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Theoretical and Experimental Investigation
of Novel Varactor-Tuned Switchalble
Microstrip Ring Resonator Circuits

T. SCOTT MARTIN, FUCHEN WANG, AND KAI CHANG, SENIOR MEMBEFL,IEEE

Abstract — A novel microstrip ring resonator circuit loaded with two

p-i-u diodes has beeu developed as a switcbable filter. By replacing one

p-i-n diode W@ a varactor diode, the switchable filter can be made

electronically tunable. Isolation exceeding 20 dB with 9 percent tuning

bandwidth was demonstrated. An analysis based on transmission line

theory was nsed to model both circuits. The analysis includes the effects of

diode parasitic, coupling gaps, dispersion, and mounting gap capacitance.

The experimental results agree very well with the theoretical calculation.

I. INTRODUCTION

M ICROSTRIP ring resonators have been widely used

for the measurements of dispersion, phase velocity,

and dielectric constant [1]–[4]. The ring resonator alone

naturally acts as a bandpass filter. The frequencies that

pass through the circuit are only those whose guided

wavelength is an integral multiple of the mean circumfer-

ence. If gaps are cut at 90° radially from the feed point, as

shown in Fig. 1, the odd-numbered modes disappear and

only the even-numbered modes appear in order to satisfy

the boundary conditions. Varactor-tuned ring resonators

were recently demonstrated with up to 15 percent tuning

range by mounting varactor diodes in the gaps [5], [6].

This paper reports two novel ring circuits: an electroni-

cally switchable filter and a tunable switchable filter using

p-i-n diodes. The p-i-n diode acts as an open circuit when

reverse biased and a short circuit when forward biased. If

the diodes are mounted across the gaps in the ring res-

onator shown in Fig. 1, the odd modes can be switched on

and off by varying the bias on the diode. When the diodes

are forward biased, it is as if there were no gaps in the ring

and all integer numbered modes were passed. When the

diodes are reverse biased, the boundary conditions will not

allow the odd-numbered modes to propagate and they will

have a high attenuation. High isolation is thus achieved
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Fig. 1. Circuit configuratic,n of a resonant ring mounted with two

diodes.

due to built-in mode rtjection. A switchable ring resonator

was built with less than 2 dB insertion loss and over 20 dB

isolation.

If a varactor diode is used to replace one of the two

p-i-n diodes, the switchable filter can be made tunable.

This circuit would have not only an electronically tunable

resonant frequency but also a rescmant frequency that can

be switched on and off. A tunirlg bandwidth of over 9

percent with over 20 d13 isolation was demonstrated.

Although the microstrip ring resonators have been stud-

ied extensively in the open literature [7]–[10], most studlies

used a field theory approach to investigate the effects of

line width, curvature, and dispersion on the resonant fre-

quency. An open-ring resonator with a gap inside the ring

was also investigated using a magnetic wall model and

perturbation analysis [“11], [12]. However, it is difficult to

incorporate the varactor and p-i-n diodes into the analysis.

To overcome these problems, a circuit analysis based on

transmission line theory was used [6]. The analysis requires

that each component, as well as the microstrip line, cou-

pling gap, and any additional devkes, be represented by its

equivalent circuit model. The analysis includes the effects

of coupling gaps, diode parasitic,, dispersion, and mount-

ing gap capacitance. The experimental results agree very
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Fig. 2. Mode chart for a resonant ring with two cuts inside the ring.

well with the theoretical calculation. The errors in resonant

frequency and tuning bandwidth predictions are within 3

percent.

Circuit modeling was used to study the effect of the

package parasitic on the tuning range. For a maximum

tuning range, it was found that the package capacitance

should be as small as possible and the package inductance

as large as possible. The bulk resistance has little effect on

tuning range but should be small for low insertion loss.

Although the analysis does not include the conductor

losses and radiation losses, it provides the input and out-

put impedance information which can be used to design a

broadband matching network. This matching circuit is

necessary to reduce the VSJVR and mismatch loss at

resonance.

The ring circuit described here combines three functions

in one device: filtering, tunability, and switchability. Since

the device is monolithically compatible, the results should
have many applications in hybrid and monolithic inte-

grated circuits.

II. ELECTRONICALLY SWITCHABLE RING

F@O~ATORS

It is well known that the ring resonator exhibits a

bandpass/band-reject frequency response. The modes (or

frequencies) that pass through the circuit are only those

whose guided wavelength is an integral multiple of the

mean circumference. The number of wavelengths present

on the ring at resonance defines the mode numbers. There

are infinitely many resonant frequencies and therefore

infinitely many mode numbers. These modes are not all

equally affected when the ring circuit is changed. An

example of this is to have a cut in the ring at 90° radially

from the feed point. To satisfy the new boundary condi-

tions the odd-numbered modes disappear and the new

half-modes appear, as shown in [6, figure 10]. If it is

possible to repair the cut so that the ring is complete again,

the half-modes will disappear and the odd modes will

reappear again. This idea can be used to develop a switch-

able resonator/filter. When a p-i-n diode is mounted across

the, gap, only the integer numbered modes are present (no

half-modes) when the diode is forward biased. When the

diode is reverse biased, the half-modes appear due to the

boundary conditions (and the odd-numbered modes disap-

pear).

