
IEEETRANSACTIONSON MICROWAVETHEORYAND TECHNIQUES,VOL. Mn-32, NO. 1, JANUARY1984102

[3]

[4]

[5]

[6]

[7]

Trans. Microwave Theo~ Tech., vol. MTT-31, pp. 164-170, Feb.
1983.
M. V. Schneider and W. W. Snell Jr., “Harmonically pumped
stripline down-converter,” IEEE Trans. Microwave Theory Tech., vol.
MTT-23, pp. 271-275, Mar. 1975.
M. V. Schneider, “Metal-semiconductor junctions as frequency con-
verters,” in Infrared and Millimeter Waves, K. J. Button, Ed. New
York: Academic Press, 1982, ch. 4, pp. 248-249.
D. B. Rutledge and M. S. Mnha, “Imaging antenna arrays;’ IEEE
Trans. Antennas Propagat., vol. AP-30, pp. 535–540, July 1982.
G. H. Brown and O. M. Woodward, “Experimentally determined
radiation characteristics of conicaf and triangle antemas,” RCA
Reuiew, vol. 13, pp. 425-452, Dec. 1952.
K. Stephan, “A study of microwave and millimeter-wave quasi-opti-
caf planar mixers,” Ph.D. dissertation, University of Texas at Austin,
May 1983.

*

Karl D. Stephan (S’77-M77) was born in Fort
Worth, TX, on December 18, 1953. He received
the B~S. degree in engineer&g from the Crdi-
fornia Institute of Technology, Pasadena, CA, in
1976, and the M. Eng. degree from Cornell Uni-
versity, Ithaca, NY, in 1977.

In 1977, he joined Motorola, Inc. in Fort
Worth, TX. From 1979 to 1981, he was with
Scientific-Atlanta, Atlanta, GA, where he en-
gaged in research and development pertaining to. . .
cable television systems. ARer working at Hughes

Aircraft in the summer of 1982 as a Student Engineer, he received the
Ph.D. degree in electrical engineering from the University of Texas at

Austin in 1983. In September 1983, he joined the faculty of the University
of Massachusetts at Amherst, where he is presently Assistant Professor of
Electrical Engineering.

Dr. Stephan is a member of Tau Beta Pi.

Tatsuo Itoh (S’69-M’69-SM’74-F’82) received
the Ph.D. degree in electrical engineering from
the University of Illinois, Urbana, in 1969.

From September 1966 to April 1976, he was
with the Electncaf Engineering Department, Uni-
versity of Illinois. From April 1976 to August
1977, he was a Senior Research Engineer in the
Radio Physics Laboratory, SRI International,
Menlo Park, CA. From August 1977 to June
1978, he was an Associate Professor at the Uni-
versity of Kentucky, Lexington. In July 1978, he

joined the faculty at the University of Texas at Austin, where he is now a
Professor of Electrical Engineering,. During the summer 1979, he was a
Guest Researcher at AEG-Telefur&en, Ulm, West Germany. Since Sep-
tember 1983, he has held the Hayden Head CentermiaJ Professorship of
Engineering at the University of Texas.

Prof. Itoh is a member of the Institute of Electronics and Communica-
tion Engineers of Japan, Sigma Xi, and Commission B of USNC/URSI.
He serves on the Administrative Committee of IEEE Microwave Theory
and Techniques Society and is the Editor of IEEE TRANSACTIONSON
MICROWAVE llLEORY AND TECHNIQUES.He k a Professional Engineer
registered io the State of Texas.

The Microstrip Open-Ring Resonator

INGO WOLFF, MEMBER, IEEE, AND VIJAI K. TRIPATHI, MEMBER, IEEE

Abstract —The open-ring microstrip resonator is analyzed by utilizing
the two-dimensionaf magnetic watl model. The solution and the numericaf
results for the eigenvahres and the electromagnetic fields for various

resonant modes are presented. It is shown that the experimental results are
in good agreement with the theoretical predictions based on this model.

I. INTRODUCTION

OPEN-RING microstrip resonators have been pro-

posed for applications in microwave filters [1] and as
planar antenna elements [2]. The structure is analyzed in

this paper by utilizing the two-dimensional magnetic wall

model, and the results computed for eigenvalues (resonant
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frequencies) and electromagnetic field distribution are pre-

sented. The problem is similar to that of the disc and the

closed-ring resonators, which have been studied extensively

in recent years for applications as resonators and planar

antenna elements [2]–[10]. The magnetic wall model, though

an approximate one, has been successfully used in the past

for many rnicrostrip patch geometries, including discs and

annular rings.

