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Abstract—A millimeter-wave oscillator which incorporates an Sliding short Overmoded waveguide
overmoded-waveguide resonator with an array of TE;,-mode
waveguides containing Gunn diodes, has been developed as a 4 ="} Output
means for achieving highly efficient spatial power combining.
This oscillator makes use of mode conversion of radiation power @
from Gunn diodes in the waveguide array to the overmoded-
waveguide resonator to produce high power at millimeter wave- S

lengths. An efficiency of about 83% and an output power of 1.5 W
(continuous wave) at 61.4 GHz, has been achieved with a3 3
waveguide Gunn diode array. A

N x M waveguide array with Gunn diodes

Index Terms—Millimeter wave oscillator, power combiners,

waveguide arrays. _, Gunn diode - N—»
I. INTRODUCTION i
UASI-OPTICAL solid-state power combining has gen- : : R E ‘
erated a great deal of interest as a means of producing
a high-power source at millimeter and submillimeter Side view Front view

wavelengths [1]_[3] Two-terminal devices such as Guqﬂg. 1. Configuration of the overmoded-waveguide oscillator with Gunn
and IMPATT diodes can be used to produce several tefigdes.

of milliwatts, even at frequencies above 100 GHz. Thus,
combining power from 20 of these diodes or less cou

) . IIgsses and to achieve a mode-conversion efficiency of 100%.
produce enough RF power for many practical applications

Fﬁtthis paper, the overmoded-waveguide Gunn diode oscillator

m'"”.“eter wa\./elengths.' L with a power-combining efficiency of more than 80% at
Mink described that, in a quasi-optical resonator, SOUrGEimeter wavelengths is presented

elements of more than® 5 in a regular rectangular array were
needed to decrease diffraction losses and to achieve a mode-
conversion efficiency of more than 80% for radiation power I

from the array to the resonator [4]. The high mode-conversion . ] ]
efficiency is indispensable for efficient spatial power combin- Fig: 1 shows the configuration of an overmoded-waveguide

ing. Thus, conventional quasi-optical open resonators are Rggillator with diode devices. The oscillator consists of an
suitable for a smaller array of diodes. N x M array of fundamental-modél'g,o) waveguides with
Closed resonators can maintain coherent confined beam§amidal horn couplers at both ends [5], a metal overmoded
and, thus, provide a more suitable means for combining pow¥gveguide with a cross section of greater than an operating
from small numbers of diodes. We have developed a ndd@velength, and a sliding short. The diode devices (in our case,
waveguide power combiner, which incorporates an array GUnn diodes) are mounted at the center of ig,,-mode

fundamental-mode waveguides with Gunn diodes, inside of Waveguides and are biased by a dc-power supply through an

overmoded-waveguide resonator, in order to avoid diffractidfsulated metal post.. S _
The resonator configuration in Fig. 1 allows the oscillator
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Fig. 2. Mode conversion between thé x M TEi, mode array and the Fig. 3. Equivalent circuit for the overmoded-waveguide oscillator.
TEno mode in the overmoded-waveguide resonator.

Sliding short Overmoded waveguide  Receiving horn

The other modes in the overmoded waveguide, such as the /
TE10 mode, are strongly suppressed by thB,,-waveguide rie %

. . .- . ] Power
array because their mode-conversion efficiencies are very low ﬁ —» Meter
compared to that for th&Eng mode. For instance, in the case g’u’/ P
of a 3 x 3 horn array, the mode-conversion efficiency is only L E

. : < » ; S
68% for the TE;o mode in the overmoded waveguide. The Aﬁ::;t;:rrn
other modes have efficiencies lower than that for i€ 3x3 V-band waveguide array with Gunn diode

mode. These mode-conversion efficiencies were theoretically 4  gyperimental setup.
estimated by calculating mode matching of1dl;; mode

(I: an integer) in the overmoded waveguide with thex 3

TE;, mode array, assuming that there was no reflection &€ Gunn diode and sliding short. An effective length of the

the boundary between the horn array and the overmod@@ered transmission line is calculated by integrating phase

waveguide. changes of a wave propagating in small steps along the horn
The overmoded-waveguide resonator not only improves efength.

ciency, but also provides a large heat sink for the Gunn diodes,

which have a low dc—RF conversion efficiency of 6% or less.

Therefore, the overmoded-waveguide power combiners can be IV. EXPERIMENTAL SETUP
used to achieve high output power with a high combining Fig. 4 shows the experimental configuration of an
efficiency at millimeter wavelengths. overmoded-waveguide oscillator with a 8 3 array of

