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Abstract

The fabrication advantages of planar microwave circuits

over their waveguide counterparts are well known, but ef-

forts to design highly stable oscillators and high-power os-

cillators in planar form with solid-state devices become in-

creasingly difficult at the shorter microwave and millimeter

wavelengths. We report herein experiments in which mi-

crostrip circuits are coupled electromagnetically to an open

cavity resonator. The energy stored in the cavity leads

to improved oscillator stability and lower noise sidebands.

Two oscillators can be coupled to the same cavity mode,

and power combining to a planar output element has been

demonstrated. Although most experiments involved hybrid

1O–GHZ oscillators, preliminary results with a 31-GHz os-

cillator using a monolithic circuit indicate that the same

techniques will be feasible with MMICS at millimeter wave-

lengths.

Introduction

High–Q resonant circuit elements improve oscillator

stability with respect to load and device variations, reduce

noise sidebands, and lead to higher power–combining effi-

ciency in multiple-device oscillators. Unfortunately, reso-

nant circuit elements in planar media such as microstrip

are limited to a Q of about 300 [1]. Dielectric resonators

can improve this figure, but above 30 GHz their decreasing

dimensions make fabrication difficult, and the requirement

for precise placement on a planar substrate runs counter to

the “hands-off” philosophy of MMIC fabrication. In exper-

iments at X and Ka bands, we have found that an open

microwave resonator can support modes which couple to

microstriplines. This coupling can lead to enhanced effec-

tive circuit Qs and improved oscillator noise performance.

It also can be used to couple useful power to an output

element which is coplanar with two oscillators. The use

of an open resonator for such quasi-optical power combin-

ing, first proposed by Mink [2], has been demonstrated for

what we believe to be the first time. Our discussion will

begin with a brief review of open resonator modes which

are pertinent to our experiments.
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Fig. 1. Open cavit y resonator showing Gaussian beam radii

WO at flat reflector and w~ at spherical reflector.

Open Resonator Modes

Consider the laser-cavity type of modified Fabry–Perot

resonator shown in Fig. 1. A flat reflector is separated from

a concave spherical reflector by a distance D, which is t yp-

ically several wavelengths. The multiple-mode problems

common to electrically large closed cavities are alleviated

by the open sides, which limit the possible modes to those

which are TEM to z. The modes of interest typically have a

Gaussian dependence of field intensity with radial distance

from the resonator axis. The radius at which the field am-

plitude has fallen to e ‘1 of its value on the axis is called

the beam radius or scale radius. This dist ante at the plane

reflector is given by [3]

w:= : [D(RO - D)]+

and at the surface of the spherical reflector by
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2_ [1D+
~RO —‘m—= RO– D

(2)

where RO is the spherical reflector’s radius of curvature and

A is the wavelength in the medium. For a constant wave-

length and RO, increasing the cavity length D narrows the

beam slightly at the plane reflector and widens it at the

spherical reflector, as Fig. 2 shows.

(a) (b)

Fig. 2. Effect of cavity length upon beam sizes at reflectors:

(a) short cavity (b) long cavity.

The Q of an empty resonator whose beam radii lic well

within the physical boundaries of the reflectors can be esti-

mated by the approximate expression Q = D/2S [3], where

S is the skin depth in the reflector material. Measured Q’s

exceeding 105 have been achieved wit h resonators of reason-

able dimensions at 35 GHz [3], although the introduction of

objects within the cavity’s fields will lower the Q because

of scattering and dissipative losses.

The resonant frequency of the TEMPlg mode of the

empty resonator is given by [3]

{
f=; ,+,+@p+’+’)tan.l

r [(z%)’]}
(3)

The indices p and Z relate to the number of radial and az-

imut hal field reversals, respectively. The index q determines

the number of half guide wavelengths along the resonator

axis.

Open Resonator Coupling to

Microstrip Line

Since the fields near the axis of an open resonator are

relatively intense, planar circuit elements not usually con-

sidered to be radiators show significant coupling to open

resonator modes. Fig. 3 illustrates an experiment in which

a 50–ohm microstrip line was coupled to modes set up be-

tween the microstrip ground plane and a spherical reflector

facing it. The transmission loss measurement of the line’s

IS21 I in Fig. 4 revealed the mode resonances as dips near

the theoretically calculated frequencies indicated. Capac-

itive loadlng of the cavity by the substrate accounted for

the slight disparity between calculated and measured val-

ues. This experiment confirmed that high–Q modes could

exist in the presence of circuit elements within a high-field

region.
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Fig. 4. Transmission loss I521 I versus frequency for mi-

crostrip line of Fig. 3 coupled to TEMoog modes

of open resonator.