H. THE MODEL AND THE EIGENVALUE PROBLEM

FOR THE MICROSTRIP OPEN-RING RESONATOR

The rnicrostrip open-ring resonator, as shown in Fig.

l(a), consists of a planar ~ing segment having an inner

radius ri, an outer radius ra, and an angle a of the open

segment on a substrate of height h. The corresponding

magnetic wall model for the resonator is defined in Fig.

l(b). This consists of a ring with effective inner and outer

radii ri ~ff and ra ~ff, respectively, vertical magnetic walls
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zA rings [3], [6] and are not significant, as long as the width of

A the microstrip line forming the open-ring resonator is

small.

Since the height of the substrate material h is assumed to

< be small compared to the wavelength on the rnicrostrip

ring, only modes with electromagnetic fields, which are

independent of the z-coordinate (Fig. 1) are considered.

Using the assumptions made above, the expressions for the

electromagnetic fields are found to be

{’
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(a) The microstrip open-ring resonator. (b) The magnetic
model used for formulating the eigenvafue problem.

wall

between the edges and the ground planes, and the resonrv

tor filled with a medium having a relative dielectric con-

stant ~eff corresponding to that of the microstrip line. The

effective radii are given by

ri,eff = ~ - Ari,
weff — w r,

Ari= z ;
a

)’veff — w
ra,eff = ra + Ar., Ara= z . (1)

Here, Weff is the effective width of the rnicrostrip line,

and can be determined by using various rnicrostrip line

models including that of Kompa and Mehran [11]. The

factor r, /ra in the equation for Ar, has been introduced to

describe the vanishing stray field in the limiting case r, + O

[6], No attempt has been made to include the effects of

stray fields in the gap of the open-ring since the electro-

magnetic fields in this region are strongly dependent on the

field structure of various modes. For certain modes, e.g.,

the lowest order mode, the effect of the gap can be

approximated by introducing a gap capacitance and an

effective angle to account for the fringing stray fields at the

ends. In general, however, the influence of the stray fields

in the gap can only be described accurately by formulating

the complete boundary value problem.

The dispersion effects can, if desired, be included in the

model by utilizing the frequency-dependent dynamic di-
electric constant c~w as shown for the case of discs and

{

‘.’( ‘ra,eff )
H,= LA Jp(kr)–

1
~(kr) sin(w$)

jupor Yv’( kra,eff )

(3)

( J;(kr.,.ff) ~ kr) COS(W+)AA .lj(kr)–H+= .
J(.O/.LO

K’(kra,eff ) ()

(4)
where

k = to{= is the wavenumber and v is given by

m7r-—
‘–2T–a

(5)

such that the boundary conditions for the tangential H,-

component at @= O and + = – a, i.e.j at the ends of the

ring segment (Fig. 1), are satisfied. I?rorn the boundary

conditions for the Ho-component, which is tangential to

the cylindrical boundary of the model resonator at r = rl,.ff

and r = ra,eff, the eigenvalue equation is found to be

Jv’(kra,eff) _ 4’(kr,,eff ) = o
(6)

L’(kra,eff) K’(krt,eff) “

In the above expressions, J, is the cylindrical function of

the first kind (Bessel function), Y. is the cylindrical func-

tion of the second kind (Neumann function) of order v,

which is dependent on the gap angle a and is, in general,

not an integer value. The primes represent the derivative of

the functions with respect to the total argument.

III. THE MODES OF THE OPEN-RING RESONATOR

The electromagnetic fields associ~ted with all the

-%.o(TW.0) modes with resPect tO the Z-MS CaII be
evaluated from (2) though (6). Here m describes the depen-

dence of the electromagnetic field components on the

azimuthal angle and n is the order of the root of the

eigenvalue equation (6), and describes the radial behavior.

The resulting three different classes of lmodes are discussed

below.

