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Short Papers

Coupling Parameters for a Side-Coupled
Ring Resonator and a Microstrip Line

Shih-Lin Lu and Altan M. Ferendeci

Abstract— A ring resonator side coupled to a microstrip line shows
two close but distinet resonance peaks. These are identified as due
to even-mode (magnetic field) and odd-mode (electric field) coupling.
Equivalent circuit models for both cases have been proposed and coupling
parameters are calculated using piecewise, coupled-line approximations.
The calculated coupling coefficients for the two cases are compared with
the experimentally-measnred coupling coefficients and show very good
agreement with the models used.

" 1. INTRODUCTION

Among the various applications of ring resonators, they are used
to measure dielectric constant of materials [1], to tune and stabilize
microwave oscillators [2], and to characterize high temperature
superconducting thin films [3]. Ring resonators can be either edge
coupled or side coupled to a microstrip transmission line [4]-[6].

Measurements made on side coupled ring resonators show two very
close but distinct resonant peaks. The two distinct resonant peaks are
identified as the even-mode (magnetic field) and odd-mode (electric
field) coupling of the coupled transmission line theory' [7].

In this paper, the equivalent circuits for the even- and odd-mode
couplings for a ring resonator side coupled to a microstrip line are
given and the coupling factor for each case is modeled and calcu-
lated using piece-wise coupled-line approximations. The calculated
coupling coefficients are found to have very good agreement with
the experimentally measured results.

{I. CircUIT MODELING

Fig. 1 shows a ring resonator side coupled to a microstrip line.
The substrate has a thickness h and a relative dielectric constant
€r. The radii Rz and R: of the ring resonator are chosen for the
desired isolated resonance frequency f,. The microstrip line has
a characteristic impedance of Z, = 50%. The closest separation
distance between the resonator and the microstrip line is d and it is
located at a distance D away from the input reference plane.

The lowest order resonant mode of a ring resonator is the TMi 1o
mode [8]. The even- and odd-mode couplings take place if the
induced magnetic field or the induced electric field is a maximum
at the resonator near the microstrip transmission line. As the fields
propagate in the microstrip line, the electric and magnetic fields both
induce the corresponding electric and magnetic fields in the ring
resonator. There results in the ring resonator two simultaneous field
distributions with different coupling mechanisms. For the isolated
resonator, the resonance frequency of the two modes degenerate into
a single mode. When the coupling to the microstrip line takes place,
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IThe even- and odd-mode notation for the coupled lines used here is
different than the even and odd integer (n) used to define the simple resonant
frequencies of the TMy,10 mode which relates the mean circumference L to
the resonant guide wavelength by L = nl,.
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Fig. 1. Ring resonator side coupled to a microstrip line; for the even-mode
coupling. (a) Magnetic fields at the plane of d. (b) Corresponding current
and voltage distributions; for the odd-mode coupling: (c) Electric fields at the
plane d. (b) Corresponding voltage and current distributions.

the degeneracy is removed and the double resonance is observed as a
result of the different coupling mechanisms associated with the two
modes.

Fig. 1(a) shows the magnetic fields that couple the microstrip line
to the resonator at the plane of the closest distance d. The current
distribution is maximum at d and at the farthest and opposite side
(at the plane AA) as shown in Fig. 1(b). These two planes where the
current is a maximum can be thought to be the location of electrical
shorts (SC). The resulting resonator is then made up of two A/2 long
short-circuited parallel transmission lines whose lumped equivalent
circuit is a series resonant circuit. Coupling to the transmission line
is through an ideal transformer with a mutual inductance of M.
as shown in Fig. 2(a). This model is equivalent to the even-mode
coupling of the coupled transmission line analysis.

