
2052 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 39, NO. 12, DECEMBER 1991

Experimental Investigation of

Microwave-Optoelectronic Interactions

in a Microstrip Ring Resonator
Ganesh K. Gopalakrishnan, Member, IEEE, Brock W. Fairchild, C. L. Yeh, Chang-Soo Park,

Kai Chang, Fellow, IEEE, Mark H. Weichold, Senior Member, IEEE,
and Henry F. Taylor, Fellow, IEEE

Abstract —Microwave optoelectronic mixing is demonstrated

on a semi-insulating gallium arsenide substrate, by monolithi-

cally integrating Schottky diode photodetectors into a microstrip

ring resonator. When operated in the resistive mixing mode, a

low frequency difference signal is extracted from the bias pad of

the circuit. In the parametric mode, both degenerate and non-
degenerate parametric amplification of an optical carrier signal
takes place. The circuit shows good potential for application in
wide-band fiberoptic systems.

I. INTRODUCTION

R

ECENT advances in optoelectronic technology have

rendered multi-gigahertz bandwidth fiber-optic sys-

tems practical [1]. The excellent transmission properties

of optical fibers and the immunity of lightwaves to elec-

tromagnetic interference, coupled with the availability of

high speed laser diodes, have provided a major thrust to

research in the field of microwave optoelectronics. This

has made possible analog transmission of microwave sig-

nals over a fiber-optic cable by direct modulation of

the laser diode [2]. In’ future microwave systems where

signal and local oscillator waveforms are transmitted

over optical fibers, analog microwave optoelectronic

integrated circuits (OEIC’S) with performance compara-

ble to the present monolithic microwave integrated cir-

cuits (MMIC’S) will be needed. Hence, integration of high

frequency optical and electronic components in the same

chip is currently under intense investigation [3].

The research reported herein pertains to a microwave

OEIC in which a Schottky diode photodetector is inte-

grated into a microstrip ring resonator. The flexibility

afforded by this approach is that both the resistive and
reactive changes of the photodetector, due to absorption

of modulated light, can be independently availed to study
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Fig. 1. Maximum electric field points for the first four modes

microwave-optical interactions. When the study involves a

resistive change, the circuit is said to be operated in the

“resistive mixing mode.” Studies associated with reactive

changes involve operation of the circuit in the “ paramet-

ric mode.” The ensuing sections of this paper are devoted

to the design and fabrication of the circuit and its charac-

terization in the resistive mixing and parametric modes of

operation.

H. DESIGN

As the 3 dB modulation bandwidth of laser diodes gets

pushed higher and higher in the microwave frequency

spectrum, design of efficient optoelectronic components

become very important. An important and essential com-

ponent of an OEIC is the photodetector. To maximize

transfer of signal energy from an optical source to a

photodetector, the detector should be integrated into a

circuit that resonates at the signal frequency; this stems

from the fact that at resonance, energy is transferred

from a source to a circuit at a maximum rate. At mi-

crowave frequencies, the two simple microstrip resonators

are the linear and the ring resonator. The linear res-

onator radiates from both its open ends as opposed to the
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Fig. 2. Maximum electric field points of the first two modes for@= 0° and 180°.

completely closed ring. Since radiation lowers the Q-fac-

tor of a circuit and hence the sharpness of’ resonance,

coupling of microwave energy into a linear resonator is

less efficient vis-a-vis the ring resonator. Hence, the ring

was an obvious choice for the experiments reported in

this paper.

To facilitate optical excitation of the ring resonator,

slits have to be introduced to allow for integration of the

photodetector. Concomitantly, this introduces the prob-

lem of field perturbation to be contended with. Fortu-

nately, this problem can be alleviated by strategically

locating these slits. The maximum electric field points for

the first four modes of a completely closed ring are

illustrated in Fig. 1. To minimize field perturbation, the

slits have to be introduced such that field configuration of

the resulting structure closely mimics that of Fig. 1. In the

presence of slits, the fields in the resonator are altered so

as to satisfy the corresponding boundary conditions in the

resonator; these boundary conditions require that the

electric field be at its maximum on either side of the slit.