For a circuit with two gaps as shown in Fig. 1, the

odd-numbered modes disappear and only the even-num-

bered modes exist in order to satisfy the boundary condi-

tions. The mode chart is shown in Fig. 2. If two p-i-n

diodes are used for the circuit shown in Fig. 1, the reso-

nant frequencies of the odd-numbered modes can be

switched on and off electronically. The odd modes exist

when the diodes are forward biased and disappear when

the diodes are reverse biased.

The equivalent circuit of the diode loaded ring can be

represented by Fig. 3. The transmission line is represented

by a T network and the coupling gaps are modeled by a

gap series capacitance (Cj) together with two fringe capac-

itances (Cl). The impedances ZtOp and Z~Ot represent the

impedances of the p-i-n diodes. The equivalent circuit used

to calculate ZtOP and Z~Ot is given in Fig. 4. R~ is the

series resistance of the forward-biased diode. When reverse

biased, Cl represents the junction capacitance and R, is

the series resistance. LP is the lead inductance and CP the

packaged capacitance. L, accounts for the inductance

introduced by the bonding wire and Cz is the capacitance

of the mounting gap.

The input impedance looking into the ring at the cou-

pling gap can be calculated by solving the six loop equa-

tions as follows:

[P’]= [Z][I]

where
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Fig. 3. Equivalent circuit of a resonant ring mounted with two diocles
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Fig. 4. Equivalent circuit of a p-i-n diode.
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determined from

S21= ~~ = ,s~~.

The resonant frequency is the point at which S12 reaches a

maximum, resulting in maximum power transfer. For a

lossless or low-loss case, the condition S12 = max and

Xin = O occurs at nearl:y the same frequency and it is

equally correct to apply either condition. The S parameter

method is more useful if the attenuation at some frequency

is desired. For a lossy case, solving X,. = O will give better

accuracy.

If the forward bias condition is considered and an

odd-numbered mode is observed, ,Slz will reach a maxi-

mum at the resonant frecwencv. If the reverse bias condi-

I 0 0 0

0 0 0

Once the currents are known then

v
Z’=C’+jD’=~.

i~+le

The input impedance of the circuit, Zin, can be found from

Z’. The input impedance can be used to design the match-

ing networks for the tunable ring or tunable switchable

ring circuits.

The resonant frequency can be determined in two ways.

The first method is to use the bisection algorithm to

determine the frequency at which Xin = O (X,, is the

imaginary part of Zi~). The second method uses the S

parameters of the circuit. The ratio of the reflected power

over the incident power can be determined from

Z,n – Z.
Sll =

Zin + Z.

where Z,. is the input impedance of the circuit and Z. is

the characteristic impedance. From S1l, the ratio of trans-

mitted power to incident power for a lossless circuit can be

o 0 0

0 0 0

o 0

Za+zb+z; – Zb o

– Zb 2ZU -t2zb+ Z,*P – z~

o – Zh z*+ Zb
—

tion is considered then the odd-numbered modes will have

a much higher attenuation and there will be no resonance.

The isolation is given by the difference in S12 at the

resonant frequency for the forward bias condition and S12

at the same frequency for the reverse-biased condition.

A circuit was designed and fabricated based upon the

analysis. It was built on a RT/Duroid 5880 substrate with

the following dimensions:

substrate thickness: 0.762 mm

line width: 2.310 mm

coupling gap: 0.250 mm

device mounting gap: 0.250 mm

ring radius: 3.484 cm

The p-i-n diodes used were from MA/COM (model

47047) with LP = 2.0 nH, CP = 0.1 pF, C’= 0.3 pF at – 50

V, and R~ = 1.3 !J at 100 mA. L, is estimated to be 0.2

nH. A value for R, is not quoted, but similar diodes have a

resistance of 2 SI.

Za+zb+z;
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Fig. 5. Measured response of a switchable ring resonator,

Using the above parameters, the analysis predicts the

resonant frequency for the third resonant mode to be 2.74

GHz when the diode is forward biased. The measured

results shown in Fig. 5 indicate a resonant frequency of

2.69 GHz. The resonant frequency was accurately pre-

dicted to within a respectable 2 percent. Using simply the

approximation 2 rr = n A ~, the resonant frequency is calcu-

lated to be 3 GHz, which is off by 10 percent. Because the

forward-biased p-i-n diode can be represented primarily by

its package parasitic, it becomes very obvious that the

parasitic and coupling gaps significantly affect the reso-

nant frequency.

