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TABLE II

RELATIVE POWER IN PROPAGATING AND EVANESCENT M ODES?

No. of Reflected Power Transmitted Power
Mode
PROPAGATING REACTIVE PROPAGATING REACTIVE
M= 1§ pw/p INDUT= 0.003516 +J 0.C PM/P NUTPYT= 0.691403  +J u.0 -
W=7} P¥/P IKPCTSE G.C TISC.CRCA99 | P¥/P CUTPUTE T.3C5C31 #J (.0
v= 3 | eNv/P INPUT= C.C +J C.01C024 [ PM/P GUTPUT= 9.0 +J C,UTCESO
V=TT PRSP IRNPUT= 0.0 +J-C,CuB721 | 247P OLTPUT= (.¢ +J-ueGa5%42
M= 5 | PN/D INPUT= 0.0 +J £.C03CC3 [Pv/p CLTPUT= 6.C +J C.C1R121
W= 5[ PRM/F TIPUT= 0.C vJ-C. CITI32 | 5775 OUTPUTE 0.0 +J-C. 003543
M= 7 | PM/P INPUT= C.0 +J 0,001491 | 2¥/Pp CLTPUT= 9,0 +J C.0C127°
w= A ] PM7P TNPUT= 0.C TJ=V.B01792 | PM/P OUTPUT= 1,0 FISTTONUS T2
M= 0 | PW/P INPUT= 0,0 +J 0,000925 | 3M/P CLTPUT= 0.0 +J Cau022%7
Y=T0 | SW/P INPUT= 9.C TJ-CLCCIIAT | P79 MLTPUTE 7.0 +J=C.LC30R2
¥=11 | P¥/F INPUT= 0.0 +J 0.C3CRET | pu/o CLTPUT= 0,0 +J C.CC3ACH
TTEETI O BF/FOINPUTE U0 TJ=U.030363 | P9/P TUTPUTS C.0 YIS A0 3357
v=13 | #M/F INPUT= 0.0 +J 0.0NC547 | PUM/D ALTPUT=E C L0 +J C.CCl2u7
VEIE [ 7P TIRNPUTE 3.0 FI-CL COCT 34 | FY/P TUTPUT= Ll R L LT
M=15 PN/FOINPUT= 0,0 +J4 ", C0L30L | P40 CULTPYT= G0 +J Cl.COLCT3
W=T6 | P¥/T INPUT= G.C ¥J-C.201295 [PR/P ALTPIT= 5,0 ENESRR )
v=17 | ov/p INPUT= GG +J 0.C3C658 | PM/P GLTPUT= 9.0 +J C.CCL926
WSTR[ PN/P TRPITE N.C ¥J=0.COCTAT |[P9/P FLTPUT= 7.0 ENES IR 10
v=19 | pM/p InPUT= 0.0 +J C.0LC4lY | P4/P CLTPUT= 0.0 +J C.0UUG42
W=20 | SF/P TRPUT= 0.0 FI=C.0CCR17 | F9/F OUTPUT= C.0 ¥JTC 00T
8 Note: b/a=14, f-¢=15 GHz.cm.
considered are presented in Table I for a frequency where TEy; and (h9 () (82 (1)
TMy modes both propagate in the output guide. Mode power con- — +>——’—\/< * 1yt d N / ;,-:/‘
version and launch phase coefficients converge rapidly and are essen- = N Phbas v /‘\\1 /)\,\*
tially constant after six to eight evanescent modes on each side of the ra) . o = (d)*
discontinuity are included. The ratio of the number of input to out-
put waveguide modes considered is not significant if more than six. (30) 0,3 (3.2 (o®)
evanescent modes are included; this supports a similar conclusion by b Bl e ey
. S <) LY
Clarricoats [6]. > - > < N AR N
A . . . . > - > < A«Aw,g\ NI
The relative reactive power in the evanescent modes is shown in o "T - -
Table 11, in which 20 modes are considered. The modes are numbered H 9 th)
in terms of increasing cutoff frequencies. The reactive power quickly Fig. 1. Patterns of the conduction current for various modes.

diminishes as the mode order increases and the inductive or capaci-
tive nature of the discontinuity is provided by the total reactive
power. mode and that provided the permittivity is not less than 9.0 the
radiation losses are at a minimum for the second mode.
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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. This short
paper discusses these losses and shows that insight into the radiation
loss can be obtained by an extension to the analysis given by Lewin.
This shows that the radiation loss is a maximum for the dominant
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filters based on dielectric resonators. The application of the results to
stripline resonators 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

¢ 1 n2\ 12

= {24+ 2 1
£ 2L, /e (m 2 &
where

£ resonant frequency;

c velocity of light;

& relative permittivity;

L. larger side;

vL, shorter side;

v <1;

m, n integers.

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 #. 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

i 1 1 1
- @
Qresultant leelectnc Qconductor Qradiation
where

Qaictectrie  Q of the resonator if the losses due to conduction and
radiation were both zero;

Qconductor  similarly defined with respect to dielectric effects and
radiation;

QOrdistion  similarly defined with respect to dielectric and conduc-
tion effects;

Quesultans  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 1-5X107% then an upper limit for
1/Qusetectric is

= 0.0005. 3)

deelectric

In the case where no field variation occurs in the x-direction, the
value for 1/Qeonducter may be obtained from the expression given by
Watkins [2]

Qeonduetor = v/ fuaer-b @
where
¢ conductivity;
Mo 47107,
Taking the following values for the parameters involved
£ =6 GHz
o =5 X 107 S (for copper)
b = 0.64 mm (a commercially available substrate)
then
1
—— = 0.00142. (5)

Qconductot

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 m or # equals zero, i.e., 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.