The fields of the ring resonator are least perturbed if the

slits are located at azimuthal angles of @= 0° and @=

180° [4]. The field configuration for the first two modes of

this structure is shown in Fig. 2 and these fields very

closely mimic those of Fig. 1. Thus, by locating the pho-

todetector at these slits, the intrinsic characteristics of the

ring resonator are preserved. Also, when optical excita-

tion is applied to one slit, the fields traveling in the

clockwise and the counterclockwise directions add in

phase at the other slit, Thus the ring supports standing

waves, without excessive loss of optical power; this could

be an efficient way to recover low power microwave

signals transmitted over optical fibers. Also, this structure

very closely mimics the characteristics of a completely

closed ring because the radiated fields from the open

ends of one half of the resonator, couples across the slits

into the other half. Thus there is a closed-loop feedback

of fields. Also, an independent microwave excitation can

be applied to the resonator via feed lines skewed from the

resonator so that there is little interaction between the

microwave and optical signals. Hence, this configuration

was applied to the resonator reported in this paper.

Design of resonators for optoelectronic applications is

quite different from the design of conventional microwave

resonators because integration of the photodetector must

be considered. Two important design considerations ap-

plicable only in the optoelectronic domain are the spot

size of the laser beam, and the transit time of the carriers;

these factors dictate the choice of dimensions of the

photodetector that should be integrated into the res-

onator. Large area photodetectors are more efficient col-

lectors of carriers but generally have a poor frequency

response because of the large carrier transit times. On the

other hand, although small area detectors have a better

frequency response, it is considerably more difficult to

couple light into the detector. Photodetectors that re-

spond at microwave frequencies typically have electrode

spacings of the order of a few microns; these electrodes

are biased so that the carriers traverse at the saturation

velocities. For GaAs, the saturation velocity is approxi-

mately 107 cm\s. In GaAs, an electron traveling at the

saturation velocity takes 40 ps to traverse a 4 ~m gap; this

time is much smaller than the speed of response needed

to track a 10 GHz signal, which corresponds to 100 ps. In

view of the process tolerances that could be afforded and

to enable efficient focusing of light, an electrode spacing

of 4 ~m was chosen. Bias pads were designed in conjunc-

tion with the resonator to enable application of bias to

the photodetector; this again was done with minimal field

perturbation to the resonator. The lowpass filters that

constitute the bias pads were designed so that their pass-

band encompassed the desired range of baseband fre-

quencies (a few hundred MHz for this research), for

microwave optoelectronic mixing, Thus by placing a bias-T

at the bias pad, difference frequencies at baseband can be

extracted at the bias port; sum and difference frequencies

in the microwave band can be extracted at one of the feed

lines to the resonator.

Illustrated in Fig. 3 is the layout of the microwave

optoelectronic ring resonator circuit. The connections to
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Fig. 3. Layout of the ring resonator circuit.

the different ports of this figure correspond to experi-

ments in the resistive mixing mode which will be dis-

cussed later. The ring is designed to operate at a funda-

mental frequency of approximately 3.5 GHz and has a

mean radius of 4.73 mm. Two 4 ~m slits are introduced at

diametrically opposite locations of the ring for optical

excitation. A dc bias across the gaps is applied via low-pass

filters with a cutoff frequency near 2 GHz. Since this

frequency is “lower than the fundamental resonant fre-

quency of the ring, the intrinsic fields of the resonator are

not appreciably perturbed [4]. The dimensions of coupling

gaps between the feed lines and the resonator were

chosen to be 30 ~m and 100 ~m, respectively and the

microwave local oscillator (LO) excitation is applied via

the more loosely coupled 100 ~m gap; the output beat

signal is extracted across the 30 pm gap. It is thus

ensured that whereas the LO signal is loosely coupled

into the resonator, extraction of the outrmt signal is more

efficient due to the tighter coupling as~ociat~d

30 ~m gap.
with the

III. FABRICATION, OPERATION AND

CHARACTERIZATION

The circuit is fabricated on semi-insulating GaAs sub-

strate by photolithograhically delineating the pattern on a

1000 ~ thick Au-Ge-Ni layer. This is followed by electro-

plating with Au to a thickness of about 3.2 Mm. The Ni

and Au-Ge are then removed from the unpatterned areas

by etching and the substrate is annealed in a resistive

strip heater at 240°C.

Under application of bias, each slit acts like a pair of

diodes connected back to back whereas just one slit is

used for optoelectronic mixing, the other is needed to

bias the circuit. Current conduction in these devices may

Fig. 4. Illustration of the packaged mixer circuit.

START 2.000000000 GHz
STGP 12. 0000000b90 GHz

Fig. 5. ]Szll versus frequency of the circuit.

be explained as follows: When the back to back pair of

diodes is biased at a certain critical field, breakdown

occurs. The carriers traverse the 4 pm gap region and get

collected at the other contact. In the resistive mixing

mode of operation of the ring resonator, the detector

diode is biased to operate in the breakdown region. As

long as the maximum junction temperature is not ex-

ceeded, the device is not destroyed due to operation in

the breakdown region.

