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Microwave Optical Ring Resonators

INTRODUCTION

Ring resonators have been investigated
theoretically and experimentally in the opti-
cal region. The ring is formed by three or four
mirrors arranged in a triangle or quadrangle,
respectively [1]- [6]. Although wavegnide-
type ring resonators have been known since
1956 [7], little is known about mirror ring
resonators in the microwave region.

This report describes properties and appli-
cations of quasi-optical ring resonators for the
frequencies 17 GHz and 70 GHz.

THEORY

The theoretically simplest model is given
by three or more mirrors arranged on a circle
and with a regular polygon as closed optical
path. The mirrors are all identical and have an
ellipsoidal reflecting surface (Fig. 1). For opti-
cal wavelengths, mirrors of this form are diffi-
cult to make but for microwaves ellipsoidal
mirrors can be made. One procedure is de-
scribed in this report, another has been pub-
lished elsewhere [8]. Ring resonators as men-
tioned above show no astigmatism, if the re-
flecting surface of the mirrors represents a sec-
tion of the equatorial zone of a prolate rota-
tional ellipsoid with the two axes

a = 2R sin (r/N),

b = 2R SiU2 (r/N). (1)

N= Number of mirrors, R= Radius of the
tangential circle in the confoeal case. The
mirror surface can be approximated by a sur-
face which has two different radii of curvature
in two perpendicular directions: in the plane
of the ring

ro = 2R

and perpendicular to that plane

r~ = b.

Within this approximation the theory of
Boyd and Gordon [9] can be extended to
ring resonators [10 ]. According to this theory,
the resonant modes are essentially the same as
those found for the Fabry-Perot resonator
with spherical mirrors. The field of the modes
can be calculated using the formulas given in
[9]. The distance d of the mirrors in [9] has
to be interpreted as the distance d of two ad-
jacent mirrors. The radius of curvature b
(confocaj case) and b’ (nonconfoeal case), re-
spectively in [9] has to be replaced by the
major axis a of the ellipsoid [see (1)]. In the
confocal case a equals d (Fig. 2). Diffraction
losses can also be calculated using the formu-
las by Boyd and Gordon. They calculated the
loss as a function of the size of the mirrors
which were assumed to be squares having the
side 2s. For the ring resonator one finds the
same loss per mirror if the mirrors are
assumed to be rectangles with the sides 2s and
2s/sin (r/N). The Q factor of the resonator
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Fig. 1. Ring resonators with three snd four mirrors
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Fig. 2. Comparison of Fabry-Perot resonator and ring
resonator. The field pattero between two mirrors
each and the diffraction loss per mirror are equal for
both resonators if the corresponding values are
equaL Radius of curvature (b) of the spherical mir-
rors (Fabry -Perot) =major axis (a) of the ellipsoid.
Distance (d) of the spherical mirrors (d) =distance
(d) of two adjacent ellipsoidal mirrors. Size of the
spherical mirrors 2s by 2s corres ends to the size of

f“the ellipsoidal mirrors 2s by 2s sm (r/N). The fig-
ure shows the confocal case d =a.

causedjby diffraction losses is

(cm, O. are eigenvalues of the integral equa-
tion; see [9]), In practice mirrors can be made
showing small diffraction losses, as compared
with ohmic losses. In this case the Q is given
by

1–p being the voltage reflection coefficient of
a plane wave reflected at a plane mirror. For
a mode having an electric vector in the ring
plane

42weo/.
p=

sin (r/N)

and for an electric vector perpendicular to that
plane

p = dheo/. sin (r/N).

(c=conductivity of the mirror metal [1 l]).

IiAilI /“
1:

1’
uis Ofmt.i I.m

Q

-.

/’ ‘\
/

\

/’

I + ‘1

\ I

\
\

\
/’

.—

Fig. 3. Rmg-shapsd body of Al for
fabrication of mirrors.

Fig. 4. Ring resonator with two horn antennas
placed on an optical bench.

FABRICATION OF MIRRORS

The mirrors were made on a conventional
lathe. A ring-shaped body of akuninium was
formed on the lathe and later on cut into sev-
eral pieces, each piece constituting one mirror
(Fig. 3). The determining dimensions are the
two radii of curvature

r~ = 2R

r~ = b = 3R/2

for a three-mirror resonator (N= 3). Mirror
surfaces made by this procedure are good ap-
proximations to the exact ellipsoid.

Two ring resonators have been built, one
for the 70 GHz band (R = 4.5 cm, 2s = 9 cm)
(Fig. 4) and one for the 17 GHz band
(R=1O cm, 2s=15 cm).

MEASUREMENTS AND APPLICATIONS

The complete resonator is mounted on an
optical bench (Fig. 4). Coupling is accom-
plished by means of a thin polythene foil
which is put up in the middle between the two
lower mirrors in such a way that a wave radi-
ated by one of the two horn antennas is re-
flected towards one of the two mirrors. Tuning
can be effected by moving the upper mirror
vertically.



