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cheaper construction of the post-coupled oscillator is often
adequate.
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Radiation Losses of Planar Circuit Resonators and
the R/Q Parameter

F. W. SCHOTT, SENIOR MEMBER, IEEE AND
TARO YODOKAWA, MEMBER, IEEE

Abstract—The resonator parameter R/Q, the ratio of a shunt
resistance to the unloaded Q, which might be termed a “mode-geometry”
parameter, is a natural parameter for characterizing osciilation modes of
planar-circuit resonators which are open circuited at the edges. These
resonators are often excited by connection at the edge to a microstrip
transmission line, and the appropriate shunt resistance is the equivalent
resistance at resonance at these terminals for that mode.

Losses in planar-circuit resonators include the ohmic (skin-effect and
dielectric) losses of enclosed resonators plus a radiation-loss component.
For a variety of planar resonators, the ohmic losses are easily calculated,
but the radiation-loss determination is a difficult boundary-value problem.
More specifically, the determination of either the unloaded Q or the
radiation component of the unloaded Q is often readily accessible only
through measurement. The knowledge of the R/Q parameter allows one,
in effect, to replace the O measurement with a shunt-resistance measure-
ment, which is often more expedient to perform. '

Two simple planar-resonator configurations, the circular disk, and the
square plate are studied. The radiation component of the Q is evaluated
by using the measured shunt resistance and the R/Q parameter to cal-
culate the total unloaded Q and thence the radiation component of the
unloaded Q. A comparison is made between these results and those
obtained from direct Q measurements.

INTRODUCTION

The direct calculation of radiation loss from planar circuits is
an extremely difficult boundary-value problem. Radiation from
microstrip can be treated by regarding the strip as a line source of
current [1] and an extension of this approach has been used [2];
however, even the simplest planar resonator, the circular disk,
is not amenable to this approach. Alternative routes toward a
solution of the problem of losses in open resonators will be useful.
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Tae GEOMETRICAL Cavity FACTOR R/Q

Resonators having a Q, which is sufficiently large so that the
configuration of the electromagnetic field is substantially the
same as in the absence of losses, can be charagterized by a ratio
of a shunt resistance to a Q which is essentjally geometrical,
i.e., it is independent of cavity losses [3]. In the case of an open-
circuited planar resonator it is convenient to define the shunt
resistance in terms of the voltage at the point at which it will be
excited by connection to a microstrip line, typically at the edge
of the resonator. Thus, if the total time-average power dissipa-
tion due to conductor losses, dielectric losses, and radiation
losses is P and the peak amplitude of the voltage at the excitation
point is ¥, the shunt resistance is

V2
R =—. 1
°F )
The unloaded QO is
U
0 =g ';, )

where U is the energy stored in the cavity and P is the previously
mentioned power dissipation at resonance; whence

V2
20,U "

This is a resuit which is dependent on the mode type but inde-
pendent of losses as long as they do not cause significant modifi-
cations to the spatial distribution of the fields within the cavity. It
is valid for any planar configuration, whether it is open circuited
or short circuited at the edges of the plane, to the extent that
edge effects represent a small perturbation to the otherwise
known field distribution.

For a cavity for which the shunt resistance can be measured
and the right-hand side of (3) can be calculated, the Q can then
be found and, if the Q for conductor loss and dielectric loss can
be determined by other means, the radiation loss can be found
from the fact that

11 ot @
Q Qcond.loss )

Qrad. loss

R/Q = ©)]
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Examples

The preceding approach can be readily used with open-

circuited planar resonators of simple geometrical configuration.

1) Circular Disk : One such resonator is the circular disk which

is illustrated in a cross-sectional view in Fig. 1. In the dominant

mode, it contains an electric field lying in the z direction only and
given by

E, = E, cos ¢J(kr) (&)

where r and ¢ are the usual circular cylindrical coordinates.
The open-circuit edge condition requires that J;'(ka) = 0 or
ka = 1.841, hence the edge voltage V' = EybJ;(1.841). There are
two components of the magnetic field, H, and H,, which are not
needed for (3) but are needed to separate the losses into their
components. The energy stored in this mode is obtained by
integrating the energy density L¢|E|? aver the cavity volume and
gives the result '

