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ASUR—An Airborne SIS Receiver for Atmospheric
Measurements of Trace Gases at 625 to 760 GHz

J. Mees, S. Crewell, H. Nett, G. de Lange, H. van de Stadt, J. J. Kuipers, and R. A. Panhuyzen

Abstract— A heterodyne receiver making use of a SIS wave-
guide mixer with integrated horn and single backshort tuner has
been built. It has been used for a series of airborne measurements
of atmospheric trace gases, such as HCI and ClO, above northern
Europe during the winter of 1993 and 1994. The receiver is suit-
able for measurements in the range of 625-760 GHz and shows
stable operation in the airplane together with high sensitivity.
Best achieved noise temperatures are Tpsg = 310 K at 708
GHz in the laboratory and T'sgg = 1500 K at 625 GHz for the
complete system in the airplane.

L INTRODUCTION

'N A COLLABORATION between the Laboratory for Space

Research (SRON, Groningen) and the Institute of Envi-
ronmental Physics (Bremen), the former submillimeter atmo-
spheric sounder (SUMAS) [1]-[4] of the University of Bremen
has been significantly improved by the use of a SIS junction as
detection element instead of the conventional Schottky diode
used before. First test flights of the new ASUR (airborne
submillimeter SIS radiometer) experiment onboard the Ger-
man research aircraft FALCON were successfully performed
in Dec. 1993. Later, in Feb. 1994 a flight campaign to northern
Scandinavia was carried out to measure atmospheric trace
gases such as ClO and HCI at the polar vortex. The system
shows a significantly reduced overall noise temperature and
good stability during flight. Due to this fact, the emission lines
of ClO and HC1 were measured with high temporal and spatial
resolution.

Schottky diodes have been proven to be reliable heterodyne
detectors for atmospheric and astronomical receivers over a
wide range of frequencies up to several THz. However, Nb-
tunnel junctions made out of a sandwich of superconductor-
insulator-superconductor (SIS) offer today a significantly bet-
ter sensitivity and wider bandwidth as nonlinear mixing ele-
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ments at frequencies up to 750 GHz than any other detector
[5]-[8]. They were first used at lower frequencies only. Since
then, the frequency range of SIS-mixer receivers has been
greatly increased, up to the superconducting gap frequency
of Nb and above. This is due to great improvements in
precision mechanical engineering, junction fabrication, and in
the development of local oscillators for higher frequencies. The
higher sensitivity of SIS detectors comes with the disadvantage
of lower operating temperatures (L*He) compared to Schottky
diodes. Those can be operated above 20 K where closed cycle
coolers are available. This campaign was the first time that an
airborne receiver with a SIS tunnel junction mixer has been
used for atmospheric measurements of trace gases in the range
of 625-686 GHz.

SIS waveguide mixers are being developed at SRON for
space applications like FIRST (far-infra-red and submillimeter
space telescope). Mixers have been made for 350 GHz [9], and
in scaled versions [10] for 500 GHz and 750 GHz. A 1000
GHz mixer is under development. These mixers contain an
integrated horn and a single backshort tuner and show a good
beam pattern as well as an excellent performance over the
whole frequency band of the waveguide. Heterodyne response
has been obtained up to 840 GHz. Y -factor measurements in
the laboratory show best double sideband noise temperatures
of Thsg = 310 K (250 K after correction for the beamsplitter
transmission losses) at 708 GHz [11]. The single sideband
noise temperature of the complete receiver system is Tggp =
1500 X at 625 GHz and increases with the frequency to 1700
K at 650 GHz as measured during flight.

We will illustrate the sensitivity of our SIS-mixer around
the gap frequency and give an overview of the receiver design
and its system performance. We will also show results of trace
gas measurements during the flight campaigns.

II. EXPERIMENT DESCRIPTION

Nb/AlyO3 /Nb-tunnel junctions produced at SRON have
an area of about 1 um? and are fabricated with a selective
niobium over-etch process (SNOEP) [12] on 2" quartz wafers.
The dimensions of a single quartz substrate suitable for the 750
GHz waveguide mixer block are (50x80x4200) pum3. The
normal state resistance Ry of a junction is usually between
10-20 € and the specific capacitance C; = 55 fF/um?. The
device used in the airplane measurements has two junctions
in series and a normal state resistance of Ry = 42 (.
The Josephson critical current density is ~12 kA/cm? and
Ry/Rs ~ 18, where Rg is the subgap resistance at 2 K
physical temperature.

