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Abstract� The Temporal Experiment for Storms and Tropical
Systems Technology Demonstration (TEMPEST-D) instrument
is a �ve-frequency millimeter-wave radiometer operating from
87 to 181 GHz. The cross-track scanning radiometer has been
operating on a 6U CubeSat in low Earth orbit since Septem-
ber 5, 2018. The direct-detection architecture of the radiometer
reduces its mass and power consumption by eliminating the
need for a local oscillator and mixer, also reducing system
complexity. The instrument includes a scanning re�ector and
ambient calibration target. The re�ector rotates continuously to
scan the antenna beams in the cross-track direction, �rst across
the blackbody calibration target, then toward the Earth over the
full range of incidence angles, and �nally to cosmic microwave
background radiation at 2.73 K. This enables precision end-to-
end calibration of the millimeter-wave receivers during every 2-s
scan period. The TEMPEST-D millimeter-wave radiometers are
based on 35-nm indium phosphide (InP) high-electron-mobility
transistor (HEMT) low-noise ampli�ers. This article describes
the instrument and its characterization prior to launch.

Index Terms� Clouds, CubeSat, direct-detection receiver,
microwave, millimeter-wave, monolithic microwave integrated
circuit (MMIC), precipitation, radiometer.

I. INTRODUCTION

THE TEMPEST mission was proposed to the NASA
Earth Venture Instrument-2 announcement of opportunity

in November 2013 as a closely spaced train of identical
CubeSats to study the temporal evolution of precipitation
using imaging millimeter-wave radiometers [1], [2]. At the
time, CubeSat microwave radiometers had yet to be demon-
strated in space, and NASA decided to fund a technol-
ogy maturation program to demonstrate that the proposed
millimeter-wave radiometer on a 6U CubeSat could provide
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science-quality data. The resulting mission, Temporal Exper-
iment for Storms and Tropical Systems Technology Demon-
stration (TEMPEST-D), is necessary to establish the heritage
for TEMPEST in a range of domains from science, instru-
ment, and spacecraft to mission design and operations. The
goal of TEMPEST-D is to reduce the risk, cost, and devel-
opment time for future radiometric measurements of Earth
science processes using CubeSat constellations. In addition,
TEMPEST-D raises the technology readiness level (TRL) of
the TEMPEST millimeter-wave radiometer instrument from
TRL 5 to TRL 9. This mission also provides the first in-space
demonstration of a millimeter-wave radiometer based on a
35-nm indium phosphide (InP) high-electron-mobility transis-
tor (HEMT) low-noise amplifier (LNA) front end for Earth
Science measurements.

The success criterion for TEMPEST-D instrument is
to demonstrate cross-calibration between the TEMPEST-D
millimeter-wave radiometer and other well-calibrated opera-
tional radiometers with similar channels [e.g., the Microwave
Humidity Sounder (MHS) operating on NOAA and European
MetOp satellites, and the NASA Global Precipitation Mea-
surement (GPM) Microwave Imager (GMI)] with better than
2-K precision and 4-K accuracy.

The TEMPEST-D began in August 2015 as a partnership
among Colorado State University (CSU), Fort Collins, CO,
USA; Jet Propulsion Laboratory (JPL), Pasadena, CA, USA;
and Blue Canyon Technologies (BCT), Boulder, CO, USA.
The TEMPEST-D flight instrument was developed and fab-
ricated at JPL and delivered to the CubeSat vendor, BCT.
BCT performed the integration of the instrument into their
6U CubeSat bus as well as the flight acceptance testing of the
complete flight system, with technical support from JPL. BCT
delivered a complete 6U CubeSat flight system with integrated
payload to NanoRacks for launch integration on March 22,
2018. The NASA CubeSat Launch Initiative (CSLI) provided
launch services for the TEMPEST-D CubeSat. TEMPEST-D
was launched by Orbital ATK on CRS-9 from NASA Wallops
to the International Space Station (ISS) on May 21, 2018. The
TEMPEST-D spacecraft was deployed into an orbit of 410-km
altitude and 51.6� inclination by NanoRacks on July 13, 2018.