CORRESPONDENCE

As a circuit element a ring resonator of this
kind has the property that no wave is reflected
back to the source. Itismatched atanyfre-
quency. Besides this no wave is transmitted at
the critical coupling. In this special case all
the power is consumed in the ring giving an
ideal absorption filter for the resonance fre-
quency [12]. Two or more ring resonators
can be placed one after the other to obtain a
filter of arbitrary absorption curve, The result-
ing transmission coefficient is simply the prod-
uct of the individual transmission coefficient.

At a wavelength of 4mm the measured
loaded Q of the TEMOO,-mode at low coupling
was 200000. The theoretical unloaded Q is
250000 using the dc conductivity of Al and
neglecting diffraction losses. At a wavelength
of 1.8 cm the corresponding values for the
larger ring resonator are: measured loaded
Q==130W0 and theoretical QO=200000.

An interesting property of a ring resonator
is its degeneracy with respect tothepropaga-
tion direction of the wave. The wave can circu-
late clockwise and counterclockwise. Nor-
mally only one wave is excited, but if a cou-
pling of the two waves is introduced by plac-
inga dielectric sheet orsomething else in the
path as shown in Fig. 5, standing waves are
excited, the resonance splits up, and two
resonance frequencies appear (Fig. 6). These
two frequencies correspond to different stand-
ing wave patterns. In one case the dielectric
sheet lies in the plane of a maximum of the
electric field (lower frequency), in the other
case it Iiesin aminimnm of the electric field
(higher frequency).’ The splitting is a func-
tion of the reflection coefficient r of the sheet.
The theory gives the relative dktance of the
two resonance frequencies as

AW h
— .—

u TL

d rz — (mL/xQ)2
.arctan

[1–r’j[l + (rL/hQ)Z]’

~<<1, r~~.
XQ

(2)

r=reflection coefficient of the coupling
element (sheet),

x= wavelength,
L=perimeter of the tnangle=length of

the optical round path,
Q= loaded quality factor of the resonator

without the coupling element.

Ordy if the Q of the resonance is sufficiently
high can the two resonances be resolved. This
is the case if r> rL/k Q. At small reflection
coefficient and r>>~L/kQ (2) reduces to

The retktion coefficient is transformed di-
rectly into the frequency scale and thus can be
measured with high precision. By this method
permittivities of thin dielectric foils have been
measured at 17 GHz (Fig. 6). The smallest r
which could be measured is

T = 0.001

I The phenomenon may be illustrated by the well-
known coupled pendula. Without coupling each pendu-
lum represents one of the two degenerate circulating
waves in resonance. If coupled by a spring or the like,
the system of the pendula shows two frequencies which
are separated by the beat frequency.
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Fig. 5. Coupling of the two degenerate modes by a

dielectric sheet with a reflection coefficient r.

Fig. 6. Transmitted power vs. frequency of the 17 GHz
ring resonator. The upper trace shows tbe resonance
curve of the TEMnoa-mode. Tbe lower trace shows
the effect of a dielectric foil (0.03 mm thick) when
placed in the resonator as shown in FLg. 5. The dis-
tance of the two resonances is 1.7 MHz.

for the 17 GHz as well as for the 70 GHz
band.

CONCLUSION

Quasi-optical ring resonators for micro-
waves, millimeterwaves, and submillimeter-
waves have interesting properties as circuit
elements and measuring instruments. The
fact that a ring resonator is always matched
and that total absorption at the resonance fre-
quencies is possible, makes it especially suit-
able for filtering and controlling pm-poses.
Coupling of the two degenerate modes allows
the measurement of small reflection coefficients
not attainable with conventional methods.

The splitting of the two resonant modes
may find an important application in laser
technology: a ring laser may be constructed
which radiates at two frequencies with a fre-
quency difference adjustable from zero to
c/2L [see (2)]. For laser mixing experiments
this means that the beat frequency can be
varied continuously by introducing a variable
coupling.
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Cross Polarization in a General

Two Plate Polarizer

A common type of polarizer consists of
two quarter-wave plates in a circular TEH
mode waveguide. Ideally, the first plate con-
verts linear to circular polarization, and the
second rotatable plate converts from circular
to linear polarization at an angle ~/4 to this
plate. The plates take various forms such as
dielectric vanes’ and disks,’ or capacitive
pins. 8

This ideal situation does not exist over a
finite bandwidth, and perhaps not even at any
given frequency; and a cross-polarized output
component is present. Values of this cross-
polarization for arbitrary vane angles and dif-
ferential phase shifts would be useful in pre-
dicting the performance over a bandwidth of
a polarizer using elements of known frequency
vs. differential phase shift characteristics.

This correspondence contains generalized
curves for the worst cross polarization with
rotation for arbitrary values of angular set-
ting of the first vane @l, and differential phase
shifts of 6JI,tb for the first and second vanes,
respectively, as shown in Fig. 1. The analysis
assumes lossless elements throughout.

Assuming that Ei = cos at in the direction
shown, one finds the output components of E
parallel and perpendicular to plate 2 (-%, E,,,
respectively) to be

E,, = COS (~ – & – 8,) COS d, COS (OI – h)

+ cos (2’ – 62) sin d, sin (41 – +2)

=Ecos T+ Fsin T’
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