0018-9480/95$04.00 © 1995 IEEE
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Fig. 1. Quartz chip with SIS-junction, tuning network, and low-pass filter.

The mixer described here consists of a full-height wave-
guide measuring 300x 150m?, with a single backshort and an
integrated diagonal horn. The mixer is mounted in a L*He bath
dewar with rigid support system. The noncontacting backshort
has two A/4 choke sections with a high and a low impedance.,
The quartz chip with the junction lies across the waveguide
in the substrate channel which measures (100x100) xm? in
the cross section. It contains an on-chip low-pass filter with
six alternating A/4 high-low impedance sections on each side.
This prevents signal currents from leaking into the substrate
channel. A superconducting magnet made of Nb-Ti wire is
used to suppress the Josephson effects.

Embedded in a matching and transforming network made
out of superconducting microstrips, the junction impedance
can be matched to the waveguide impedance over a broad
range of frequencies. We have successfully designed and fabri-
cated several kinds of integrated tuning structures for different
frequency regimes and bandwidths using SIS tunnel junctions
as detectors. We studied the frequency response of waveguide
mixers by means of a Fourier transform spectrometer of the
Michelson type [13]. The bandwidth varies with the type of
tuning network and can be as large as 170 GHz at a central
frequency of 670 GHz. Heterodyne experiments show that
one-step transformers are most suitable for our purposes. This
simple design, shown in Fig. 1, offers not only a broadband
power coupling to the junction but also low losses at frequen-
cies below 700 GHz, which results in a high sensitivity of the
mixer. It has been shown that transformer designs are most
appropriate not only for SIS junctions, but also for other detec-
tors and environments. Two-step transformers offer up to 30%
bandwidth in antenna-coupled designs. Complete on-chip filter
structures with bandpass characteristics, e.g., Chebyshev fil-
ters, made out of superconducting striplines are possible [14].

Fig. 2 shows a simple equivalent electronic RF circuit of a
SIS junction and the surrounding waveguide. The junction is
represented by the geometrical capacitance C, the nonlinear
admittance Grp, and the susceptance Bry. The last two are
caused by internal quantum effects. The transformer network is
represented by a lossy microstrip line with the characteristic
admittance Yy and electrical length +. The superconducting
microstrip designs were calculated by means of the Mat-
tis—Bardeen theory [15]. The admittance of the waveguide
is assumed to be real and the effect of the backshort purely
imaginary.

Fig. 3 shows the video response of three different samples
obtained with a Michelson spectrometer. The spectral response

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 43, NO. 11, NOVEMBER 1995

*s@ [:]Ys *Yas Yoy
\
: /
-

Source Backshort On-Chip Transformer Network

Fig. 2. Equivalent RF-circuit of the junction and environment.
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Fig. 3. FTS response of samples B3, B6, and C3 with different lengths of
the single-step transformer.

indicates the power coupling to the SIS junction in the
waveguide influenced by the backshort and the integrated
tuning network. Samples B3 and B6 make use of single-step
transformers, 10 pm wide and 54 um long, as integrated
matching network. The single junction element B6 shows
a broad 3dB-bandwidth of about 125 GHz and sample B3
(Fig. 1) with two junctions in series with 90 GHz a somewhat
smaller bandwidth. Both samples have the same resonance
frequency of about 640 GHz. The transforming microstrip of
sample C3 has a width of 10 ym and a length of 49 pm which
results in a higher resonance frequency of 720 GHz. Since
the Michelson measurements are influenced by the position
of the backshort, the expression “resonance frequency” has
to be interpreted with care. We have investigated a whole
set of measurements for each sample with different backshort
positions. The curves shown in Fig. 3 represent the central
figures of the measurement sets. Absorption lines in the
spectra, e.g., at 557 and 752 GHz, are due to water vapor
in the spectrometer, which was not evacuated.

