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SUMMARY An equivalent circuit for designing a coherent power
combiner using a quasi-optical resonator has been developed. In the
resonator, large numbers of devices (HEMT, HBT, elc.) are arrayed
two dimensionally and mounted on a surface of a metal grooved-mir-
ror. A newly developed equivalent circuit for the resonator has been
constructed using a transmission-line model. Experiments performed
at Ku-band have shown that oscillation frequencies in a 3x3 HEMT
array oscillator can be predicted with errors of less than 1% by using
this equivalent circuit.

key words: quasi-optics, coherent power combining, metal grooved-
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1. Introduction

Solid-state devices such as Gunn diodes and FET’s are use-
ful radiation sources in the microwave region because of their
low power consumption, compact of size, and ease of han-
dling. However, in the short-millimeter wave region, these
devices can produce only low power signals, typically sev-
eral mW or less. In addition, the output is noisy because of
the low Q-value of conventional waveguide resonators due
to large rf losses.

One solution to these problems is to employ coherent
power combining for these devices by mounting them in a
quasi-optical resonator (Fabry-Perot resonator). A quasi-op-
tical resonator can achieve a high Q-value at frequencies in
the submillimeter wave region [1], and its quasi-optical struc-
ture allows for a large number of devices to be mounted in
the resonator.

In 1988, we proposed a Fabry-Perot resonator with a
metal grooved-mirror as a quasi-optical resonator for milli-
meter and submillimeter wave oscillators (refer to Fig. 1)
[2]. These grooved-mirror type resonators [3] have been ap-
plied to combine power for several kinds of devices such as
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Gunn diodes (4], HEMT’s [5], and resonant tunneling diodes
[6]. In this paper, we describe a newly developed equivalent
circuit which can be used to design a grooved-mirror type
resonator using three-terminal devices. Experimental verifi-
cation of the equivalent circuit are given with a 3x3 HEMT
array oscillating at Ku-band.

2. Oscillator Configuration

Figure 1 shows the configuration of a grooved-mirror type
quasi-optical oscillator with transistor devices, in our case
HEMT’s. The oscillator consists of a metal grooved-mirror
and a concave mirror. A number of HEMT’s are arrayed two
dimensionally and are mounted on the surface of the grooved-
mirror. Radiation power from each of the HEMT’s is com-
bined coherently and spatially in the resonator. The movable
back shorts are adjusted to match impedances between the
HEMT’s and the resonator. DC bias to the HEMT"s is pro-
vided through metal plates forming the grooved-mirror. Bias
ribbons to each HEMT act as an antenna array and couple
the HEMT’s to the resonator.

This configuration of the oscillator has several advan-
tages such as accommodating a large number of elements,
simple bias circuitry, and providing a means for adjusting
the circuit impedance by the groove dimensions. Furthermore,
the metal grooved-mirror makes excellent heat sink and thus
ensures stable oscillation for a large number of array elements.
These features imply that the grooved-mirror type oscillator
is suitable as a high power source for millimeter and submil-
limeter wavelengths.
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Fig.1 A grooved-mirror type quasi-optical oscillator.
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3. Equivalent Circuit

An equivalent circuit for designing the grooved-mirror power
combiner was developed. To make the circuit, it was assumed
that the array with an infinite number of HEMT’s had a sym-
metric structure and all of the HEMT’s were identical and
oscillated in phase in the resonator. It was also assumed that
electromagnetic fields in the resonator were uniformly dis-
tributed and were polarized in perpendicular to the grooves.
From these assumptions, a unit cell was defined as shown in
Fig. 2(a), in the same way as for modeling a grid oscillator
[7]. The unit cell had dimensions of 2DXs, where D is a pe-
riod of the grooves and s is a spacing between the HEMT’s.
For the unit cell, an equivalent waveguide was also defined,
which had boundaries consisting of electric walls on the top
and bottom, and magnetic walls on the sides. An equivalent
circuit for the resonator was constructed by applying a trans-
mission-line model to the equivalent waveguide, and is shown
in Fig. 2(b).

In Fig. 2(b), one section of transmission line is used to
model the inside of the groove, and another section is used
for the outside. Since these transmission lines are modeled
as parallel-plate transmission lines in the TEM,, mode, the
characteristic impedances are simply determined by the di-
mensions of their cross-sections. These are Z_=Z, xd/2D for
the inside of the groove and Z, =Z x2D/s for the outside, where
Z,(~377Q) is the characteristic impedance of free space and
d is the groove height. The other parameters are introduced
as lumped elements. These are fringing capacitance C, aris-
ing from the discontinuity at the surface of the grooved-mir-
ror, lead inductance L, parasitic capacitance C, at the gate
and drain of HEMT, and a center-tapped transformer con-
nected between the waveguides on the inside and outside of
the groove. The impedance Z, is used to account for a cou-
pling loss at the output mirror as well as other rf-losses in the

Electric wall Magnetic wall Equivalent waveguide

Concave mirror

Grooved mirror

port 2 port 1

(b)
Fig. 2 (a) The unit cell and (b) the equivalent circuit for the HEMT
array in the resonator.
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resonator.