A. The EO.O(TMOnO) Modes

If m = O, the electromagnetic fields are independent of

the azimuthal angle +. Fig. 2 shows the field lines for the

magnetic field strength of the EOIO(TMOIO ) mode in the

open-ring resonator with a gap angle a = 5”. The field lines

are open circles which begin and end on the magnetic walls
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Fig. 2. Field distribution of the electromagnetic field of the I&. mode.
Gap angle a = 5°. The figure shows the real geometrical structure of the
resonator (inner circles) and the geometry of the magnetic wall model
(outer circles).
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Fig. 3. The eigenvalues of the .5..0 modes for n =1 to n = 4 versus
r,/ro.

of the curved microstrip-line model. The electrical field is

maximum at the magnetic walls (r = r,~eff and r = r.,,ff )

and has a zero near the middle of the nucrostrip line. The

exact position of the zero depends on the curvature and

width of the microstrip line. The magnetic field strength Ho

has a maximum value at the position of the zero of E=. Fig.

3 shows the eigenvalues k~nra,eff as a function of the

quotient r, /ra for different values of n. It should be noted

that the eigenvalues of the EO~Omodes are dependent on

the inner and the outer radius of the open-ring resonator

only, and not on the gap angle a. This property may be
easily understood if the field distribution as shown in Fig.

2 is considered. The geometrical form of the electromag-

netic field distribution is not changed by varying the gap

angle a. The eigenvalue equation and the eigenvalues of the

EOnOmodes of the open-ring resonator are exactly the same

as those for the Eono modes of the closed-ring resonator.
The Eono modes normally are not used in practical applica-

tions because the eigenvalues become very large for small

line widths (Fig. 3).

B. The E~lo(TiW~lO) Modes

The Ello mode is the one with the lowest eigenvalue,

and, therefore, is of interest for practical applications. As

Fig. 4 shows, the Ello mode can be considered as the

resonance on a curved A/2 microstrip line. The field

distribution of the magnetic field strength far away from

the gap is nearly equal to that of a straight microstrip line.

Only in the gap area does the field distribution change,

because the field lines must be perpendicular to the

boundaries at the end of the lines. As the gap angle

approaches zero, the field distribution does not converge

into that of the closed-ring resonator because the magnetic

walls at the ends of the ring line do not vanish and, as

shown in Fig. 5, the eigenvalues of the Ello mode are

nearly half the value of those for the closed-ring resonator.

The eigenvalues of all the E~lo modes, as should be ex-

pected, are dependent on the gap angle a. Fig. 6 shows the

influence of the gap angle on the radial distribution of the

electric field component E=. For small gap angles (e.g., 50),

the electric field component E. (considered at the azimuthal

angle @where it is maximum) is nearly constant across the

microstrip line and only changes slightly from the inner to

the outer circumference, whereas for a = 180°, the variation

in the magnitude of E= is more significant as one goes from

the inner to the outer circumference.

If m is changed from 1 to 2, an additional zero of the

azimuthal component Ho is found and the corresponding

field distribution is shown in Fig. 4(b). The mean value of

the resonator length now is nearly one line wavelength. The

E=-components of the modes with higher m-values are more

strongly dependent on the radial coordinate than that of

the Ello mode.

C. The E~no(TM~no) Modes

For values of n higher than 1, i.e., for a higher order

solution of the eigenvalue equation (6), the E,-component

and simultaneously the H,-component (see (2) and (3))

have one or more zeros as a function of the radial coordi-

nate. Therefore, the magnetic field lines have a distribution

as shown in Fig. 7, where a concentration of the field lines

near the gap can be recognized. Because of the strong

dependence of the field components on the radial coordi-

nate, the eigenvalues of the E~~o modes with values of n

higher than 1 become very large for ring resonators with a

small line width. This is similar to the case of the Eono

modes, and, therefore, these modes normally are also not

of great interest for practical applications.