The frequency range of interest for the flight campaign
was between 625 and 686 GHz. Laboratory heterodyne tests
showed a slightly superior performance of sample B3 above
the other. Therefore, sample B3 was used during all further
laboratory tests and flight experiments. Fig. 4 shows its DC
IV-curves, unpumped and pumped by the Iocal oscillator at
680 GHz, together with the IF heterodyne response arising
from hot (300K) and cold (80K) loads in front of the receiver.
The IF response shows also some remaining structiires of
the Josephson effect that could not be suppressed completely
by the applied magnetic field. The reason for this might be
that we used a two-junction array where both junctions are
not completely identical. The gap voltage of this sample was
Veap =2.55 mV at 42 K, corresponding to a gap frequency
of feap = 616 GHz. Cooling in the laboratory to 2 K
increased the gap voltage to 2.65 mV and the gap frequency
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Fig. 4. Pumped and unpumped IV-curve of sample B3 with hot (300K) and
cold (77K) IF response at 680 GHz.
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Fig. 5. (Top graph) Double sideband noise temperature of sample B3 for
different operating temperatures and frequencies including beamsplitter losses.
The lower curves represent the resulting noise temperatures when the losses
are excluded. (Bottom graph) ITpsB of sample C3 at 2K,

t0 feap = 640 GHz, respectively. This means that almost
all measurements were done at frequencies which clearly
exceeded the gap frequency of this specific sample. We believe
that the performance of the receiver can be improved by using
a sample with higher gap voltage.

Fig. 5 shows the laboratory heterodyne performance of
sarnple B3 and C3 characterized by the double sideband
noise temperature Tpgp for different operating temperatures
and frequencies. In the top graph of Fig. 5, the two upper
curves show measurements with a mylar beamsplitter of 60 pm
thickness at 4.2 and 2 K He bath temperature. Curves that are
corrected for the losses of the beamsplitter are shown below.
To verify these corrections, a measurement with a 12 pm
thick beamsplitter was investigated. This measurement yielded
Tpss = 310 K at 708 GHz at 2 K physical temperature.
The corrected value of this measurement is 250 K and lies
within 5 K of that of the measurement with the 60 pm
thick beamsplitter. In the beginning Y -factor measurements
were usually performed with a 60 pum thick beamsplitter.
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Only at a single strong line of the carcinotron measurements
were undertaken with the thin beamsplitter. Later, the optical
set-up was improved and measurements at a wide range of
frequencies were done. The bottom graph of Fig. 5 shows
the performance of sample C3 at 2 K measured with the 12
pm thick mylar beamsplitter. The tuned heterodyne bandwidth
of both samples is rather wide ranging at least from 640 to
760 GHz. Below 640 GHz, measurements to determine the
whole bandwidth were not possible due to the lack of suitable
local oscillators. At 625 GHz only the single sideband noise
temperature could be determined in the flight set-up.

The mylar beamsplitters used in the measurements are 60
pm and 12 pm thick. Mylar has a dielectric constant of
1.73 which results in calculated transmissions of 56.5% and
91.5% at 710 GHz. Transmission measurements are in good
agreement the calculations and show 7' = 60% and 90%,
respectively. These values were used for the corrections.

III. THE OPTICAL LAYOUT

The atmospheric signal enters the airplane through a HDPE
window [16], especially designed for that frequency range to
avoid standing wave problems. This wedged window is 200
mm in diameter, 13 mm thick on one side and 14 mm on
the other side. The difference in the traveling lengths across
the window surface reduces the frequency dependent variation
of the transmission loss of plane parallel plates due to the
Fabry—Perot effect.

A rotating mirror points in an alternating cycle to the
window and to calibration loads at 300 and 77 K. A roof-
top pathlength modulator serves to eliminate the remaining
standing wave problems. Two Martin—Puplett type interfer-
ometers are used as a single sideband filter (SSB) and as
a diplexer in order to combine the atmospheric and the LO
signal. A combination of an elliptical mirror and a cooled
high-density polyethylene (HDPE) lens in front of the mixer
determines the optical system. Antenna pattern measurements
indicate that the performance of the cold lens does not change
significantly from 300K to 4.2K. The complete optical system
was calculated with Gaussian beam optics to minimize losses
in the optical system. Since the aperture diameter of most
optical components is 50 mm, the optical system is designed to
have a maximum beam radius smaller than 12.5 mm along the
optical path. The asymptotic angle of growth of the receiver
beam radius is 0.7°.