The fringing capacitance, C, changes depending on the
period and height of the grooves, and is determined by ana-
lyzing electromagnetic field distributions in the metal
grooved-mirror [1]. C, is estimated simply from the size of
the metal lead of the gate (or the drain) on the metal source
plate (Fig. 2(a)). L, is determined for the lead length and width
by using the induced EMF method [8], [9] (see Appendix).
In Fig. 2(b), the transformer with four ports is introduced to
distribute rf-power to the insides of the two grooves and the
outside without power losses. Its S-parameters [9] are given
by the following equation.
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where m is the winding ratio of the center-tapped transformer,
which is defined as a groove voltage equal to d/2D at the
surface of the grooved-mirror.

The oscillation condition for a transistor in the resona-
toris given by I' I, =1, where I and T, are reflection coeffi-
cients indicated in Fig. 2(b). I', can be calculated by using
the equivalent circuit along with the S-parameters for the
HEMT. Since I ) is determined by the resonator losses, the
oscillation frequencies of HEMT’s in the resonator are pre-
dicted from the oscillation condition.

Though the equivalent circuit has been derived assum-
ing an infinite HEMT array, it could be used for a practical
oscillator with limited numbers of HEMT’s when the HEMT
array oscillates in the TEM,  mode of the resonator. When a
fundamental Gaussian beam in the TEM; mode fully covers
the HEMT array in the resonator, electromagnetic fields are
uniformly distributed in the unit cell, except for those in close
proximity to the HEMT’s. As a result, the boundary condi-
tions in the equivalent waveguide shown in Fig. 2(a) is satis-
fied for a practical HEMT array.

4. Experimental Verification

Experimental verification of the equivalent circuit was car-
ried out by comparing measured oscillation frequencies with
theoretical ones in a grooved-mirror type HEMT oscillator
at frequencies around 15 GHz. Figure 3 shows the oscillator
configuration for experiments. The packaged HEMT’s
(Mitsubishi Electric co., MGF4314D) were used in the ex-
periments. The grooved-mirror had dimensions of 130 mm x
130 mm, a period of 8 mm, and a height of 2 mm. The nine
HEMT’s were configured in a 3x3 array with a spacing, s, of
20 mm on the grooved-mirror (Fig. 2(a)). The HEMT’s were
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connected to the metal plates with copper ribbons with a width
of 3 mm and a thickness of 0.1 mm. Dielectric (Teflon) plates
with a thickness of 0.76 mm and a width of 6 mm were used
to DC insulate the drain and gate leads from a metal plate
connected to the source lead at the grooved mirror. The metal
concave mirror had a diameter of 200 mm and a radius of
curvature of 400 mm. The output power and frequencies were
measured through a rectangular waveguide with dimensions
of 23.4 mm % 9.3 mm at the center of the concave mirror, by
using an HP-8563A spectrum analyzer.

Figure 4 shows the measured frequency spectra for
grooved-mirror type oscillators with (a) one HEMT and (b)
nine HEMT’s. The oscillation frequencies for both oscilla-
tors were about 16 GHz. The output power and a C/N ratio at
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Fig.3 Experimental setup at Ku-band.
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Fig. 4 Measured frequency spectra for the oscillators with (a) one
HEMT and (b) nine HEMT's.
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a 100 kHz offset have increased for the oscillator with nine
HEMT’s by 16.5 dB and 25 dB/Hz, respectively. These re-
sults show that the radiation power from each of the nine
HEMT’s has been coherently combined in the resonator.

Figure 5(a) compares the theoretically calculated and
measured oscillation frequencies for the nine HEMT’s oscil-
lator as a function of the resonator length. The measured cor-
responding output power is also indicated in Fig. 5(b). The
black circles indicate the measured oscillation frequencies
and output power in the fundamental TEM ; mode, and the
white circles are those in higher order modes, such as TEM
mode. In the experiments, the groove depth, ¢, in Fig. 3 was
adjusted to give the largest tuning frequency range in the
TEM,, mode of oscillation, and was about 4.1 mm.