The results shown in Fig. 5 also indicate an excellent

isolation. When the diodes are forward biased with a total

current of 400 mA, the circuit has a resonance at 2.69

GHz. When the diodes are reverse biased to – 50 V, the

mode is turned off and there is no resonance. The signal

isolation at 2.69 GHz when the circuit is reverse biased is

better than 40 dB. The high insertion loss is mainly due to

the large coupling gap. To reduce the insertion loss, a

much smaller coupling gap is required. The small gap will

significantly improve the impedance matching and reduce

the loss. Since fabrication tolerance limits the gap size to a

minimum of about 25 pm, an insulated copper tape was

used to bridge the gap. The coupling capacitance is formed

by the insulation material between the tape and the mi-

crostrip line. This capacitance is equivalent to a coupling

gap size of less than 3 pm. The circuit with insulated

copper tape across the gap was tested and the results are
shown in Fig. 6. The loss has been reduced to less than 2

dB in the “on” state with over 20 dB isolation in the “off”

state. The resonant frequency was shifted from 2.69 GHz

to 2.6 GHz as a result of the increased coupling capaci-

tance.

HI. ELECTRONICALLY TUNABLE AND SWITCHABLE

RING RESONATORS

A varactor mounted in a ring resonator circuit can be

used to tune the resonant frequency of what has come to

be known as the half-modes [6]. These half-modes arise

because the varactor, which represents a high impedance

hp
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Fig. 6. Measured response of a switchable ring resonator with lower
insertion loss.

d. block

var.ct”r

CI

L b,:. ,irw

/ \

capacitor d. block

PIN

capacitor

Fig. 7. Mask used for the tunable switch filter,

when reverse biased, is almost equivalent to an open

circuit at the mounting position. This open circuit forces

boundary conditions on the ring which allow the half-

modes to appear and odd-numbered modes to disappear.

The half-modes could be turned off and on by correctly

mounting a p-i-n diode in the circuit. The two states of the

p-i-n diode, forward and reverse biased, present different
boundary conditions on the ring to be satisfied. A for-

ward-biased p-i-n diode represents a short circuit and the

circuit behaves as a normal ring resonator with all integer

numbered modes being present. When the p-i-n diode is

reverse biased it represents an open circuit and the fre-

quency response of the circuit is similar to the varactor
mounted ring; the odd modes disappear and the half-modes

appear.

A novel circuit is conceived when the properties of the

varactor-tuned ring and the p-i-n diode switchable filter

are combined in one circuit. This circuit has not only an

electronically tunable resonant frequency but also a reso-

nant frequency that can be switched on and off. The

circuit used for the switchable filter has been modified to

achieve tunability. The actual mask is shown in Fig. 7. The

varactor and p-i-n diodes are to be mounted across the

gaps cut at 90° radially from the feed lines. Across the

remaining two cuts, large dc block capacitors are mounted.

The dc block capacitors are necessary because the biases

on the p-i-n and varactor diodes are different.
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Fig. 8. Equivalent circuit of a packaged varactor.

A theoretical analysis was developed based on the same

methods and equivalent circuits as in Section II. The .ZtOP

in Fig. 3 is replaced by a varactor diode with equivalent

circuit shown in Fig. 8. The particular mode of interest is

the mode n = 3.5. When the p-i-n diode is forward biased,

the half-mode is present. The voltage across the varactor

can then be varied to adjust the resonant frequency. As the

capacitance of the varactor is decreased the resonant fre-

quency increases. When the p-i-n diode is reverse biased,

the half-mode is turned off. The predicted isolation for the

circuit is 20 dB.

The theoretical and experimental results for the tuning

range are given in Fig. 9 for comparison. The error is

approximately 3 percent. The varactor (MA/COM model

46600) used has Cp = 0.05 pF, L,= 1 nH, and R$ = 1 Q,

and Cj ( V) varied from 0.5 to 3.0 pF. When the p-i-n diode

is forward biased, the varactor presents a tuning range

from 2.90 to 3.16 GHz. This is approximately a 9 percent

tuning bandwidth. When the p-i-n diode is reverse biased,

the mode is turned off, giving an isolation of approxi-

mately 20 dB.

The tuning range of the resonant ring can be signifi-

cantly increased if the p-i-n diode is replaced by a varac-

tor. In this case, the resonant frequency is tunable but no

longer switchable. The results are shown in Fig. 10. The

tuning range is increased to 15 percent. Again, the agree-

ment between experimental results and theoretical predic-

tions is quite good.