Planar Gunn–Diode Oscillators

Next, an X-band microstrip oscillator using a M/A-

COM MA49508 Gunn diode was designed around a 27–

ohm line that was approximately a quarter-wave long at

10 GHz. The diode was soldered to the low–impedance

end of the line, while the high-impedance end was coupled

through fringing fields to a surface-launch RF output con-

nector through a set of six fingers, as shown in Fig. 5.

Various fingers could be connected either to the quarter–

wave resonator or to the output, allowing repeatable and

stable adjustment of tuning and output coupling.

Up to 2 or 3 mW could be obtained by means of this

coupling method before oscillations ccascd due to overload-

ing. While the diodes used were rated for a minimum out-

put power of 10 mW in a properly designed wavcguide cav-

ity, the higher losses associated with microstrip circuitry

made it difficult to achieve this figure, although further im-

provements could no doubt be made.

Stabilization with Open Resonator

The output spectrum of the free-running Gunn–diode

oscillator by it self is shown in Fig. 6(a). In addition to some

instability of the carrier ikequency due to imperfect power

supply filtering, there are relatively high noise sidebands

extending out to at least 5 MHz either side of the carrier,
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Fig. 5. Planar Gunn-diode oscillator layout.

Kurokawa [4] has shown that the mean-square phase fluc-

tuations of a iiee-running oscillator go as (uQ,=t)–2, where

w is the frequency deviation from the carrier and external

Q is most generally defined as

2r(Energy stored)

“Z* = (Energy delivered to load per cycle) ‘4)

Clearly, for a given power output, increased energy storage

in the oscillator circuit will improve phase noise sidebands.

When the planar oscillator of Fig. 5 was coupled to the

open resonator by placing the spherical reflector at a dis-

t ante D = 11.6 cm above the flat oscillator ground plane,

the greatly improved spectrum of Fig. 6(b) resulted. Out-

put power decreased only about 1 dB, and subsequent ex-

periments have shown that similar noise improvements can

be obtained with no output power reduction. Although

these qualitative results must be explored more thoroughly

before conclusive statements can be made, this experiment

shows unequivocally that coupling to an open resonator

mode can improve the noise performance of a planar oscil-

lator, with little or no accompanying output power penalty.

R.

(a)

fc = 10.239 GHz (NO RESONATOR)

fc = 10.295 GHZ (WITH RESONATOR)

Fig. 6. Output spectra of planar oscillator: (a) No open

resonator; Pout = 2.1 mW (b) With open resonator;

Pout = 1.7 mW.

Power Combhing of Two Oscillators

Power combining of the output of two planar oscilla-

tors was demonstrated with the configuration illustrated in

Fig. 7, which is a view looking down on the circuits from

the spherical reflector. The distance separating the oscilla-

tors was chosen so that the quarter-wave resonators would

fsll inside the beam radius shown. A modified microstrip

patch antenna was mounted bet ween the oscillators over

a slot cut in the ground plane. Through this slot, an ad-

justable capacitive probe feed coupled to the patch antenna

through its dielectric substrate. Adjustment of the output

probe position along the slot beneath the patch allowed

impedance matching to be achieved for a wide variety of

modal fields.

E- *I3 ODD MODE

E- E+ EVEN MODE

SSMA PROBE BENEATH 5nun X 10mm PATCH

Fig. 7. Power combining experiment using two planar os-

cillators and output patch antenna.

In operation, the DC bias of the two oscillators was ad-

justed to obtain nearly equal free-running frequencies in the

absence of the open resonator. Although coupling between

the two oscillators without the spherical reflector was quite

small, it was still sufficient to cause them to injection-lock

to each other in one of two modes, which we term the odd

mode and the even mode. The existence of these modes was

verified by phase measurements of the oscillators’ coaxial

connector outputs. Modes of inter–injection–locked oscil-

lators are currently under study and have been addressed

elsewhere [5,6]. These same modes are found when the

open resonator is formed by placing the spherical reflec-

tor above the oscillators’ ground plane. The odd oscillator

mode couples to the TEMolg resonator modes, while the

even oscillator mode couples to the TEMooq modes.

As the spherical mirror was moved closer to the run-

ning oscillators, various resonator modes were excited by

the oscillators and “took over” the oscillator frequency in

turn. Adjustment of the reflector position and output probe

coupling led to output power of several milliwatts from the

central patch antenna where only a few microwatt was

available before the open resonator was formed. Maximum

out put power of 13.3 mW was obtained from the central

patch antenna, with the relatively small reflector-ground

plane spacing D = 29 mm. The TEMOII open resonator

mode was evidently responsible for this relatively efficient

transfer of power from the two oscillators to the central

patch. Although quantitative evaluation of power combin-

ing efficiency must await more detailed experiments, 13.3

mW far exceeds the 4–6 mW that could be obtained by
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combining the coaxial outputs of the oscillators, and ap-

proaches the 20 mW minimum to be expected from a closed

waveguide cavit y power combiner using two 10 mW diodes.