The circuit is glued down to a brass block by a conduc-

tive silver epoxy. Also glued to the brass block are two

RT\Duroid strips that are bonded to the bias pads. SMA

connectors are attached to the RF and bias ports of the

circuit which is pictorially illustrated in Fig. 4. The RF

characteristics of the device was measured using the HP

851OB automatic network analyzer. The first five reso-

nances occurred at 3.52, 7.18, 10.4, 13.52 and 16.9 GHz,

respectively, the corresponding loaded Q-factors are 44,
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Fig. 6. Mode number versus frequency comparison of theory and

experiment.

59.83, 74.29, 56.33 and 105.62. The 1S211 vs frequency

characteristics of the first three modes are shown in Fig.

5. The circuit was modeled using distributed transmission

line theory in which the ring was modeled as a 36-sided

polygon. The discontinuities at the vertices of the polygon

and the gaps between the feed line and the resonator

were modeled by their appropriate equivalent circuits [5];

the slits were modeled as shorts, and the bias pads were

modeled as open transmission line stubs. The theoretical

and experimental results for resonant frequency are com-

pared in Fig. 6 and the agreement is quite good.

IV. EXPERIMENTS IN THE RESISTIVE MIXING MODE

In a resistive mixer, a weak radio frequency (RF) signal,

~RF cos (w ~Ft), is mixed in a time-varying resistance,

with a much stronger local oscillator (ILO) signal

~Lo cos (OJLot). The resulting current contains Fourier

components of frequencies nti Lo t m OR~, where n and

m are integers. However since V~~ << V~o, the only fre-

quency components that are of significance are no Lo +

@~~. The intermediate frequency (IF) is defined as

-16J~~— w~~ —co~~ (1)

where ~11~ can be either larger or smaller than ~ Lo. The

frequency components related to the RF signal can be

expressed as

n~~~ t ~~~ = n’ti L,o + @IF (2)

where n = 1,2,3,. “ ., and n’ = 0,1,2, 000 . The frequen-

cies n’co,<0 ~ o ~~ are referred to as the harmonic side-

bands; the signal voltage will cause current to flow at all

these frequencies indicating that it is possible to transfer

signal power to these frequencies. When the circuit is

operated in the resistive mixing mode, the RF signal

pumped into the resonator is a directly modulated optical

signal from a laser diode; this signal is mixed with a much

larger LO signal from an. independent microwave source

and the difference signal is obtained at the bias pad. In

this case, the photodetector in the slit region also serves

as the mixing element due to the time-varying nature of

its conductance.

Illustrated in Fig. 3 are the port connections to the ring

resonator in the resistive. mixing mode. DC bias is applied

between the two bias pads. The Bias-T provides the

necessary isolation between the dc and the IF signal

paths. The low-pass filters designed in conjunction with

the bias pads have a cutoff frequency of approximately

2 GHz and hence block the fundamental resonance of tlie

ring. However, the IF frequency that is of the order of a

few hundred MHz is effectively passed by the filter. Since

the ring resonator naturally acts like a bandpass filter, the

RF and LO frequencies have to be close to one of the

ring’s resonances to be able to observe mixing of optical

and microwave signals.

The block diagram of the experimental setup is illus-

trated in Fig. 7, The laser diode, collimating lenses and

the device under test are mounted on X-Y-Z microposi-

tioners secured to an optical table. The Ortel SL 1010

laser diode (lasing wavelength= 0.84 pm, threshold cur-

rent is 6.6 mA) is biased at 9 mA, and is directly modu-

lated by a HP 8340A microwave synthesized sweeper. The

input microwave power level into the laser diode is typi-

cally around – 19 dBm. The output of the device under

test was fed into a HP 8565A spectrum analyzer. To

facilitate mixing of microwave and optical signals, mi-

crowave excitation (LO), was independently applied by

means of a HP 8609B sweep oscillator; this excitation is

applied via the feed line skewed from the resonator by

100 pm. To characterize the photodetector, light was

shone in the slit and dc current through the slit region

was monitored as a function of voltage. The bias depen-

dence of dark and photocurrents across the slits are

shown in Fig. 8. When the bias voltage is 8 V or greater,

dark current approaches photocurrent. This is because

there is a large concentration of carriers’ from the back-

ground dark current due to application to bias, and hence

further enhancement of current due to photoinjection is

very small. Current detection even at zero bias is possible

due to a photovoltaic effect that modifies the built-in

potential of the junction, thereby providing a small effec-

tive forward bias.