Gunn diodes for operation around 60 GHz. The Gunn diodes
used are of an InP-type, Japan Energy Company, NT-V140,
IIl. EQUIVALENT CIRCUIT and have a maximum rated output power of 200 mW in
Fig. 3 shows the equivalent circuit developed for theontinuous wave (CW) at 60 GHz. TH&: ;o waveguides with
overmoded-waveguide oscillator. When the oscillation modke horns have a total length of 80 mm and inner dimensions
in the resonator iSI'Eyno, the propagation constant in theof 3.76 mmx 1.2 mm. As mentioned in Section lll, the horns
overmoded waveguide matches that of thE;, waveguide are necessary to match the electromagnetic-field distributions
formed by the horn aperture. The attenuation constaristween the fundamental mode and overmoded waveguides.
do differ: in the overmoded waveguide, the attenuatiofhe pyramidal horns have square apertures with dimensions
constant is decreased Hy N times compared to that in theof « = b = 15 mm (see Fig. 2), and the length was chosen
TE,, waveguide. The overmoded-waveguide resonator acss, 35 mm to obtain a power reflection coefficient of less
therefore, as &'E,, waveguide with a smaller propagationthan 2 x 10~2 for the TE;, mode at 60 GHz. The size
loss. Consequently, we can apply the same equivalent circuf-the horn aperture was chosen to provide enough space
design techniques used for conventional waveguide resonaftiors mounting the packaged diode and the bias post in the
containing Gunn diodes [6], [7]. waveguide. The cross section for the overmoded waveguide
In Fig. 3, the characteristic impedanc&y o of the is 45 mm x 45 mm, which allows it to contain the 3 3
fundamental-mode waveguide is converteditg of the TE,, array of TE;o waveguides. The nine diodes were biased by
waveguide in the overmoded waveguide through the taper@dsingle dc-power supply through the circular metal posts,
transmission line, which corresponds to the horn couplers.each with a diameter of 1.8 mm.
is the length between the horn array and sliding sh®yt,and The oscillation frequencies and output power for the oscilla-
Xc are reactances of the bias post, afd = Zg/(ky1)?, tor were measured usingl&band standard horn connected to
where Z; is the impedance of the Gunn diode ahg, is a spectrum analyzer (HP-8563A) and a power meter (Anritsu
a post-coupling factor. The parametets,, X5, and X Company, MP716A and ML4803A). The receivirig-band
are calculated using the induced electromotive force (EMRprn was placed at a distance of 1.3 m from the horn antenna
method [6]. L.t IS an effective resonator length betweeiarray in the oscillator.
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Fig. 5. Measured frequency spectrum of the overmoded-waveguide osciligg. 7. Measured frequency spectrum of the overmoded-waveguide oscilla-

tor with a single Gunn diode. tor with the nine diodes.
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N [ {\.\‘ ® 4 Experiment ] has been changed between 60-63.4 GHz by adjudtinthe
5 63 _-Y “o.\ . tunable frequency range of 3.4 GHz (5.5%) is limited due to
3 L A . .\\ ] mode hoping happening dt = 77.7 and 83.3 mm. Similar
S 62 [ ‘\“1 “t“ v results were obtained for the other eight diodes. These results
g . A LN ] show that the resonator has been fabricated as designed.
§ 61| s - ]
C: T “1\‘ Al B. TEso Oscillation Mode
O €0 1 A B Fig. 7 shows the measured frequency spectrum for the
s E ] overmoded-waveguide oscillators with the nine diodes at

61.2 GHz. The measured/N ratio is —95.8 dBc/Hz, which
is compared to—85.7 dBc/Hz measured for the oscillator
Fig. 6. Measured oscillation frequency for the overmoded-waveguide OSC|9ntalnlng a single dIO_de. TI‘@/N ratio reduction Indlcate§
lator with a single Gunn diode as a function of the lenfitbetween the horn that power from the nine diodes was successfully combined
coupler and sliding short. The arrows indicate the directions of frequengpherently in the overmoded-waveguide resonator.

changes forL’s. In order to confirm theTEs, oscillation mode, radiation
patterns from the output horn array were measured. The
measured radiation patterns féf- and E-planes are shown

in Fig. 8. The oscillation frequency was 61 GHz. The solid

A. Gunn Diodes curves indicate the theoretical radiation patterns forhig,

The Gunn diodes used in the experiments can oscillateoétd"ation mode. The measured and theoretical powers are

frequencies between 54-70 GHz in conventional waveguil@'Malized to the peak power at an angle afthe theoretical
resonators, and have measured admittaligeshanging from radiation patterns give good agreement with the measured

(—19.6 — j24.4) MS t0 (—5.4 — 522.5) mS at 60 GHz with patterns, except at powers of less thai20 dB, and at
their RF voltages [8]. The dimensions of thEE;, wave- angles beyond30° .fo.r the H-plane and+20° fgr the .
guide, including the bias post described in Section IV, we -plane. These deviations from theory are consistent with

determined to satisfy the oscillation conditida: + Y, =0 at > ight differences in the act.ugl horns from idé&Elo-mOQe ,
orns. The results are sufficient to show that the oscillation

60 GHz, whereY, is the admittance of the resonator Iookin% . . :
from the diode. Strictly speakingy.’'s estimated using the ode in the overmoded-waveguide oscillatofliBs.

equivalent circuit shown in Fig. 3 are valid only for the bias o
posts with small diameters, as described by Eisenhart and Kifan©scillation Frequency and Power
[6]. However, it is believed that the equivalent circuit should The total output power of the oscillator was estimated
provide approximate results even for the posts with a largeom the power detected by thE-band standard horn and
diameter of 1.8 mm. the theoretical radiation patterns for theks, mode. For

