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Cryogenic All Solid-State Millimeter-Wave
Receivers for Airborne Radiometry

BERND VOWINKEL, KONRAD GRUENER, aND WERNER REINERT

Abstract — Cryogenic receiver modules for 90 and 140 GHz have been
developed that are part of an airborne imaging system. They consist of
Schottky-barrier mixers followed by GaAs-FET IF amplifiers. The DSB
receiver noise temperatures are 210 K for the 90-GHz and 250 K for the
140-GHz system. The instantaneous bandwidth is 2.5 GHz for both front
ends. Results of some flight tests are presented.

I. INTRODUCTION

IGH-RESOLUTION airborne microwave imaging is

of great practical interest for the remote sensing of
the earth’s surface. In particular, the millimeter-wave re-
gion is very useful because higher angular resolution can be
achieved with small antennas and, at the same time, con-
trast losses due to weather conditions and atmospheric
attenuation are still small. In the past, however, the resolu-
tion of millimeter-wave airborne imaging systems was very
limited because of the relatively high noise temperatures of
the uncooled receivers used. This resulted in data rates on
the order of only 100 samples per second for a temperature
resolution of 1 K [1]. In order to increase this value by at
least one order of magnitude, cryogenic receiver front ends
for 90 and 140 GHz have been developed that have ex-
tremely low noise temperatures and very broad instanta-
neous bandwidths [2].

II. RECEIVER CONCEPT

In order to avoid the inherent resolution losses of a
Dicke system or a correlation system, the simple total-power
receiver concept was chosen, where the receiver input is
always connected to the antenna [3]. The disadvantage of
the uncompensated gain fluctuations in a total-power sys-
tem was found to be negligible in our case, because of the
short integration times used (on the order of milliseconds).
In addition, the short- and long-term stability of the re-
ceiver was improved by temperature control of all critical
components (IF-amplifiers, detector, etc.).

Fig. 1 shows a block diagram of the receiver. Two
exchangeable cryogenic front-end modules have been built,
one for 90 GHz and the other one for 140 GHz. They
consist of a Schottky-barrier mixer followed by a two-stage
IF-amplifier. A closed cycle refrigerator system (CTI 21) is
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Fig. 1. Block diagram of the recever.

used to cool the modules down to 20 K. The weight of the
compressor is 39 kg and the power consumption s 1.1 kW.
The cooled components are located in a vacuum chamber,
in order to prevent thermal heating due to convection and
condensation of the air. The available cryogenic power at
20 K is about 1.5 W, so that the heat input due to the
dc-power dissipation in the transistors (25 mW per transis-
tor) is negligible. The main heat power input is caused by
the heat conduction of the waveguide connection between
the mixer and the local oscillator. For this reason, a
stainless-steel waveguide with low heat conductivity was
used for the 90-GHz system. For the 140-GHz system, a
silver waveguide had to be used because of the lower
attenuation compared to stainless steel. In order to reduce
the heat-conduction cross section, the waveguide walls
have been thinned to a thickness of 0.4 mm.

The mixers are pumped by Gunn-oscillators. For the
140-GHz receiver module, a 70-GHz Gunn-oscillator fol-
lowed by a frequency doubler is used. Fig. 2 shows a
cross-sectional view of the doubler. The efficiency is about
10 percent, giving an available output power of 2 mW at
140 GHz. The diode used is of the same type as the diodes
used for the mixers. Special varactor diodes would result in
a much better efficiency [4]; however, the pump-power
requirement of the mixer was only about 0.1 mW when
cooled to 20 K, therefore, there was no need for a further
improvement of the doubler.

The IF-signal from the cryogenic front end is further
amplified and then rectified in a back-diode detector. An
amplitude equalizer is inserted to smooth the frequency
response of the IF-amplifier chain. Fig. 3 shows the com-
pensated frequency response. The IF-band limits of 1.5
and 4 GHz, respectively, are defined by the gain dropoffs
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Fig. 4. Y-factor versus intermediate frequency.

of the amplifiers. The DSB receiver noise temperatures
have been measured by the hot/cold method, using ab-
sorber material at room temperature and at liquid nitrogen
temperature, that is alternately placed in front of the horn
antenna. Fig. 4 shows the frequency response of the result-
ing Y-factor (P, /P..q) for the 90-GHz module. The
degradation towards the lower and upper IF-band limits is
mainly caused by the increasing mismatch between the
mixer IF-output and the input of the first IF-preamplifier
stage.

I

A cross-sectional view of the 90-GHz front-end module
is shown in Fig. 5. The 140-GHz module looks quite
similar to this. The local oscillator is coupled via a TE ;-
mode cavity filter into the signal waveguide, which is an
electroformed transition to a reduced height (1,/3) wave-
guide cross section. Due to the bandpass frequency re-
sponse of the filter, the signals in both sidebands of the
mixer are reflected at the filter. Therefore, at the signal
frequencies, the filter acts as a backshort. The distance
between filter and mixer diode was experimentally opti-
mized for minimum noise figure.