For the odd-mode coupling scheme, the induced electric field is
maximum at d and also at the opposite end away from d [Fig. 1(c)].
These two extreme planes of the resonator (at the plane AA) thus act
as electrical open-circuits (OC) as shown in Fig. 1(d). The resonator
can now be represented by two A/2 long open-circuited resonant
lines in parallel. These are then equivalent to a parallel resonant
circuit coupled to the transmission line through a coupling capacitor
C, as shown in Fig. 2(b).

To calculate the coupling coefficient associated with the even-mode
coupling, the equivalent circuit of Fig. 2(a) is used. Here, the loop
equations are

Vi =jwLl, + jwMI,

1

BRI + TR

I+ jwMI, + jwL I, = 0. 1)

The subscripts 7 and p refer respectively to the resonator (sec-
ondary) and the primary of the transformer. Solving the set of
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Fig. 2. Equuvalent circuits for (a) even-mode and (b) odd-mode coupling.
(c) Piece-wise coupled line approximation and the corresponding equivalent
circuits used in modeling of the (d) even- and (e) odd-modes.

equation for 17 in terms of I,, the input impedance seen at the
terminals of the primary can be written as

z° = Vi
I,
L, + w2 M? 1
R, +j<er - wCr)
~ Wi M? a . )
R, +4/’(er - L/JCT)

The term jw L, is small compared to the second term on the right,
and is neglected. The circuit given in Fig. 2(a) is thus reflected into the
primary of the transformer as an equivalent parallel resonant circuit
in series with the transmission line at D.

At D, the input reflection coefficient Sy, is

Z5,

27,

zZ:
1+ 57,
By definttion. the even-mode coupling coefficient is given by /3¢ =
Z}./2Z,. The input reflection coefficient at the coupling plane on
the line becomes

St = (3)

St
3¢ = ; 4)
! €
1= |55
Thus, the measurement of the reflection coefficient at resonance
provides the coupling coefficient between the ring resonator and the

microstrip line.

The odd-mode coupling between the ring resonator and the line
can be calculated in a similar way using Fig. 2(b)

I = julCo(V, = V1)

GV, + J% Vi jwC (Ve = V) + jwC, Ve = 0. (5)

The input admittance becomes

L1
Y= 7

_ Ip

-

2 2
= jwCy + - 1 (©)
G+ jlw(Cr+ Cs)—
whl,

The first term is small compared to the second term near resonance
and can be neglected. The second term can be represented as a series
R, L, C; circuit in parallel with the transmission line. Therefore,
the two equivalent circuits given in Fig. 2(a) and (b) leads to a phase
differences of 180° in S1; between the even- and the odd-mode
coupling.

By definition, the coupling coefficient for the odd-mode is 3¢ =
Y75, /2Y,. Again, the measurement of | ST, | at the respective resonant
frequency provides the experimental data on the odd-mode coupling
coefficient.

III. COMPUTER SIMULATIONS

In order to calculate the coupling coefficients tor the even- and
odd-modes, definition of () in terms of energy and power loss is
used. The external @ of the resonator can be written as

wi,
@e = P.,.
Here W1, is the total stored energy in the resonator and P. is
the power coupled to the external circuit. From Fig. 2(a). for the
even-mode these two quantities can be written as
-1 2
W.=3L.1
712
p, =l
1Z,
_(JjwMI))?
T4z,
277272
wM=T
=——"", (8
1Z, )
Here L, and M are total lumped resonator and mutual inductances.
In order to calculate these quantities, a piece-wise coupled line
approximation is made. This is shown in Fig. 2(c) and (d) for the
even-mode coupling. The resonator is divided into N segments of
length Al = K, A¢ which are parallel to the main transmission
line and are separated by a distance (d + Ry) — Rz cos 8. Here
R, = (Ry + R1)/2 is the mean radius of the ring resonator. Each
coupled line segment can be represented by the circuit parameters
shown in Fig. 2(d).
Using a current variation of I cos # [4]. the total stored energy
can be written as

(7)

Ww,=1r.r1?

|
[

27
/ L(I cos 8)° Ry dé. 9)
0]