The LO power requirement of a SIS junction is much
smaller than that of a Schottky diode and the LO used emitted
far more power than necessary for a SIS junction. We therefore
implemented in the LO path a polarizing wiregrid that can be
rotated to attenuate the signal. This grid is located between
the LO and the signal path entry. The dewar window is made
of 200 pm thick myiar sheet. In addition a 110 pm thick
SiOs plate is mounted on the 77 K radiation shield and serves
as low-pass filter. An additional wire grid is mounted inside
the dewar in front of the mixer block to dump the cross-
polarization signal on a cooled absorber at 4.2 K. Fig. 6 shows
a schematic layout of the optics.
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Fig. 7. IF chain of the receiver.

IV. THE IF SYSTEM

The electrical layout of the receiver system is shown in
Fig. 7. Two solid state oscillators [17] served for the differ-
ent frequency bands as local oscillators (1% LO) and were
exchanged in various flights. One operated at 637-639 GHz
to serve the lower frequency bands while the other radiated at
675 GHz for the higher frequency bands. The IF frequency was
chosen to be 11.08 GHz, to cover several interesting molecular
lines with both sidebands. Switching between measurements
of those lines was done by adjusting the single sideband filter
(SSB).

The mixer IF output was coupled through a commercial bias
tee and an isolator directly to the first IF amplifier. The first
stage was a low-noise HEMT amplifier [18] that was mounted
inside the dewar on the 4 K stage. The noise temperature of
this amplifier is below 15 K for the whole frequency band,
from 10-12 GHz. The IF signal was further amplified and
filtered before it was mixed down a second time.

The second IF output toward the backend is centered at
fir = 3.7 GHz with a bandwidth of 1200 MHz. The power
level varies between 0 and 10 dBm. The backend consists of
an acousto-optical spectrometer (AOS), two filter banks, and
a UNIX system for the data retrieval. The power is distributed
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Fig. 8. System noise temperature over the AOS bandwidth. For data analysis
the outer channels are not taken into account, because of the higher noise
level there.

via directional couplers to the spectrometers and sensors that
register the power level. The fast detector, a Schottky diode,
was used for bias sweeps to optimize the SIS mixer. The
slower sensor is a power meter whose measurements were
taken permanently as housekeeping data by the computer
system.

The filter banks have a central frequency of 3.7 GHz with
28 channels and a bandwidth of 1200 MHz. The channel band-
width is 8 MHz in the center and increases to 80 MHz at the
edge of the band. This is done to cover a large bandwidth with
a small number of channels, while simultaneously obtaining a
high resolution in the center.

The AOS covers about 880 MHz containing 2000 chan-
nels with an effective resolution of 1.4 MHz. Fig. 8 shows
the system noise temperature over the AOS bandwidth. For
data analysis the bandwidth is restricted to 620 MHz where
the noise temperature was relatively constant. In Fig. 8 four
channels are coadded to give one data point to increase the
signal to noise ratio. This results in an effective resolution
of 2.8 MHz. The outer channels are not taken into account,
because of their higher noise level.

The UNIX system is used to control important parts, e.g.,
the rotating mirror, of the experiment and to retrieve the data.
It stores the data on tape together with housekeeping data from
various sensors and gives an online quick-look at the obtained
data and spectra.

V. MEASUREMENT CAMPAIGN

The receiver system was built into a Falcon aircraft operated
by the German space agency DLR in Oberpfaffenhofen. Dur-
ing the winter 1993 and 1994, a total of eight observation
flights were made, five solely in an observation campaign
to Kiruna in northern Sweden and above the polar sea. The
flight campaign to Kiruna covered the time from Feb. 7 to
18, 1994. The typical flight time was about 2.5-3 h and
covered a distance of about 2000 km. Typical flight altitude
for measurements was 34 000-37000 feet and the optical
depth along the line of sight is 7 = (2 + 0.5) - 1073, This
is at a Zenith angle of 78° and at a height of 36000 ft.
The instrument records the data from the beginning of the
flight although spectral lines are measurable at higher altitudes
only depending on the line strength and the meteorological
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TABLE 1
MEAN SINGLE SIDEBAND SYSTEM NOISE TEMPERATURE OF THE COMPLETE
RECEIVER FOR DIFFERENT MOLECULES OVER THE MEASURED FREQUENCY BAND
OF 1200 MHz. THIS BANDWIDTH IS DETERMINED BY THE FILTER BANK