The mixer diodes have been fabricated at the Institut
fuer Angewandte Festkoerperphysik in Freiburg, West -
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Fig. 5. Cross-sectional view of the 90-GHz front-end module.
Germany. The diameters of the Schottky contacts are 2 pm
and the epilayer doping concentration is 2-10'® cm™3. The
parasitic series resistance is 7 & and the ideality factor
(characteristically inverse slope of V-log I curve) is 1.07 at
room temperature. This type of diode is used for both
front-end modules. ‘

The cryogenic IF amplifiers have been optimized for the
frequency band from 1.5 to 4 GHz, resulting in a noise
temperature of 35 K for the IF-amplifier chain. The gain is
12 dB per stage. In order to reduce the uncooled post-
amplifier noise contribution, two stages are mounted in
each front-end module. The transistor-type MGF 1412
(Mitsubishi) was used for all cryogenic amplifier stages.
For the input and output matching networks, double-sec-
tion matching transformers in microstrip technology have
been chosen. In order to achieve a broad matching band-
width, short (0.1 A) matching elements were used [5]. The
same technique was applied for the matching of the mixer
IF-output port. For the calculation of the matching ele-
ments, the room-temperature S-parameters of the transis-
tors have been taken. The only S-parameéter that changes
considerably when the transistor is cooled to 20 K is S,
resulting in a gain increase of about 1 dB compared to the
room-temperature performance. This gain increase can
cause high-frequency oscillations. In order to avoid this,
small pieces of ferrite absorber material were glued under-
neath the drain leads of the transistors [6].-

Table I gives a summary of the specifications of both
front-end modules. The stated figures for the theoretical
data rate are calculated for a temperature resolution of 1
K, assuming a mean value for the antenna temperature of
250 K. However, the real values for the complete imaging
system aré about 40 percent lower because of the nonideal
frequency response of the IF-amplifier chain (see Fig. 3),
radome losses, and the limited main-beam efficiency of the
antenna.

IV. IMAGING SYSTEM

The cryogenic receiver is part of an airborne imaging
system. The two front-end modules can be exchanged
within a short time. However, the cryogenic part of the
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Fig. 6. Block diagram of the imaging system.

TABLE I
SPECIFICATIONS OF THE RECEIVER FRONT ENDs
center frequency . 88 GHz 140 GHz
intermediate frequency 1.5-4 GHz 1.5-4 GHz
IF bandwidth 2.5 GHz 2.5 GHz
receiver noise temp. )
(DSB) at room temp. 710 K 870 K
receiver noise temp.
(DSB) at 20 X 210 K 250 K
-1 -1

theor. data rate (1 K) 11815 s 10000 s

-5, . 3_10—5/.
stability, short term 3:10 “/min min

-4 Y
stability, 1long term 2¢10 " /h 2+10 " /h

receiver has to be at room temperature for the exchange.
The cool-down time is about 3.5 h. At both frequencies, the
same off-axis parabolic mirror antenna is used. The minor
axis diameter is 20 cm, giving an angular resolution (half-
power beamwidth) of about 1° at 90 GHz and 0.7° at 140
GHz. The antenna oscillates around an axis parallel to the
flight direction so that the ground is scanned perpendicular
to the flight path (see Fig. 6). The maximum oscillation
frequency is 38.5 Hz and the scan angle is +14.5°, In
order to achieve this relatively high oscillation frequency,
the mirror has been made of carbon-fiber reinforced epoxy,
which results in a weight of only 63 g for the mirror.

For absolute temperature calibration, a rotating ab-
sorber is placed between the mirror and the receiver input.
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Fig. 7. DFVLR area, altitude: 85 m, comparison: visible light (left) with
90-GHz image (right). Dark areas have a higher radiometric tempera-
ture in the 90-GHz image.

The dumbell-shaped absorber is synchronized with the
mirror such that it covers the receiver input when the
mirror changes the direction of movement. The data are
recorded on magnetic tape for further amalysis on the
ground and also are displayed on a screen for quick-look
evaluation.
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Fig. 8. Central part of Fig: 7 at 90 GHz in wintertime (left), 90 GHz in
summertime (middle), and 140 GHz in summertime (right).

V. REsSULTS

The imaging system has been flown several times aboard
a small twin-engine aircraft (Dornier Do 28). Fig. 7 shows
a 90-GHz image of the DFVLR area, taken from an
altitude of 85 m. A visual photograph of the same area is
shown on the left for comparison. The shown area of 43 by
650 m was overflown within 13 s (aircraft speed: 50 m/s).
The central part of the area is shown again in Fig. 8 at 90
GHz (left and middle) and 140 GHz (right). The 90-GHz
image at left was taken in wintertime, whereas the two
other images were taken in summertime. The snow cover
can be clearly identified when comparing the images. Fig. 9
shows airplanes parked on a concrete platform at 90 GHz
(left) and 140 GHz (right). In both pictures small vehicles
around the airplanes can also be detected. Furthermore,
radiometer resolution is sufficiently fine to display the
substructure of the concrete platform.