In order to test the designed and fabricated overmodestimation of the total power, the antenna gain (23.3 dB at 61
waveguide resonator, oscillation frequencies for each of t&Hz) of the receivingV’-band horn was taken into account.
nine diodes have been measured. Fig. 5 shows the measured difference between the theoretical and measured radiation
typical frequency spectrum for the oscillator with a singleatterns in Fig. 8 was ignored, as it only accounted for a 3%
diode. AC/N ratio of —85.7 dBc/Hz at a 100-kHz offset wasunderestimation of total power. In Fig. 8, the detected power
measured at the operating frequency of 61.8 GHz. Fig. 6 shoats® was 13 mW, which was estimated to correspond to a
the measured oscillation frequencies for the same oscillatortatal output power of 1.42 W.
a function of the lengthil between the horn array and sliding Fig. 9(a) shows the measured frequencies, while (b) shows
short. From Fig. 6, it is seen that the oscillation frequendpe corresponding total output power for the oscillator in the

L, mm

V. EXPERIMENTAL RESULTS
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Fig. 8. Measured and theoretical (&)- and (b) E-plane patterns of the (b)

output beam from the overmoded-waveguide oscillator inThe, mode at

61 GHz. The radiation angles are measured from the center of the surfacé §f 9- (&) Measured oscillation frequency and (b) total output power in the
the output-horn antenna array. overmoded-waveguide oscillator operating in thi&so mode as a function

of L. In the figure,q is the longitudinal mode number determined by the
effective resonator length..f... corresponding td..
TE3;9 mode, as a function of.. The solid lines indicate
theoretlpal frequenmgs calculated using the equ|valeqt CircHt Mode Conversion
shown in Fig. 3. In Fig. 9, two or three measured points are o )
given at the samé. This is due to mode hoping, and hysteresis The output radiation pattern from the overmoded-waveguide

effects happened with change in the direction of travel of gf$cillator, shown in Fig. 8, can be changed by controlling
sliding short [9]. phases of radiation waves from the output horns.

In Fig. 9(a), the theoretical frequencies agree with measure/n order to demonstrate this;phase shifters (Teflon plates)
ments within 0.3%. The measured tuning frequency range¥¥§reé inserted in the thre&k,, waveguides in the central
2.8 GHz (4.6%) about a center frequency of 60 GHz. Thi@W of the output horn array. The phase shifters delay wave
tuning range is somewhat smaller than that in the oscillatBfoPagation in thél'l;, waveguides byr-radians so that the
with a single diode. The reason for this would be due t@in€ output horns can operate in the same phase, even though
small differences among the oscillation characteristics of tHee oscillation mode in the resonatori3s,.
nine Gunn diodes in the resonator. However, these experimenEig. 10 shows the measured radiation patternsHerand
tal results indicate that the overmoded-waveguide oscillatbrplanes from the oscillator with ther-phase shifters at
can achieve a wider mechanical tuning range Compared Qb4 GHz. The solid curves indicate the theoretical radiation
conventional circuit combiners [10], [11]. patterns, which agree with measurements, except for powers

In Fig. 9(b), the total output power is larger than 1 W fogetected at angles arount30° for the H-plane and+20°
all frequencies measured between 59-62 GHz. The maximi{@h the E-plane. The reason for the deviations from the
output power is 1.5 W at 61.4 GHz, demonstrating a powdheoretical is the same as for the results in Fig. 8. A total
combining efficiency of about 83%. The overall dc-to-RPpower radiated from the horn array was estimated to be
conversion efficiency of the oscillator is 4.7%. It should b&.4 W, which was compared to 1.5 W from the oscillator
noted that theTEs, mode is the dominant oscillation modewithout the phase shifters. From Fig. 10, it is seen that the
in the oscillator. Oscillation in other modes was occasionalstrong main beam is produced &t By the phase shifters. It
observed, but the power for these oscillations was quite smsitiould be noted that this main beam is almost a fundamental
compared to that for th&8'E5, mode. Gaussian beam with a small diffraction angle of°4&hd a
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Fig. 10. Measured and theoretical (E)plane and (b)E-plane patterns of
the output beam from the overmoded-waveguide oscillator with the phe
shifters at 61.4 GHz. The measured and theoretical powers are normalize:
the peak power atQ
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power of about 920 mW. These results imply that the outp
horns in the oscillator can act as a phased antenna ari
When electronically controlled phase shifters such as varacgl
and p-i-n diodes are used, scanning or modulating outp®

beams from the oscillator can be possible. In addition, fgﬁdcoumers usedfor
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the TE3g mode can be easily converted tBE;, through
waveguide circuit techniques.

VI.

We have demonstrated the use of an overmoded-waveguide
resonator with a fundamental-mode waveguide array as a
coherent power combiner with millimeter-wave solid-state
devices. An overmoded-waveguide oscillator with nine Gunn
diodes was used to produce 1.5 W of CW output power with a
combining efficiency of 83% and @/N ratio of —95 dBc/Hz
at a 100-kHz offset for operating frequencies near 60 G
These results show that this type of oscillator is useful as
high-power millimeter-wave source.

CONCLUSION
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