Here L, is the distance dependent even-mode inductance associated
with the coupled lines.
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The coupled power can be written in terms of the voltages
generated at each of the primary terminals of the transformers as

V2
Pex = 4_2:
_(mtvat - ton)
4z,
N 2
[Z wM(z)f cos 8 Al
= 17 (10)

Here M (i) is the distance dependent mutual inductance of the ith
line segment.
Finally, the coupling coefficient becomes

e Q0P
g = wW;

N 2
Qow [Z M(3) cos ¢ Al]
= = . an

27
4Z,Ro L, cos26dé
(1]

Here @, is the unloaded @ of the resonator.

Similar calculations can be made for the odd-mode coupling. From
Fig. 2(b), the total energy stored in the resonator and the power
coupled to the external circuit can be written as

Wi=1CV;
Z,
sz = TIZ.

(12)

Using the equivalent capacitive transformer, the currents become

Ip = ] wCoa%é: Vr.
Here the C, and C. are odd and even-mode capacitances of the
coupled lines.

For the odd-mode coupling, the coupled line approximation leads
to the equivalent circuit shown in Fig. 2(e). Using an electric field
distribution of E = F, cos 4, the total stored energy and the power
coupled to the external circuit can be written as

W, =102

(13)

27
:%/ RoC, (V" cos 6)2 d6
0
Zo »
Pe:c :T z
Zo 2
= (Iop + Lz +- -+ IN) (14)
=% iwC’ (')——————Ce(i) V, cos 8 Al 2 (15)
Tae e m e T cos

Here C.(i) and C,(i) are the even and odd-mode capacitances
associated with the coupled lines and are functions of the separation
distance of the coupled line segments. Finally, the coupling coefficient
becomes

0 —_— QDPEZ
8= wW,
Y 0u(i)Celi) i
2 o()CUelt
ZoQow [Z{ AGETAG 9Az}
_ =L ) (16)
4Ry C, cos2 8 de

0

Equations (11) and (16) are used to simulate the even- and
odd-mode coupling coefficients. For the various distance dependent
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Fig. 3. Calculated coupling coefficients as a function of spacing d for the
odd- and even-mode coupling. Experimentally measured odd-mode (A) and
even-mode (1) coupling coefficients.

inductances and capacitances, the corresponding values associated
with the even and odd-mode parameters of the coupled-line theory are
used [9]. The resulting calculated coupling coefficients for the even-
and odd-modes are plotted in Fig. 3 as a function of the separation
distance d. For a given separation distance, the coupling coefficient
for the even-mode is always higher than the odd-mode coupling.

IV. EXPERIMENTAL RESULTS

The coupling parameters for both the even and odd-mode couplings
are measured experimentally by preparing various circuits with
identical resonator and microstrip dimensions. The only parameter
that was different from one circuit to the other was the separation
distance d. Alumina having a thickness of 0.508 mm was used as the
dielectric substrate. Gold was deposited on both sides of the substrate.
Circuits were lithographically processed on one side and the opposite
side was used as the ground plane. The microstrip dimensions were
chosen to have a characteristic impedance of 50 . The ring resonator
dimensions were chosen to have an isolated resonant frequency of
10.4 GHz. 4 circuits with d = 50.8 pm, 125 pm, 254 pm, and 381
um were prepared.

Using an HP-8510 Vector Network Analyzer, S21 were measured
over a frequency range of 9.7-11 GHz as shown in Fig. 4. The
peaks to the right are due to the even-mode coupling and to the left
are due to odd-mode coupling. Using the data in Fig. 4, the even-
and odd-mode coupling coefficients 3° and 3° are calculated. These
are included in Fig. 3 for comparison with the simulated results. The
agreement between the calculated and measured coupling coefficients
are very good especially for the even-mode coupling. Even with
the approximations made in dividing the ring resonator into lengths
Al = R, A8 which become zero at § = /2, most of the contribution
to the coupling occurs for distances close to § = 0°. The odd-mode
coupling is lower than the simulated results due to the approximations
used in calculating the coupling capacitance values. As the separation
distance between the ring resonator and the microstrip line decreases,
the incremental coupled line capacitances deviate from the values
obtained from the coupled line calculations. E, which is assumed to
be constant varies as a function of the distance between the microstrip
line and the ring resonator. These lead to lower capacitance values
than the actual capacitances.