T 1
U = B aba? (1 - (ka)z) J2ka) ©
whence
R 2 b ka
LI 7
Q n aCka? -1 M
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TABLE 1
Planar Circuits, €, = 9.7, b = 0,025 inches
Theo. Meas. Theo. Meas. Calc. Meas. Cal. Calc.
fres fres (r/Q) R Qg O QradR Qradm
Circular Disc a = 0.75 inches
Dominant Mode 1.48 1.466 1.98 301 152 179 304 440
Lowest n=0 Mode 3.08 3.005 0.334 20.4 270 280 750 840
Second Mode 2.46 2,455 1.471 363 247 320 705 2000
Square Plate 2a = 1.28 inches
Dominant Mode 1.48 1.461 3.01 491 163 177 352 425
Second Mode 2.10 2.100 2.13 549 258 314 945 2800

Each tabulated value of Qn

data and phase data for twc different resonators.

is the average of 4 values representing amplitude

Qradp is the radiation

component of Q calculated from Qp and Qradm is that calCulated from Qm'
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Fig. 1.
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Cross section of planar disk resonator.

where # is the intrinsic impedance of the dielectric substrate
material, 377/\/ &

Two planar disks of radius 0.75 in were fabricated on an
alumina (e, = 9.7) substrate of thickness 0.025 in, which gives,
from (7), R/Q = 1.98 Q at a calculated resonant frequency of
1.483 GHz. The disks were excited from a 50-Q microstrip line
which was in turn connected to a 50-Q coaxial line. The shunt
resistance at resonance was measured using an H-P network
analyzer, with the data transformed to the reference plane at the
edge of the disk. The measured shunt resistance was 311 Q for
one and 290 for the second for an average value of 301 Q at the
measured resonant frequency of 1.466 GHz. Using the calculated
R/Q value, this yields a Q of 301/1.98 = 152.

The conducting surfaces consist of a 200-A layer of nickel
(ug = 110, ¢ = 1.42 x 107 mhos/m) backed with a relatively
thick layer of gold (¢ = 4.54 x 107 mhos/m). The surface re-
sistance of this composite is readily computed [4] and results in
a Q due to conductor losses of 323. Combining this with a dielec-
tric loss tangent for alumina of 0.0002 allows these two ohmic
losses to be removed from the total loss to give, using (4)

Lo (L5 o000
Oma 152 \323
or
Qraa = 304.

The preceding determination of the unloaded @ and the
radiation component Q,,, was compared with direct measure-
ments of the Q using first the ratio of the resonant frequency to
the frequency band between points at which the magnitude of

the impedance at the edge of the disk was 70.7 percent of the
maximum impedance, and secondly the ratio of the resonant
frequency to the frequency band between points at which the
phase angle of the input impedance was + 45°. The results based
on impedance magnitude data were 1466/8.4 = 174 and 1466/
7.9 = 185 for the first and second disk, respectively; from the
phase-angle data the results were 1466/8.6 = 171 and 1466/7.9 =
1835, respectively. The average of these results gives an unloaded
QO of 179, from which the removal of the two ohmic loss com-
ponents as before leaves a remaining Q.4 of 440. Thus, to
recapitulate, the shunt resistance determined Q of 152 is to be
compared with a directly measured Q of 179; the first leads to a
Qaaq Of 304 and the second to a Q,,4 of 440.

For higher circular-disk modes for which

E, = E, cos ngJ (kr) J,(ka) =0
the result which is the generalization of (7) is

Z 1 ”_lz ka
7l + 8" aka)® — n?

R

Q

where 8," is unity when n = 0 and is zero otherwise.

This result has again been checked for the lowest # = 0 mode
for the two planar disks whose dimensions have been given. In
this case, the evaluation of (8) gives R/Q = 0.334 which, com-
bined with the average measured shunt resistance of 90.4 Q, gives
a Q of 270 at a measured frequency of 3.005 GHz. Using (4) in
the same manner as before then yields a result for Q,,4 of 750.

A direct measurement of the Q of the lowest # = 0 mode from
the 70.7-percent response points and from the -+45° phase-shift
point produced an average result of Q = 280, which yields a
radiation component Q.4 = 840.

A third mode, the lowest » = 2 mode, was examined in the
same way and the results are shown in Table I. These results
are less encouraging, presumably because of the higher standing-
wave ratio combined with the predominance of the ohmic losses.
A high VSWR makes it more difficult to achieve high accuracy in
spite of careful calibration of the network analyzer. The pre-
dominance of ohmic losses makes the radiation-loss calculation
even more sensitive to errors in the total loss, since the radiation
loss is the difference between the total and the ohmic terms.

