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Fig. 1. Carrier density profile of the wafer.
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Fig. 2. Waveguide circuit with a tuning cap structure for 200-GHz-band
operation.

breakdown voltage and depletion layer width at breakdown are
7.4 V and 0.14 um, respectively. After annealing, the wafer was
thinned to several microns, metallized by evaporating Ti-Au,
separated into individual pellets by an air-brasive method, and
bonded on a heat sink with a quartz stud. DC series resistance
was 0.27 Q for a diode of 23-um diameter.

OSCILLATION CHARACTERISTICS

Microwave measurements were made in the full-height wave-
guide (R-2200; 1.092 x 0.546 mm?) with a tuning cap cavity
shown in Fig. 2. Diode tuning was done by selecting the proper
bias post and sliding the adjustable short. Sensibility of the power
meter has been calibrated against a dry calorimeter. The oscilla-
tion frequency was measured by a two-dip-type frequency meter
and by detecting a standing wave using a point contact diode
mount with a movable short. High-pass filters were used to check
the frequency measurements. Input-output characteristics for
best performance are given in Fig. 3. CW output power of 50-mW
at 202 GHz and 44 mW at 214 GHz were obtained, with con-
version efficiencies of 1.3 and 1.2 percent, respectively. At 50-mW
output power, the dc bias voltage and current were 9.2 V and
410 mA, respectively. When a high-pass filter with 230-GHz
cutoff was inserted at the output port of the IMPATT diode
mount, an oscillation in the 300-GHz band was observed. CW
output power of 1.2 mW at 301 GHz was obtained for a diode
with a diameter of 18 um. When the high-pass filter was removed
leaving the same tuning condition, a % frequency of the 300-GHz
band was observed. These facts imply that an oscillation of the
fundamental frequency in the 100-GHz band would be excited.
But the frequency is below the cutoff frequency of R-2200 wave-
guide used here.

In summary, Si IMPATT diodes have operated in the 200-GHz
band with CW output powers as high as 50 mW. CW operation
with practical power can be expected over a 300-GHz band.
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Fig. 3. 200-GHz-band output power and frequency versus input power
for diode with a diameter of 23 um and series resistance of 0.27 Q. -
Open circles and solid circlés represent the characteristics with two
different caps.
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A 230-GHz Radiometer System Employing a
Second-Harmonic Mixer

PAUL F. GOLDSMITH anxp RICHARD L. PLAMBECK

Abstract—A radiometer system for use in the 1 ~ 1.3 mm (v ~ 230
GHz) region has been constructed and used for radio astronomical
cbservations. A second-harmonic mixer employing a single Schottky
diode downconverts the incident power to an IF frequency of ~1400
MHz. The measured double-sideband system noise temperature is 6000 K
(noise figure = 13 dB) and the double-sideband mixer conversion loss is
calculated to be 10 dB. The mixer is tunable over a range of at least
15 GHz. '

INTRODUCTION

The development of microwave receivers for wavelengths
shorter than 2 mm has been hampered by the lack of local oscil-
lators to pump frequency downconverters. One approach to this
problem has been to produce a local oscillator (LO) signal by
multiplicat'ion of existing lower frequency sources. It has been
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Fig. 1. A cutaway drawing of the harmonic mixer. The chip of gallium
arsenide with the Schottky diodes on it (drawn in heavy black) is mounted
on the end of a differential screw, shown in the lower portion of the
figure. The diode chip is located in the lower wall of the signal wave-
guide (which runs perpendicular to the plane of the paper). The whisker
contacting one of the diodes runs up through the signal waveguide,
through the LO waveguide (lying in the plane of the paper), and is held
by the center conductor of the IF transformer. The latter is designed to
match a 200-Q impedance to the 50-Q input impedance of the IF ampli-
fier. The IF transformer center frequency is 1400 MHz.

found, however, that at short millimeter wavelengths the low
efficiency of the multiplication process, together with the limited
output of the fundamental oscillator, limits the LO power avail-
able to less than that required for the optimum operation of the
mixer [1], [2]. We have chosen to use the nonlinearity inherent in
the Schottky diode to make a harmonic mixer in which the
modulated component of the diode conductance at twice the
LO frequency downconverts power (in the two sidebands at
frequencies @ = 2wy + wpp) to the IF frequency ogp. This
technique has been previously employed [3], [4] to make receiver
systems for the A ~ I-mm range, but réported system noise
temperatures have been in excess of 100 000 K. ’

HarMoNIC MIXER CONSTRUCTION

The nature of a second-harmonic mixer requires the coupling
of RF frequencies differing by a factor of 2 into the diode.
The configuration adopted here is the crossed waveguide mount,
shown in cross section in Fig. 1. The local oscillator wave propa-
gates in the large waveguide (RG 138/U) in the plane of the
paper, while the signal propagates in the small waveguide
(RG 139/U) perpendicular to the plane of the paper; each wave-
guide is fitted with an adjustable backshort. Frequencies capable
of being downconverted by fundamental mixing are below cutoff
in the signal waveguide. Through holes located on the axis of
each waveguide, a 1-mil (.001”) phosphor bronze whisker runs
from the IF port on the top of the mixer to the diode on the bot-
tom. The end of the whisker is pointed and contacts one of the
matrices of the Schottky barrier diodes located on the top of the
post in the lower wall of the small waveguide. The post is attached
to the end of a differential screw which is advanced to bring the
diode into contact with the whisker:

MixerR DIODES

The diodes used in this work are gallium arsenide Schottky
barrier diodes. The reverse saturation current 7, and the ideality
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factor #, defined by the relation

i) = iy [exp (—‘i”—) - 1] M
nk:

are 1.3 x 10714 A and 1.2, respectively. The series resistance is
8 Q and the zero bias barrier capacitance is 20 fF (1 fF = 10~15
F). )

RECEIVER SYSTEM

The harmonic mixer is incorporated into the spectral line
receiver system shown in Fig. 2. The local oscillator is a 108-116-
GHz klystron; the mixer itself should be usable with Klystrons
in the range of 95-150 GHz (signal frequencies of 190-300 GHz).
The local oscillator frequency is cohtrolled by phase locking the
klystron to a harmonic of a stabilized 2-4 GHz oscillator. The
IF parametric amplifier is a micromega unit with a bandwidth of
90 MHz; the IF system noise temperature is 75 K. After amplifi-
cation at the first IF frequency of ~ 1400 MHz, the signal is
further downconverted to 150 MHz, amplified, and sent to a set
of narrow-band (0.25-MHz or 1.2-MHz-bandwidth) detectors
for spectroscopic studies.

The large attenuation of the signal waveguide necessitates
placing the feedhorn as close as possible to the mixer diode, thus
precluding the use of waveguide devices for calibrating -the
radiometer. A quasi-optical calibration system with a rotating
chopper wheel, whose blades are covered with Eccosorb AN-72
absorber (manufactured by Emerson anid Cuming, Canton, MA),
and a cold load is used. The cold load is a sheet of Eccosorb
material immersed in liquid nitrogen. A S-mm thickness of this
material was measured to have a power transmission of less than
5 percent and a specular reflection of less than 10 percent. We
assume, therefore, that these loads radiate as blackbodies.

In the course of calibrating the radiometer system, the relative
gain of the two mixer sidebands was measured. This was accom-
plished with a tunable calibrated narrow-band signal made by
placing a Fabry-Perot interferometer in front of the cold load.
The mirrors of the interferometer were free-standing two-
dimensional wire grids, as discussed by Ulrich er al. [5]. The
relative gain was found to be sensitively dependent only upon
the position of the backshort in the signal waveguide. Tuning
the mixer for a minimum noise temperature always resulted in
the sensitivities in the two sidebands being equal to within 35
percent.

DioDE NoISE

The effective temperature of the mixer at the IF frequency is
defined by

- DBy

" kAv

where Py is the noise power delivered to the IF amplifier and Av
is the bandwidth. For the dc bias alone, which is required for the
lowest system noise temperature, Ty — 250 K. The diode noise is
significantly increased by the application of local oscillator power.
One source of this excess noise is the noise from the klystron
itself. To reduce the level of klystron noise reaching the diode, a
tunable TE,;;-mode transmission filter with a loaded Q of
approximately 1500 is installed in the LO waveguide near the
mixer. With the filter in place, and the dc bias and LO power
optimized for the lowest system noise temperature, we obtained
Tz = 450 K.

@

E

Mixer PERFORMANCE ‘
Considering the receiver system as a cascade of lossy elements,
we can write [7] that the system noise temperature 7y is given by
TN = TAMB(LINPUT - 1) + TE(LM - 1)I‘INPUT -+ TiFLINPUTLM
3
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Fig. 2. Block diagram of a 230-GHz radiometer system.
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The loss in the input waveguide Liypyr is estimated to be 1.2
(0.8 dB). This waveguide includes the feedhorn, about 1 cm of
standard waveguide, and a flange. We have measured a loss of
2.6 dB for a 2-cm section of RG 139/U waveguide and one
flange; this number undoubtedly varies considerably from one
specimen of this waveguide to another.

The measured system noise temperature is 6000 K. From (3)
we calculate that the mixer conversion loss is 10.3 (10.1 dB).

CONCLUSION

The double-sideband system noise temperature of 6000 K
reported here represents a considerable advance over previous
systems at this frequency employing harmonic mixers [3], [4]
and is comparable to the performance of a system utilizing a
fundamental mixer [1], [2]. The improved mixer performance
is primarily a result of the low values of the diode parasitics.
The results reported in this paper support the theoretical con-
clusion of Meredith and Warner [6] that the frequency con-
version efficiency of a second-harmonic mixer is not greatly
inferior to that of a fundamental mixer.
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High-Efficiency Frequency Multiplication with GaAs
Avalanche Diodes

B. M. KRAMER, MEMBER, IEEE,
A. C. DERYCKE, A. FARRAYRE, anp C. F. MASSE

Abstract—GaAs avalanche diodes for frequency multiplication at
millimeter wavelengths have been investigated. The GaAs diode design
is described and compared with that of Si diodes. Experimental results
obtained in the optimum circuit are presented. Frequency multiplication
from 4 to 32 GHz with 6-dB conversion loss (400 to 100 mW) and 1.5-W
dc bias power was achieved. A temperature dependence of the output
power was measured to be less than 1 dB over the —40 to +- 60°C range.

INTRODUCTION

Frequency multiplication using an avalanche diode enables
millimeter-wave generation from a lower frequency signal, using
a circuit similar to that of a varactor multiplier but with better
overall performances principally in high-order multiplication
(typically by a factor of 10). This device, first proposed in 1969 [1],
uses a particular type of avalanche diode. After having extensively
studied Si devices [2], [4] and having obtained very promising
results, it became theoretically apparent that GaAs may have
certain advantages. Thus we decided to study the possibilities of
GaAs devices in the same area. With Si diodes the following
performance was obtained at 35 GHz: 640-mW output power
and 7-dB conversion loss with a multiplication factor of 10. It was
also pointed out that frequency multiplication could have a
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