Phase difference measurements of S11 between the two resonant
peaks were also made to enhance the validity of the circuit models for
the two coupling modes. For the case of d = 50.8 um [Fig. 4(a)], the
phase difference between the two peaks came out to be 126°. Using
the magnitude data, the corresponding inductance, capacitance and
resistor values are calculated for each mode. Then, the two circuits
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Fig. 4. S21 as a function of frequency for four circuits with identical
microstrip and ring resonator dimensions: (R2=2.05 mm, R1=1.58 mm,
D=6 35 mm, w=0.470 mm, fo=104 GHz, h=0.508 mm) but with different
separation distances: (a) d =50.8 um, (b) d =125 pm (c) d =254 pm, and
(d) d =381 pm.

of Fig. 2(a) and (b) are combined to calculate the S21 of the overall
circuit. For this case. the calculated phase difference came out to be
130° which is very close to the measured value of 126°. Considering
the approximations made in determining the circuit elements, the
closeness of the measured and calculated phase vatues also confirms
the validity of the even- and odd-mode coupling models presented
here.

V. CONCLUSION

In this paper, the presence of two closely spaced but distinct
resonance frequencies of a ring resonator side coupled to a microstrip
line are identified as due to the even-mode and odd-mode coupling.
The coupling coefficients calculated from the piecewise modeling
of the equivalent circuits using the coupled line parameters and the
experimentally measured values are in close agreement with each
other and verify the presence of the two coupling mechanisms.
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The Use of Active Traveling-Wave
Structures in GaAs MMIC’s

S. Gareth Ingram and J. Chris Clifton

Abstract—A coplanar waveguide has been fabricated on a modulation
doped GaAs substrate in order to evaluate the potential of traveling-
wave structures in microwave applications. The use of a Schottky contact
center conductor enables the line to function as a slow wave structure
in which the rf propagation characteristics can be modified with a dc
bias. Measurements are reported at 10 GHz on simple structures, some
of which incorporated an additional dielectric layer. Results show that
slow-wave factors of between 8 and 24 are readily obtained with a loss
per slow-wave factor was about 0.7 dB/mm. The practical issues relating
to the application of such structures in phase shifters, chip size reduction,
compact active filters and resonators are examined.

I. INTRODUCTION

The integration of active traveling-wave structures as planar control
components into GaAs monolithic microwave integrated circuits
(MMIC’s) may provide the means to reduce chip size and increase
functionality. At lower frequencies the cost savings could be sig-
nificant. Traveling-wave structures are transmission line structures
which have cross sections analogous to a particular electronic device.
The stripline is an example of a nonactive traveling-wave structure,
with a cross section based on the parallel plate capacitor. For most
purposes, this structure can be considered as a linear transmission line,
with propagation properties independent of the rf signal amplitude
and any additional dc bias. In contrast, active structures based on
junction devices display a marked variation in rf signal propagation
with changes in the signal amplitude. For small rf amplitudes, a
superimposed dc bias can be used to control the attenuation and
electrical length of such a line. Larger signals lead to nonlinear
behavior. resulting 1n pulse shaping, shock wave generation. or even
wide-band amplification.

This paper reports on the design and fabrication of Schottky
contact transmission lines (SCTL) and metal insulator semiconductor
transmission lines (MISTL’s) on GaAs to investigate the potential
for reducing chip size and for providing voltage-variable signal
propagation characteristics.
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