2) Square Plate: A second configuration for which the R/Q
parameter may readily be found is the square plate excited at
one corner. Fig. 1 may again be used to illustrate the resonator

) n=2012--- (8
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in cross section, where 2a is now the dimension of either side of
the square.

In the dominant mode the electric field with corner excitation
is

E = E, [sin Z (x + y)cos — (x — y)] &)
4a da

for which the resonance is at ka = n/2 and the mode-geometry
parameter

1
RIQ=n21

. 10
a ka (10)

Squares of side 2a = 1.28 in, which resonate at the same fre-

quency as the circular disk, were fabricated. Using the same

procedure as before, the average Q was found to be 163 com-

pared with an average directly measured value of 177. Based on

the value of 163, the Q due to radiation loss was found to be 352;

based on the value of 177, the Q due to radiation loss was 425.
The electric field of the second square-plate mode is

Ty

X
E, = Eysin—~=sin == 11
g 0 2a 2a ()
and resonates at
s
ka = —=.
V2
The R/Q parameter in this case is again
R b1
=== (12)
(4] a ka

which allows the comparisons made before. These results as well
as the preceding square-plate results are similarily tabulated in
the second portion of Table I. The previous comments regarding
accuracy apply here also.

In the preceding examples, the Q’s are high and the resonant
frequencies widely separated so that there is considerable assur-
ance that only the desired mode was excited. The correspondence
between the measured and the calculated resonant frequencies
should be noted.

Prior to performing the experimental work there was some
concern regarding the possible influence of reflections from
surrounding objects. Fortunately, these effects were found to be
negligible as long as any perturbing objects were an inch or more
from the edge of the resonator. This insensitivity is probably due
to the relatively small thickness of substrate-to-wavelength ratio.

SUMMARY

An additional route to the evaluation of radiation from
planar-circuit cavity resonators is gained from a calculation of
the R/Q parameter which, in effect, allows a Q measurement to
be replaced by a resistance measurement. Preliminary results for
two simple planar resonators are given.
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Measurement of Microwave Loss Tangent by Means
of Microwave Resonator Bridge

IVAN KNEPPO ano MICHAL WEIS

Abstract—A new cavity method of measurement of microwave loss
tangent of a low-loss material is described. The method consists of the
comparison of the reflection coefficient of the resonator filled with
dielectric with the reflection coefficient of the reference resonator by
means of microwave resonator bridge. Basic theoretical relations of a
simplified resonator bridge are derived, a fundamental scheme of the
measuring set is given, and some results of verified measurements pre-
sented. The obtained results confirm the suitability of the proposed
method, especially for measuring low-loss dielectric materials, since the
principle of comparison renders the method highly sensitive to small
parameter differences of the resonator brought about by the measured
sample.

NOMENCLATURE LisT

as Equivalent voltage of the wave incident in port 1.
; Equivalent voltage of the wave scattered from port i.
C Capacitor of the equivalent series resonant circuit.
i Integer denoting port of hybrid junction.
j Square root of —1,
L Inductor of the equivalent series resonant circuit.
Py Microwave power fed into the MRB in the unper-
turbed condition.

P Microwave power fed into the MRB in the perturbed
condition.

P, Output power of the MRB in the unperturbed
condition.

P, Output power of the MRB in the perturbed condition.

R Factor Zy3/Qos.

Zy,, Zys Normalized geometrical factor of the measured or
reference resonator, respectively.

Z, Characteristic impedance of the line.

I,, Iy Reflection coefficient of the measured or reference
resonator, respectively.

| Reflection coefficient of the detector. :

Tin Reflection coefficient of the MRB in the unperturbed
condition.

| Reflection coefficient of the MRB in the perturbed
condition.

J Angle of dielectric losses.

e Relative permitivity.

(0] Phase shift.

6 Relative difference of the resonant frequencies.

K Factor Qg3/Qos-

v Relative detuning of the reference resonator.

X Factor defined by the expression (A9).

Wg2, Wo3 Resonance frequency of the measured or reference

resonator, respectively.

1. INTRODUCTION

The cavity methods, especially the cavity perturbation methods,
are often used to measure microwave dielectric losses, [1], [2],
but in measuring materials of small dielectric losses it is very
difficult to determine the change of the cavity quality factor by
only the difference of the half-power bandwidth of the resonance
curve, and the obtained results are thus unsatisfactory. The
authors present a new and highly sensitive method for measuring
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