In Fig. 5(a), the theoretical frequencies are plotted for
an equivalent circuit with a unit cell size of 16 mm x 20 mm
and the small signal S-parameters of the HEMT’s. The S-
parameters were determined at frequencies between 2 GHz
and 18 GHz using a microstrip line circuit. I', of -0.76 which
was determined by measuring the loaded Q-value of the reso-
nator, was used for calculation. The calculation parameters,
Cf =0.049 pF, C,=0.15 pF, and L, = 0.49 nH, were used and
estimated from the physical dimensions of the resonator. Since
the Teflon plate was very thin compared to the wavelength,
its dielectric constant was only taken into account for calcu-
lating the parasitic capacitance, C,.

From Fig. 5(a), it is seen that the theoretical results agree
with the measured ones with errors of less than 1%, except
for the oscillation frequencies in the higher order modes. It
should be noted that no fitting was made for the calculation
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Fig. 5 (a) Measured oscillation frequencies and (b) output power for
the oscillator with nine HEMT's, as a function of the resonator length.
The solid lines in (a) indicate the theoretically calculated frequencies.
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Fig. 6 (a) Measured oscillation frequencies and (b) output power for
the oscillator with one HEMT, as a function of the resonator length.
The solid lines in (a) indicate the theoretically calculated frequencies.

parameters. These results indicate that the equivalent circuit
for the oscillator can be used for a small array. This good
agreement between the theory and experiment was most likely
due to the TEM, mode of operation as described in Sect. 3.
For the resonator with a 3x3 HEMT array used in this ex-
periment, a beam with a diameter of about 70 mm was pro-
duced at the surface of the grooved-mirror when operating in
the TEM; mode. This beam covered the entire HEMT array.

In order to confirm the applicability of the equivalent
circuit, we compared the calculated and measured oscilla-
tion frequencies for the oscillator with a single HEMT. These
results are shown in Fig. 6. Again, the black circles indicate
the oscillation frequencies and output powers in the TEM, |
mode. In the experiments, a concave mirror with a radius of
curvature of 200 mm was used to reduce diffraction loss. For
this resonator operating in the TEM; mode, the beam diam-
eter at the surface of the grooved mirror was about 50 mm. In
the equivalent circuit for this oscillator, a square unit cell
with dimensions of 16 mm X 16 mm for the single HEMT
was defined and used for calculation, which gave the charac-
teristic impedance Z,, equal to Z, in free space in the equiva-
lent circuit. The calculation parameters were C, = 0.22 pF
and L, = 0.35 nH. The fringing capacitance, Cf, was the same
as the previous one. From Fig. 6(a), it is seen that the theory
can predict the oscillation frequencies within errors of about
3%. These results imply that the boundary conditions assumed
for the unit cell in Fig. 2(a) hold even for a single HEMT
when operating in the TEM , mode.
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5. Conclusion

An equivalent circuit for a grooved-mitror type resonator for
three-terminal devices has been developed to theoretically
design the resonator. The equivalent circuit was constructed
by using a transmission-line model for a unit cell of the tran-
sistor array. The theoretical circuit for the resonator was veri-
fied experimentally at Ku-band. The experimental results
show that the equivalent circuit is applicable even in the case
of a resonator with only a single transistor, when using a
square unit cell and when operating in the TEM,, mode.
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Appendix
The impedance of the metal leads of HEMT at the surface of

the metal grooved-mirror was estimated by using the induced
Electro-Motive Force (EMF) method. In this method, the lead
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Fig. A -1 Calculation model for the lead impedance in the unit cell.

impedance is calculated by assuming a uniform current dis-
tribution in the metal lead.

Figure A - 1 shows the calculation model for the lead
impedance in an equivalent waveguide with electric and mag-
netic walls. The equivalent waveguide consists of a
waveguide, W, with dimensions of dxs for the groove, and a
waveguide, W, , with dimensions of 2Dxs for free space. For
ease of calculation, we have assumed that the same metal
leads are placed in the two waveguides, W, and W, both
having infinite length. A metal lead with a width of w and a
thickness of zero is also assumed. The lead impedances, Z, in
W, and Z, in W, are calculated separately using the EMF
method, and then the lead impedance in the equivalent
waveguide is determined as the parallel connection of Z, and
Z, as shown in Fig. A - 1. Since the calculation procedures
for impedances, Z, and Z,, are almost the same as Weikle’s
[9], only the calculation results are presented here.

The impedance, Z, , in the metal lead is given by the
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following equations,
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for a=s and b=2D.

where sinc(x)=sin(x)/x. The characteristic wave impedances,

ngM , z’Tnfj , and ij for TEM

the waveguides, W, and W,
tions,

21 [E (camq), zmv-te | gre_on
0 U mo e mn kz

o IM,_, and TE__modes in

(- are given by the following equa-
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x a y b ¢ x y
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where m and n are integers, € and (i are the permittivity and
permeability of free space, respectively, and @ is the angular
frequency.
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