II. INSTRUMENT ARCHITECTURE

The TEMPEST-D instrument receivers are based on 35-nm
InP HEMT LNAs developed jointly by JPL and the Northrop
Grumman Corporation [3], Redondo Beach, CA, USA.
The reflector scanning and calibration methodology was
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Fig. 1. TEMPEST-D five-frequency millimeter-wave radiometer instrument block diagram.

adapted from the High Altitude MMIC Sounding Radiome-
ter (HAMSR) instrument [4]. The TEMPEST-D instrument
block diagram is shown in Fig. 1.

The instrument comprises four major subsystems: antenna,
millimeter-wave radiometer, command and data handling
(C&DH) electronics, and scan mechanism. The electromag-
netic radiation incident upon the instrument enters through
an open aperture and is focused onto a dual-frequency feed
horn with integrated diplexer by a 90� off-axis paraboloidal
scanning reflector antenna [5]. The two waveguide outputs of
the feed horn and diplexer are connected to two radio fre-
quency (RF) front-end millimeter-wave LNA modules, the first
operating at 87 GHz and the second with four channels from
164 to 181 GHz. At 87 GHz, the signal is amplified, filtered,
and detected. From 164 to 181 GHz, the signal is amplified,
divided four ways using three 90� hybrid couplers, filtered,
and detected. Instrument calibration is achieved by rotating
the scanning reflector antenna about the feed horn boresight
axis so that the radiometer views both the cosmic microwave
background (termed “cold sky” hereafter) and an ambient
blackbody calibration target every scan (2 s). The C&DH
electronics sample and digitize the detected signals output by
the RF front end, as well as control and monitor the operation
of the instrument.

The optical subsystem is a compact design consisting of
the reflector, dual-frequency feed horn, and ambient calibra-
tion target with heritage from multiple sources [HAMSR;
Microwave Sounding Unit (MSU), Advanced Microwave
Sounding Unit (AMSU), etc.]. The reflector rotates contin-
uously at a rate of 30 r/min to view the Earth, where data are
typically stored over the scanning range from �65� to +65�

from nadir, followed by observations of cold space and the
ambient blackbody calibration target, as shown in Fig. 2. The
10.5 cm × 7 cm reflector is machined from aluminum and is
lightly abraded to provide an optically diffuse surface to avoid
issues from direct solar illumination. A single dual-frequency
feed horn with integrated diplexer provides coincident beams
in all observed millimeter-wave bands (although the 87-GHz
polarization is perpendicular to that of the higher frequency
channels). The feed horn assembly required machining, gold
plating, and stacking of corrugated rings [5]. Fig. 3 shows the

Fig. 2. TEMPEST-D millimeter-wave radiometer instrument scans at 30 r/min
to view the Earth scene across a 935-km swath from 400-km orbital altitude.

antenna components and the calibration target as assembled.
By design, the polarization is quasi-vertical for the 87-GHz
channel and quasi-horizontal for all the other channels.

The antenna half-power beamwidths (HPBWs) are 3.6�

at 87 GHz, 1.68� at 164 GHz, 1.69� at 174 GHz, 1.72�

at 178 GHz, and 1.8� at 181 GHz. Sidelobes for angles
further than 10� off boresight are well below 30 dB, and the
main-beam efficiency is greater than 91%, which minimizes
footprint contamination. The surface footprint at nadir is 25 km
at 87 GHz and 12.5 km at 181 GHz from the nominal orbital
altitude of 400 km.

The calibration target is based on the designs for the
Microwave Limb Sounder (MLS) and HAMSR [6] and was
designed for TEMPEST-D to have greater than 50-dB return
loss from 40 to 220 GHz. The target is made of aluminum
pyramids coated with ferrite-loaded epoxy-absorbing material.
The temperature across the target is measured using three
embedded National Institute of Standards and Technology
(NIST)-traceable thermistors to quantify the thermal gradients.