When a modulated optical signal (RF) is applied to one

of the slits of the ring resonator, an RF voltage is in-

duced; this effect is enhanced if the frequency of the

signal is near one of the ring’s resonances. If an indepen-

dent microwave signal (LO) also at the same resonance is

applied via one of the feed lines, then the difference

frequency (IF) can be obtained at the bias pad. To be able

to efficiently extract the difference frequency (IF) at the

bias pad, this signal has to be less than 2 GHz, which is

the cutoff frequency of the low-pass filter. If the RF and

LO are at different resonances of the ring, then the IF

would be larger than 3 GHz, and hence cannot be de-

tected at the bias pad. The experiments reported in this

section correspond to operation of the circuit with both

LO and RF in the vicinity of the ring’s first resonance.

When a modulated optical signal at 3.467 GHz is ap-

plied to one of the slits, and a LO at 3.596 GHz is applied

at the feed line, the spectrum of IF signal obtained at the
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Fig. 7. Experimental test setup.
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Fig. 9. Spectrum of IF output at bias pad. RF= 3.467 GHz, LO=
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bias pad is shown in Fig. 9. The signal increases linearly

with bias before reaching saturation [6]. However, this

figure corresponds to fixed RF and LO pump powers.

The dependence of the IF signal on both the RF and LO

microwave pump powers are shown in Figs. 10 and 11,

respectively. As expected, the signal increases linearly in

both cases. The advantages of using the ring resonator

circuit in this configuration are many. First of all, the LO

and RF signals are mutually isolated. The RF signal being

optical, is immune to electromagnetic interference. Hence

the microwave LO port and the optical RF port are

mutually decoupled. Thus the LO to RF isolation is

almost infinite. On the other hand, since the feed line

that pumps LO is 100 pm away from the resonator, very

little RF can leak into the LO port. In all cases, the RF to
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Fig. 11. IF power at bias pad versus LO pump power.
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LO isolation that can be obtained in this configuration is

far superior to what can be expected in conventional

microwave mixers. Another advantage of this configura-

tion is that the image frequency which ii given by 2~~o –

fRF is autOmatiCdb suppressed due to the narrow pass-
band at resonance. Since this frequency lies just outside

of ring’s first resonance, it is not passed by the low-pass

filter. Also, since the ring does not support this frequency,

the image frequency cannot be extracted from the feed

line either. As mentioned earlier, to be able to observe

resistive mixing, the RF and LO frequencies have to be in

the vicinity of the ring’s resonance. If either one of these

frequencies is slowly tuned away from resonance, the IF

signal strength at the bias pad gradually decreases. This is

illustrated in Fig. 12. As can be seen, the peak of the IF

signal output occurs when the LO is close to the ring’s

resonance; when it is tuned out of resonance the strength

of the IF signal goes down. Although the LO was varied

in this case, similar effects were observed in varying the

RF.

V. EXPERIMENTS IN THE PARAMETRIC MODE

A. Nondegenerate Parametric Amplification

The basic difference between the resistive mixing mode

and the parametric mode is that, in the parametric mode,

the nonlinear element is a time-varying reactance; in the

case of the ring resonator, this time-varying reactance is

the capacitance of the slit region. The other factors unique

to the parametric mode are that there is no dc bias

required, and the output beat signal is extracted from the

feed line. In the case of the ring resonator, parametric

effects are observed when the RF, LO and IF are at a

ring’s resonance, Illustrated in Fig, 13 is the equivalent
circuit of a parametric amplifier. R, L and d correspond

to the resistance, inductance and capacitance of the cir-

cuit with subscripts RF, LO and IF denoting the RF, LO

and lF circuits, respectively. C’ is the time-varying nonlin-

ear capacitance. The circuit has three resonant frequen-

cies QR~, flLo and Q ~~ corresponding to the signal,

pump and idler circuits, respectively. These frequencies

are given by

1
ORF =

i=

1
0=0 =

m

1
OIF =

J=
(3)

In the subsequent discussions, it will be assumed that the

frequencies O.JR~,o~o and o ~~ are equal to the resonant

frequencies OR~, OLO and O ~~, respectively.