IV. EFFECTS OF THE VARACTOR PACKAGE

PARASITIC ON TUNING RANGE

The package parasitic could affect the tuning range of a

varactor-tuned ring. It is useful to know which parasitic

degrade the tuning performance so that devices which

minimize the parasitic can be used. Likewise it is useful to

know if any of the parameters enhance the tuning range so

that they can be maximized in the varactor being used. The

parasitic considered are those in Fig. 8: L,, LP, CP, and

R.. R, is the bulk resistance of the semiconductor and LP

and CP are due to the varactor packaging. Typical values

for R,, LP, and CP are given by manufacturers in their

data books for a given device and package style.

The resonant frequency as a function of varactor capaci-

tance has been plotted for various parameters in Figs. 11

through 13. The ranges for the parameters are typical

values that can be expected for a packaged varactor.

In Fig. 11 the effect of the package capacitance on the

resonant frequency is displayed. The packaged capacitance

z~-,io ,;5 ,b ,;5 t~o
I

225 252
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Fig. 9. Tuning range for a tunable and switchable ring resonator.
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Fig. 11 Effect of CP on the resonant frequency as a function of tumng
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CP is in parallel with the tuning capacitance C,. Because

capacitances in parallel are added, the effective varactor

capacitance (neglecting Cz) can be written as CP + C“.

From Fig. 11, it can be seen that for a small varactor

junction capacitance the package capacitance can give a

large change in the resonant frequency, while for a large

junction capacitance the effect is small. If a package with a

large package capacitance is used, then the device ca~aci-

tance will be dominated by the package capacitance. The

device junction capacitances will have less of an effect on

the resonant frequency and the result is a smaller tuning
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Fig. 13. Effect of L, on the resonant frequency as a function of tuning
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range. As the package capacitance is increased while all

other parameters remain constant, the frequency tuning

range for a given capacitance range is smaller. To ensure

the maximum tuning range possible it is important that a

package with a small capacitance be chosen.

The inductance LP is also introduced in the device

package. Fig. 12 shows the effects of the package induc-

tances on the resonant frequency. As the inductance is

increased the tuning range is also slightly increased. The

inductance does not degrade the performance of the circuit

but seems to enhance it. It is generally conceived that all

package parasitic should be minimized in order to maxi-

mize the performance of any circuit, but this is not the

case for this application. Many package styles offer rela-

tively high inductances (as high as 2.0 nH). In this varactor

application the package inductance does not degrade the

performance of the circuit; thus if given a choice, a pack-

age with a large inductance should be chosen.

The bonding inductance is not actually package para-

sitic in the strictest sense because it does not lie within the

package itself. The inductance L. arises from the embed-

ding of the varactor into the circuit. The leads from the

device to the circuit and the bonding of the leads give rise

to L,. Information on this inductance cannot be supplied

by the vendor because it varies for each application. The

effect of L, on the resonant frequency is given in Fig. 13.

The range of L. is arbitrarily chosen but one would expect

L, to be at least comparable to LP because of the physical

dimensions involved. As can be seen in Fig. 13 the induc-

tance L, does not degrade the frequency tuning range and

may actually improve it slightly. As the inductance is

increased the whole tuning curve is lowered. This gives the

same effect as increasing the mean circumference of the

ring and, as would be expected, lowers the resonant fre-

quency.

Theoretical results show that the bulk resistance R, does

not affect the resonant frequency of the circuit. It should

be noted that it is important to minimize R, so that the

circuit Q will be as high as possible and the insertion loss

kept as low as possible.

The effect of the package parasitic on the tuning range

is summarized below. From this information a device and

package can be chosen so that the frequency tuning range

is maximized. The following guidelines can be used in

choosing a varactor:

1) The tuning capacitance, C,, should span a large range

of junction capacitance values.

2) A package should be chosen such that the package

capacitance, CP, is as small as possible.

3) A package should be chosen such that the package

inductance, LP, is as large as possible.

4) The bonding wires will not degrade the tuning range

but should be kept as short as possible so that L, will

be more predictable.

5) The bulk resistance should be as small as possible.

V. CONCLUSIONS

Two novel microstrip ring resonator circuits have been

developed. One uses two p-i-n diodes mounted inside the

ring and works as a switchable filter. The other works as a

tunable switchable filter using one p-i-n diode together

with a varactor. An isolation of over 20 dB and a tuning

bandwidth of 9 percent were achieved. The resonant fre-

quency and tuning bandwidth agree very well with a

theoretical analysis based on transmission line modeling.

The analysis includes the effects of diode parasitic. cou-

pling gaps, dispersion, and mounting gap capacitance. The

effects of varactor package parasitic on the tuning range

have also been investigated using this analysis. Although

no attempt was made to match the circuits using the

analysis, matching networks can be easily designed since

the input impedance can be calculated. The results should

have many system applications in hybrid and monolithic

circuits.
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