The significance of this experiment lies in the planar nature

of the circuitry. Other than the spherical reflector itself, all

components including the active devices can in principle be

integrated monolithically.

Ku–Band Oscillator Experiment

A 31-GHz Gunn-diode oscillator incorporating a

monolithic GaAs microstrip resonator was studied as a pos-

sible candidate for stabilization by means of an open res-

onat or. The oscillator housing was not designed to be a

millimeter-wave plane reflector, and it afTorded only about

5 cmz of usable reflector area near the oscillator circuit.

Because of this, scattering of the resonator mode energy

lowered the Q substantially, and no measurable improve-

ment in the performance of the oscillator has yet been ob-

served. However, we were able to measure the influence

of the TEMoo~ modes on the oscillator’s output frequency

by placing the oscillator in a configuration similar to Fig.

3 and varying the resonator length D with a motorized

translation stage. Fig. 8 shows the oscillator’s frequency

shift from its free-running frequency f. as a function of

resonator length, together with theoretical cavity lengths

corresponding to the various modes having a resonant fre-

quency of ~O. The modes are seen to correspond to dis-

tances at which the oscillator frequency shows sharp peaks.

These results indicate that the relatively weak radiation

from a GaAs microstrip circuit is sufficient to interact mea-

surably with open–resonator modes. Changes in the oscil-

lator ground plane to make it a more efficient reflector of

millimeter waves should lead to higher mode Qs and more

useful oscillat or–resonat or interactions.
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D=: ).1 cm D=16.5 cm

Fig. 8. Frequency variation of monolithic Ku–band oscilla-

tor with resonator length D in open resonator con-

figuration of Fig. 3.

Conclusions

We have demonstrated that the open–cavit y resonator

formed in the space between a spherical reflector and a

flat circuit substrate and ground plane can sustain modes

that couple usefully to rnicrostnp circuits. Oscillator stabl-

lization and power combhing of two oscillators have been

demonstrated successfully at X–band, and preliminary ex-

periments indicate that similar techniques will be useful

above 30 GHz. In principle, all components of these cir-

cuits except for the spherical reflector can be fabricated

by monolithic integrated circuit methods. The prospect of

multiple-device oscillators using slightly modified housings

to sustain open-resonator modes may lead to greatly im-

proved stability and power combining efficiency for MMICS.

The open resonator is basically a quasi-optical device whose

performance improves at shorter wavelengths. While its

dimensions are somewhat large for practicrd applications

below 30 GHz, millimeter-wave resonators can be made

in sizes that are quite compatible with conventional cir-

cuit housings. Thus, the techniques outlined in this paper

can cent ribute to MIC designs at frequencies where con-

ventional methods begin to falter.

Acknowledgements

This work was supported by the U.S. Army Research

Office under Contract No. DAAL03–86-K–O087. Thanks

are extended to Alex Chu and James Teunas of M–A/COM,

who provided the Ka-band oscillator.

[1]

[2]

[3]

[4]

[5]

[6]

References

K.C. Gupta, R. Garg, and I.J. Bahl, Microstrip Lines

and .!Hoflines, (Dedham, MA: Artech House, 1979), pp.

93—95.

J.W. Mink, “Quasi-Optical Power Combining of

Solid-State Millimeter-Wave Sources~ IEEE Trans.

Microwave Theory Tech., vol. MTT–34, pp. 273-

279, Feb. 1986.

R.G. Jones, “Precise Dielectric Measurements at 35

GHz using an Open Microwave,” Proc. IEE, vol.

123, pp. 285-290, Apr. 1976.

K. Kurokawa, “Injection Locking of Microwave Solid–

State Oscillators,” Proc. IEEE, vol. 61, pp. 1386-

1410, Oct. 1973.

W. Morgan and K.D. Stephan, “Analysis of Inter–

Injection-Locked Oscillators for Power Combining and

Phased Arrays? to be published in IEEE Trans. An-

tennas and Propagation.

S.L. Young and K.D. Stephan, “Radiation Coupling

of Inter-Injection-Locked Oscillators,” to be published

in Proceedings of SPIE 1987 Technical Symp o-

sium Southeast Program on Millimeter Wave

Technology IV.

188