I1. ANALYSIS

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

60jb eikr - 1
H:,Aj f ( [ ——1 ik sinBcosd)'I) g1 cos 8 g (6)
where
1z, 3, % and 2 unit vectors;
& relative permittivity;
k =2r/\;

A free-space wavelength;
1 strip current;
I's current coordinate in the z-direction.
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Among a number of cases that Lewin considered was that of an open-
circuited stripline coinciding with z=0 and extending to infinity
along the negative z axis, so that the appropriate limits of integra-
tion are 0 and — «. By assuming that the contribution of exponen-
tials with imaginary arguments is zero at negative infinity he ob-
tained an expression for II. Using this he obtained expressions for
the far-field components of the electric field, viz., Es and E,. By in-
tegrating |Es|24|Es|? over a hemisphere he found the total power
radiated to be

P = 60(kb)? F(e) (N
where
_ e+ 1 (e — 1)2 Ve +1
Fue) = ( € ) B 2ev/6r rloge (\/e—r— 1 ®

In the case of the open-circuited resonator we may describe, with
Lewin, the strip current I by a sinelike function

T = e=iks — ik's ()]

where k' = v/&k; but we replace the lower limit of the integral in (6)
by —n(x/k"). (The nature of the excitation which gives rise to the
presence of the current I and which can be realized by a number of
different experimental techniques is not specified.) Here %, 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

]e‘l’" 120(kb)

Fp=—21—— 43[1 _ (_1)ne(jmr cos 0/\/;;)] (10)
¥ €r
_ je it 120(kb) (e — 1)
¢ 7 Ve (e — cos?f)

-cos @ sin p[1 — (—1)melinT cos 8ived]  (11)

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

]e‘i’" 120(kb)

By = — —— 12
0 PR (12)
jeibr 120(kD) (e — 1) )
E; = . = cosf . 13
¢ 7 Ve (e — cos?) sfsing (13)
The influence of the modifying term
[1 — (—1)nglinw oos o/,/Ei]
leads to a value for the radiated power given by the expression
P(n, &) = 60(kb)?F+' (n, ) (19)
where
1 26| ,—1 ]
Fl’(”,er)=f _(1 cos?f|e )([1 (—1)" cos %mr cos | 2]
0 € er—coszo

#a cos 0

~+sin? ; %) singdg (15)

ﬁr

which may be compared with Lewin’s result

Ple;) = 60(kb)? [(ej 1)

The integral in (15) has been evaluated by numerical methods using
trapezoidal integration (details of an associated computer program
are available on application to the author). Fig. 3(a)-(d) shows
values of Fy’ 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—w, F/—2F, ie., twice the value obtained by Lewin
for the single open-c1rculted end of a semi-infinite stripline. It there-
fore Justlﬁes his assumption that the contribution of exponentials
with imaginary arguments at minus infinite is zero.

2) Fi'(n, &) has a maximum value at #=1 and is nearly twice
the value obtained by merely doubling F. This finding cor-

— 1) .
08¢
reve o8

Vi) oo
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Fig. 3. F{(n, ¢) as a function of mode number, # for ¢ =3.8, 9.0, 30.0, and 80.0.

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

3) For ¢2>9.0, Fi'(n, &) has a minimum value at  =2.

With the above information we may now proceed to calculate
1/Qraa. Its expression is given as

1 _ P(n,e)

—— an
Qrad 27rf Lres
where L is the effective inductance of the resonator.
Since, using transmission line theory,
;tabn)\
Lies = ——= 18
Tes 2W\/€r ( )

where W is the length of the side of the resonator perpendicular to
the current flow (equal to L, or vL. of Fig. 2, depending on the mode
m0 or »0, respectively), then
1 WV e

= ———— 60(kb)2Fy (n, er).
Qraa  pobndW YT, )

(19)
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"Putting £ in GHz and W, b in mm, then

1 1 Wbf*e
—_— e ———— - F 4 ). 2
Oma 45000 % £, ) 20)
In the case where
£ =6 GHz
W =254 mm
b=0.64 mm
n=1
&=9.0
F’=1.03896
then
= 0.0405. 21)

rad

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

1

Qresu ltant

= 0.0005 + 0.00142 -+ 0.0405 (22)
———— Ny — —_—

dielectric loss  conductorloss  radiation loss

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

—1— = 0.0005 + 0.00142 4+ 0.0078 (23)
QOresultant
and the two Q’s are
n=1
Qresultant = 23.6
n=2
Qresulteant = 102.9. 24)

The radiated field can be conveniently studied by the E4 com-
ponent, i.e., the field vertical to the ground plane when ¢ = (r/2).
Fig. 4(a)—(n) shows the radiation patterns for the various combina-
tions of # =1(1)6 and ¢ =3.8, 9.0, 30.0, and 80.0. In these figures the
arrow denotes the direction represented by §=0. 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).

111, 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 Fy’ is bounded, Q.a increases with increasing mode number.
The nature of the increase is especially interesting as shown by the
results in the following table:

" 1 2 3 4 5
w/Fy'(n, 3.8) 0.481 1.31 3.03 3.31 3.22
n/Fy(n, 9.0) 0.963 5.00 6.08 5.20 10.85
n/Fy’(n, 30.0) 2.93 46.2 11.35 28.6 29.8
n/Fy(n, 80.0)  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 #=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 # =2 increases as the permittivity increases.

The application of the results obtained in this short paper to
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Fig. 4. Electric field patterns of E¢ versus 4 for various combinations of
mode number # and relative permittivity e.

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

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