6,=%0
).0

R (q,o). 0.2’?360

O,q

0.8 t\
w

0.6 . . .
0.5 .

0.? .

a3 I
1234 sb78qiozo

h,m&hum~* 50 bo~ 80 ~. ,jo

lb)

i

F;(h)+] + 30.0 E (30.0)=00s?29

03

: ,\_p__/@__...._,

0/ I ,, )

I 23+5679 ?1”20 204050607030 ?0k0

% mode INAW
[.1

0.)4

i+

F(’(n,&> += 80.0 ~ (80.0) =0.0332/
CU2

Odo

aos

o,~. -- ----- -- -- .- . . . . . . . . . . . . . . --- -

0.04

0.02

0 1 ! ,,, t
I 234567891020 304050 hJ7cIg0901m

h, h!”ds hUdW

(d)

Fig. 3. F/(% c,) as a function of mode number, tz fore, = 3.8, 9.0, 30.0, and 80.0.

roborates that of Easter and Roberts [4] obtained by an alternative

analysis.
3) Fore, 29.0, F1’(n, e,) has a minimum value at n =2.

With the above information we may now proceed to calculate
1/Q,,d, Its expression is given as

1 P(n, e,)
—.
Qrad 27r$&8

where -&, is the effective inductance of the resonator.
Since, using transmission line theory,

(17)

(18)

where w is the length of the side of the resonator perpendicular to
the current flow (equal to L. or -yL, of Fig. 2, depending on the mode
?n.Oor nO, respectively), then

1 2w&
— 60(kb)’Fl’(ti, 6,)

Q,ad = pobtzAW
(19)

‘Putting # in GHz and W, b in mm, then

1 1 Wb#’z~g
—. — F/(n, %).
Qrad 45000 n

(20)

In the case where

%=6 GHz

w=25.4 mm
b =0.64 mm
n=l

q. =9.0
FI’ = 1.03896

then

1
— = 0.0405.
(@

(21)

Consequently, the overall Q for the three mechanisms for the mode
n = 1 and the above values is given as

1
—— = \ 0.0005 , + \ 0.00142 , + 0.0405
Qre.wltant

(22)
—-

dielectric loss conductor loss radiation loss

and it is seen that the radiation loss forms the major contribution. If
however the mode n = 2 is used, then the expression for 1/Q,,,ultant

becomes

1
— = 0.0005 + 0.00142 + 0.0078
Qrwlt.nt

(23)

and the two Q’s are

%=1

Q,wmm, = 23.6

~=z

Qm8ult.nt = 102.9. (24)

The radiated field can be conveniently studied by the E+ com-
ponent, i.e., the field vertical to the ground plane when @= (7r/2).
Fig. 4(a)–(n) shows the radiation patterns for the various combina-

tions of n = 1 (1)6 and e.= 3.8, 9.0, 30.0, and 80.0. In these figures the
arrow denotes the direction represented by 8 = O. The amplitudes of
the electric field have been normalized to a common scale. Although
the majority of the patterns resemble the “figure of eight” shape
obtained by Lewin for the open-circuited semi-infinite stripline, a

number are distinctively different and have four main lobes. It is

difficult to forward a physical explanation of this phenomenon. Its
origin would seem to be associated with the complicated nature of

the modifying term appearing in (10) and (11).

III. DISCUSSION

The results obtained above are significant in three distinct areas
of application, viz., filters based on open-circuited dielectric resona-
tors, stripline resonators, and antennas.

In the open-circuited dielectric resonator, (20) shows that pro-
vided F1’ is bounded, Q,~d increases with increasing mode number.
The nature of the increase is especially interesting as shown by the
results in the following table:

—

n 1 2 3 4 5

n/Fll(n, 3 .8) 0.481 1.31 3.03 3.31 3.22
tt/F/(n, 9. o) 0.963 5.00 6.08 5.20 10.85
n/F*’ (n, 30. O) 2.93 46.2 11.35 28.6 29.8
n/F,’(n, 80. O) 7.59 313,0 25.2 169.0 50.8

An increase in mode number means an increase in length, and in
many applications, particularly in microelectronic engineering, de-
sign specifications may impose a limitation on available space. In

this context, for e, values not less than 9.0, the mode n = 2 is a case
to be noted for the design of filters based on open-circuited resona-
tors, e.g., bandpass or bandstop filters using multiple resonators with
staggered resonant frequencies. The attraction of the use of the
mode n = 2 increases as the permittivity increases.

The application of the results obtained in this short paper to
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stripline resonators is more difficult to assess. In such resonators, the

dielectric extends past the termination of the upper conducting

strip and an analysis of the loss of radiation at the open-circuit is
more difficult and may possibly be examined by Wiener–Hopf meth-

ods. In the absence of such an analysis it would now be useful to
investigate the behavior of radiation loss as a function of mode

number in such stripline resonators by experimental methods to see
if the pattern in the table is maintained.

Lastly, the results of Fig. 4(a)–(n) have application to the field of
antenna design. With a proper choice of mode number n, and relative

permittivity e,, the directional qualities of an antenna can be realized;

,Q)
.. ,.,

,’

,,,’

>’

.’
. .. . ..’

c)
,.,,,.,,,,,,,

n.3
&=30– )

I&. #0---- ,’

,“
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(e)

kn.s =.

*, 30.0 )
(j)

1

(n)

and for a particular M, c, combination, control of the parameters W
and b allows a specified radiation impedance to be met.
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