If a load resistance R~ is connected across the output

terminals of the idler circuit output, and if ~1~ and C1~

are adjusted so that til~ is equal to COLO– o RF, apprecia-

ble power develops across R~. If the LO power is much

stronger than the RF power, the voltage across R~ will be

much larger than the RF signal voltage. Most of the load

power thus comes from the pump source. If olF < tiRF,

the circuit is known as a parametric dowrwonverter. On

the other hand, if @IF > @~F, the CirCUit is known as a

parametric upconverter. In either case, the signal at one

frequency is converted to an amplified output at a differ-

ent freqUenCy. However, if ~~o = 2~R~, then ~ ~~= ~R~,

and amplification takes place at the RF signal frequency.

In this case, the circuit is said to be a degenerate paramet-

ric amplifier.

In the parametric mode experiments, the LO pump

signal is fed into the resonator from the feed line across

the 100 Mm gap, and the output IF signal is extracted

across the 30 ~m gap at the other feed line. When a LO

pump signal at 3,52 GHz (pump power = 22 dBm) is

applied to the feed line, and a 3.537 GHz RF optical

signal is applied to the slit, a sum frequency of 7.057 GHz “
is obtained at the output; this sum frequency corresponds

to the ring’s second resonance. When the LO pump

frequency is at 7.07 GHz (ring’s second resonance), and

the RF signal frequency at 3.485 (ring’s first resonance), a

sum frequency at 10.557 GHz (ring’s third resonance) is

obtained. The spectrum of the sum frequencies at the

ring’s second and third resonances are shown, in Figs. 14
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Fig. 14. Spectrum of IF output at feed line. RF= 3.52 GHz, LO=
3.537 GHz, IF = 7.057 GHz. LO pump power = 22 dBm, RF power into

laser = – 19 dBm,

Fig

(b)

Fig. 15. Spectrum of IF output at feed line. RF= 3.487 GHz, LO=

7.07 GHz, IF= 10.557 GHz. LO pump power= 22 dBm, RF power into
laser = – 19 dBm.

and 15, respectively. When the Ill pump and RF signal

frequencies are at the ring’s first resonance, the differ-

ence frequency (IF) can be extracted at the bias pad in
the resistive mode. This was discussed in the previous

section. However, when the pump frequency (LO) is at

the ring’s second resonance, and the optical signal [RF) at

the first, the difference frequency (IF) will be equal to

RF. Operation of the circuit jn this mode, will be ex-

plained in the next section dealing with degenerate para-

metric amplification.

B. Degenerate Parametric Amplification

Degenerate parametric amplification occurs when

o Lo = 2~ RF [’7]. When this occurs, since o ~~ = o ~~, am-

plification takes place at the RF signal frequency. This is

clearly illustrated in Fig. 16. The optical RF signal is fixed

near the ring’s first resonance and the pump LO signal is

varied in the vicinity of the ring’s second resonance.

Shown in Fig. 16(a) is the spectrum of the IF and RF

signals just before the variation of LO causes the RF and

IF signals to overlap; the signal on the left is the RF

signal, and the signal on the right is the IF signal. As can

(a)

(b)

. 16, Spectrum of IF output at feed line. (a) Before overlap.

After overla~ of RF and IF. LO tmm~ ~ower = 22 dBm. RF ~ower. .
into laser = – 19 dBm.
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Fig. 17, IF power versus LO pump power for degenerate parametric
amplification,

be seen, the IF power level in the spectrum is greater

than the RF power level, indicating that there is already

some amplification. This effect is further enhanced when

the LO is varied to cause the RF and IF frequencies to

overlap. This is shown in Fig. 16(b). A 7 dB enhancement

is observed when the RF and IF overlap. Shown in Fig. 17

is the dependence of IF power on the LO pump power.

The dependence as expected, is almost linear.
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Before concluding, it must be re-emphasized, that for

operation in the parametric mode, the ring resonates at

the RF, LO, and IF frequencies. Since the ring has

multiple resonant frequencies, the circuit can be operated

only if these three frequencies happen to be near one of

the ring’s resonances. Hence, the bandwidth of the circuit

is very limited. However, by integrating a varactor into the

ring, the resonant frequencies can be electronically tuned

[81,[9] to enhance the mixing bandwidth.

VI. CONCLUSION

In conclusion, we have experimentally investigated the

interaction of microwave and optical signals in a mi-

crostrip ring resonator on semi-insulating GaAs substrate.

When the signals are near resonances of the ring res-

onator, the interaction is enhanced. This type of optoelec-

tronic resonator circuit can be used for generating IF

signals in receivers for analog fiber optic communication

and in OEIC’S for optically controlled microwave oscilla-

tors.
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