IV. MEASUREMENTS

More than 150 resonance frequencies of modes on dif-

ferent open-ring resonators have been measured and com-

pared with the theoretical results. The experimental resona-

tors were built on RT-Duroid substrate material (6, = 2.23),

the height of the substrate material was h = 0.79 mm, and

the ring resonators had a mean value of the radius of

R =16 mm. Resonators of widths w =4, 6, 10, 16, and 24

mm and gap angles a ranging from 1 to 20° have been

studied. In each case, the first seven resonances of the

resonance spectrum were measured. Fig. 8 shows the com-

parison between some of the experimental results(x) with

the theoretical results (——) as a function of the width of

the ring resonator. As seen from these figures, the agree-
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(d)

Fig. 4. Field distribution of the electromagnetic field of the Emllo modes for (a) m =1, (b) rn = 2 and (c) m = 3 for an open-ring
resonator of gap angle a = 5° and field distribution of the EIIO mode for an open-ring resonator with a gap angle (d) a = 45°
and (e) a =180°.
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Fig. 5. The eigenvafues of the J5110mode and the Ealo mode as a
function of r, /ra for different gap angles.
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Fig. 6. Dependence of the electrical-field component E, of the EIIO
mode on the radiaf coordinate for three different values of the gap
angle a. r,/ra = 0.3, rfl =1 cm, substrate materiaf: RT/Duroid (c, =
2.23, h = 0.79 cm).

Fig. 7. Field distribution of the electromagnetic field of the Ello mode.
Gap angle a = 5°.

TABLE IA
NORMALIZED DIFFERENCEBETWEENTHEMEASUREDAND THE

CALCULATED RESONANCE FREQUENCIES FOR AN OPEN-RING

RESONATOR WITH GAP ANGLE a =10

m [ wlcm 0.4 0.6 1.0 1.6 2.4

1 -4.6:! .4.4;6 -4.07; -2.9% -0.5%

2 -2.5% -2.3% -1 .9% -1 .7% -2.3%

3 -4.6% -4.5% -4.5% -1 .2% -3.6%

4 -2.’W -2.8% -2.6% -3.3% -3.5%

5 -4.8% -5. IM +5.0% -4.5X -4.6?,

6 -3.0:4 -3.2% -3.3% -3.7% -2.4%

7 -4.97’ -6. WL -5.2% -6.8% -4.4%

TABLE IB
NORMALIZED DIFFERENCEBETWEENTHE MEASUREDAND THE

CALCULATEDRESONANCEFREQUENCIESFORa = 15°

mIw’cm0“4 0’6 ‘“0 “6
‘1 -0.3Z -0.27 -1.1% -1.42

2 -0.4Y +0.1% +1 7% +5 5:/

3 -0.8% -0.2% +0. 5X +0.3%

4 -0.7% -0.4% +0.4% -0.1;4

5 -0.77: -0.2% -1 .7% -0.77:

6 -0.7% -0.5% -0.3% -0,77:

7 -1.1% -1 .0% -0.6;: -0.6%

3 I 3———————

I
“o 04 08 1,2 16 20 24cm

w—

(a)

‘~:*
Emto-mode

a. 20°

‘ -~

11 1“o~
o OL 08 12 16 20 2Lcm
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Fig. 8. Measured (x) and calculated (—) resonant frequencies of
open-ring resonators; E.,lo modes for rn = 1 to m = 7 for a gap angle of
(a) a = 5° and (b) a = 20° as a function of the line width w. Mean
radius of the ring resonator: R =16 mm. Substrate materiaf: RT/Duroid
(c, = 2.23, h = 0.79 cm).

ment between theory and experiment is quite good, despite

the fact that the influence of the end effects of the open

microstrip ring resonator has not been taken into account.

In order to demonstrate clearly as to how large the error

due to the ideal gap assumption is, Table I additionally

shows the difference between the measured resonant fre-

quencies and the calculated resonant frequencies for differ-
ent open-ring resonators in this case with a) a gap angle of
~=1” and b) a=15°. The data presented in Table I

demonstrate that the influence of the gap capacitance on

the resonant frequency is much larger for the case of the

small gap angle (a= 10, than for the case of the large gap

angle (a= 15 O). Additionally, Table IA shows that, as

should be expected from the field distribution, the in-

fluence of the odd-mode gap capacitance (m = 1,3, . ..) on

the resonant frequency is much larger than the influence of

the even-mode gap capacitance (m =2,4,6, . ..). This also

suggests that the open-ring resonator could be used to

measure the even-mode and odd-mode gap capacitances

between two microstrip lines. Table IB shows that, for
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large ga~angles, the influence of the end effect on the

resonant frequency becomes small. The difference between

the measured and the calculated results is of the order of 1

percent or smaller for this case of a 15° gap angle.
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