Fig. 10 exemplifies the capability of high-resolution mi-
crowave radiometry under bad weather conditions. The
flight path runs from top left to bottom middle and shows
in the first part a highway with exit and access roads.
Several cars can be identified (white pixels) on the high-
way. The flight path then passes over snow-covered fields
(middle) to a small village (bottom middle). The four
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Fig. 9. 90-GHz (left) and 140-GHz images of airplanes. Altitude: 85 m.
Scanwidth: 45 m.

Fig. 10. 90-GHz image at degrading ground visibility. The flight path
runs from top left to bottom middle. The four pictures at right show the
ground at visible light. Altitude: 100 m. Total length of shown area:
1500 m. Scanwidth: 53 m.
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Fig. 11. First section of Fig. 10 at 140 GHz in summertime. The gray
scale ranges from an antenna temperature of 270-292 K.

pictures shown at right were taken with a CCD-camera at
visible wavelengths. The upper three pictures were taken
above the highway and the last one above the village.
These pictures show the degrading ground visibility along
the flight path. However, in the 90-GHz image no contrast
loss can be observed. Also, the trail of smoke which can be
seen at the bottom of the second CCD image is invisible in
the 90-GHz image. Fig. 11 shows the first part of the flight
path again at 140 GHz (in summertime). In this image,
different kinds of vegetation can be clearly distinguished.
The contrast of roads, however, is much smaller compared
to the 90-GHz images.

The contrasts of different kinds of vegetation are rela-
tively small in the millimeter-wave region so that a temper-
ature resolution of at least 1 K is necessary to obtain
well-structured images. Fig. 12 shows, for example, imag-
ery of vegetation of 90 (left) and 140 GHz (right). The
140-GHz image was taken from a higher altitude (128 m)
so that the spatial resolution is comparable for both images.
The scene contains two different cornfields and a forest
with conifers (bottom), and deciduous trees. The timberline
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Fig. 12. 90-GHz (left) and 140-GHz (right) images of a section with
different types of fields and a forest (bottom). Altitude: 85 m (90 GHz)
and 128 m (140 GHz).

passes diagonally through the picture. The 140-GHz image
was taken one year later, which is the reason for some
changes of the vegetation. In general, images at 140 GHz
have a lower contrast compared to images at 90 GHz,
because of the higher radiometric temperature of the sky at
140 GHz.

VI. FUTuRE DEVELOPMENTS

For an improvement of the available data rate, a further
reduction of the receiver noise temperature is of very
limited value, because the contribution to the total system
noise temperature is only about 50 percent for the present
receiver front ends, assuming an antenna noise temperature
around 250 K. Even a noise-free receiver would lead to an
improvement in the data rate of only a factor of 4. The
only way to further increase the data rate by orders of
magnitude is, therefore, the development of multichannel
receivers and an improvement of the instantaneous band-
width.

A further resolution-limiting component in the current
design is the oscillating mirror. For an improvement of the
spatial resolution, a larger mirror and a higher mirror
oscillation frequency would be necessary. These, however,
are contrary requirements, because a larger mirror has a
higher moment of inertia and thus must be operated at a
lower oscillation frequency.
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Fig. 13. Schematic diagram of new imaging concept.

In order to avoid the problems caused by the mechani-
cally movable mirror, a new imaging system concept has
been studied. In this concept the oscillating mirror is
replaced by a combination of a leaky wave antenna with a
cylinder-parabolic mirror (see Fig. 13). When the leaky

wave antenna is operated close to the cutoff frequency of |

the waveguide, the angle between the main beam and the
waveguide gets strongly frequency dependent. Thus the
scanning in one direction can be performed by measuring
at different receiving frequencies.

The signal coming from the antenna is converted down
to an IF of 2-8 GHz. This broad IF-band is then amplified
in a low-noise amplifier and split into a number of differ-
ent frequency bands in a multiplexer circuit. The signals in
the bands are then separately rectified, preintegrated, and
further processed. Each channel corresponds to a different
main-beam angle, so that the ground is scanned with
parallel beams separated by a half-power beam width.
Nonlinearities in the main-beam angle to frequency depen-
dence can be compensated for by adjusting the instanta-
‘neous bandwidths of the corresponding IF-channels.

One disadvantage of the described system is that the
mixer has to be operated in the SSB mode, which increases
the effective noise temperature compared to conventional
DSB imaging receivers. This, however, will be partly com-
pensated for by the relatively broad effective bandwidth of
6 GHz. Low-noise amplifiers with a noise figure of less
than 5 dB are commercially available for this frequency
band. As there may be problems in covering a larger total
scan angle of, say, 30° with a resolution of about 1° (at 90
GHz), several separate leaky wave antennas with complete
receiver systems may be put together in the focus line of
the mirror, where each antenna covers a different part of
the total scan angle.
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