Molecule Frequency [GHz] Tysn [K]
HCl1 625.913+0.6 1500
N,0 627.286+0.6 1500

0O, 648.073+0.6 1900
clo 649.448+0.6 1700
0, 664.300+0.6 1950
Clo 686.460+0.6 2300

conditions. Measurements of four different molecules were
made at six frequencies ranging from 625-686 GHz as listed
in Table I

The flights were coordinated for comparison of the data with
other experiments, such as the balloon borne submillimeter
limb sounder (SLS) of the Jet Propulsion Laboratory, the
microwave limb sounder (MLS) experiment on-board the
upper atmospheric research satellite (UARS) satellite and a
German research aircraft (Transall). The Transall contained
several instruments for trace gas measurements, such as Os,
ClONO:;, and HNOg.

VI. SYSTEM PERFORMANCE

The overall single sideband system noise temperature mea-
sured continuously by the power meter compare well with the
noise fluctuations observed on single channels of the AOS and
the filter banks. During a typical flight, several molecules were
measured. Switching from the upper to the lower sideband
was done by tuning the SSB filter. The observation of ClO
and HCl in a single flight was of greatest interest and made it
necessary to tune the LO to a new frequency. In either case,
the optimization of SIS bias voltage, backshort and diplexer
position, and LO power level was necessary. In general, tuning
to a new frequency band takes about 5 to 10 minutes.

The noise temperatures achieved for the different molecular
lines are shown in Table I. Since the receiver had to be tuned
in a relatively short time, the listed numbers may not represent
the lowest reachable noise temperatures. The system noise
temperature increases, as expected, toward higher frequencies.
The over-all single sideband noise temperatures Tggp given in
Table I are somewhat higher than the laboratory measurements
in Fig. 5. To compare both type of measurements the double
sideband noise temperature Tpgp has to be doubled and 300
K added for the warm sideband termination which was located
inside the aircraft. Because the laboratory measurements have
been performed using a simple set-up the residual differences
can be explained by losses due to polarization selection and
in the optical system. Also, the laboratory measurements were
done at a somewhat lower physical temperature of 2 K instead
of 2.9 K in the airplane.

VII. MEASUREMENTS

To obtain the submillimeter emission spectra, the raw data
were calibrated with the measurements of the hot and cold
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Fig. 9. Synthetic and measured spectra of HCl at f = 625.9168 GHz
measured on Feb. 15, 1994. The integration time is 630 seconds and the
rms error 0.07 K.
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Fig. 10. Synthetic and measured spectra of HCI at f = 625.9168 GHz
measured on Feb. 15, 1994. The integration time is 630 seconds and the
mas error 0.07 K.

calibration load. They were corrected for the window transmis-
sion losses and integrated to obtain a sufficiently high signal
to noise ratio. Only spectra above 30000 feet with a roll angle
lower than three degrees and a stable power level were used.
Figs. 9 and 10 show as an example the spectram of HCI with
an integration time of 630 seconds together with a calculated a
priori spectrum at 625 GHz. Differences in the power levels of
the measured and calculated spectra are due to different water
vapor levels. The spectrum of ClO at 649 GHz was integrated
during 562 sec and exhibits an amplitude of ~1.5 K (Fig. 11).
There is also some indication for an additional, weak 303
line in the vicinity of ClO.

VIII. CONCLUSION

The application of a SIS tunnel junction mixer in airborne
measurements has been successfully demonstrated in the fre-
quency range from 625 to 686 GHz. The sensitivity compared
to the former Schottky detector is about three times higher.
The broadband response up to 760 GHz is due to the use
of an integrated tuning network with a single-step microstrip
transformer. During a series of eight flights in winter 1993
and 1994, measurements of four different molecules at six
different frequency bands could be performed with high spec-
tral and spatial resolution. The lowest noise temperatures so
far achieved are about Thsp = 310 K at 708 GHz in the
laboratory and Tssp = 1500 K at 625 GHz for the complete
receiver system in the airplane. This successful campaign
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Fig. 11.  AOS spectrum of ClO at f = 649.448 GHz measured on Feb. 15,

1994. The integration time is 562 seconds and the rms error 0.1 K.

has shown that airborne measurements using an appropriate
extremely low-noise receiver is a convenient technique for
fast and accurate investigation of trace gases in situations of
disturbed atmospheric chemistry.
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