Authorized licensed use limited to: Steven Reising. Downloaded on December 14,2020 at 08:18:30 UTC from IEEE Xplore.  Restrictions apply. 



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

PADMANABHAN et al.: TEMPEST-D RADIOMETER: INSTRUMENT DESCRIPTION AND PRELAUNCH CALIBRATION 3

Fig. 3. Antenna components assembled in the instrument.

Fig. 4. (Top) 164–181-GHz LNA module. (Bottom) 87-GHz LNA module.

In addition, thermistors are installed in the two RF front-
end LNA modules and the power divider block, all of which
contain temperature-sensitive amplifiers.

The RF front-end direct-detection radiometers are low
power and compact, consisting of LNA modules, a power
divider, filters, and detectors. The LNA modules have a low-
mass design using a cascade of 35-nm InP HEMT-based
LNAs. These modules are gold-plated waveguide modules
in which monolithic microwave integrated circuit (MMIC)
LNAs and detector diodes are epoxied to the housing using
silver epoxy and connected via wire-bonding using gold
wire. Fig. 4 provides the photographs of the assembled
164–181-GHz LNA module and the 87-GHz LNA module.
JPL used previously designed 35-nm InP MMIC LNAs from
Northrop Grumman’s process for both LNA modules [3].
These LNAs have been measured in a packaged MMIC-based
receiver to have a noise temperature of 350 K (3.4 dB)
near 183 GHz at room temperature with a gain of �17 dB.

Fig. 5. (a) RF front-end power divider module. (b) 87-GHz detector. (c) and
(d) 164–181-GHz detectors.

Each amplifier consumes 30 mW of power, and the tech-
nology has been tested across a wide range of temperatures
and in vacuum [7]. The detection bandwidths are defined
using waveguide-based bandpass filters. The amplified and
filtered 87-GHz signal is detected by a commercially available
zero-bias Keysight gallium arsenide (GaAs) Schottky detec-
tor diode [8] packaged in a gold-plated waveguide module
machined in aluminum. The 164–181-GHz channels are sep-
arated using a 4:1 power divider [Fig. 5(a)] and defined by
waveguide bandpass filters. The 164–181-GHz detectors were
assembled at JPL using tunnel diodes from HRL Laboratories
LLC, Malibu, CA, USA [9] and OMMIC, Limeil-Brévannes,
France [10]. All modules include small printed wiring assem-
blies (PWAs) to regulate the bias voltages and currents to the
InP MMIC LNAs and to amplify the detected output signal to
a nominal 1 V (with a gain of 900) using OP270 operational
amplifiers.

The C&DH circuit includes 18-bit analog-to-digital con-
verters (ADCs) for digitizing the radiometer output chan-
nels and the Microsemi ProASIC3L field-programmable gate
array (FPGA) for packetizing the data and transferring it to the
spacecraft computer using UART LVDS. A 12-bit, 8-channel
ADC digitizes the thermistor voltages, which provide the
temperatures of the instrument subsystems. JPL performed
radiation analysis for components that were susceptible to
single event latchup, such as the encoder on the scanning
motor and ADC for TEMPEST-D. TEMPEST-D used com-
mercially available off-the-shelf (COTS) parts with the excep-
tion of a few radiation tolerant devices that were purchased
as space-qualified components (e.g., clock and voltage regu-
lators). The C&DH PWA was assembled into the machined
housing, as shown in Fig. 6.

The TEMPEST scan mechanism was developed by BCT.
The BCT motor was modified from their reaction wheel
product line, which had previously been demonstrated on-orbit
for more than 200 million revolutions (the TEMPEST-D scan
mechanism had demonstrated more than 10 million revolu-
tions as of May 1, 2019). Hall effect sensors are used to
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Fig. 6. Photograph of the TEMPEST-D electronics chassis housing and the
C&DH PWA.

Fig. 7. TEMPEST-D scan mechanism components showing the (Left) two
redundant encoders and the (Right) motor controller chassis.

switch the current in the motor phases to generate motion.
Two encoders are integrated into the scan mechanism for
redundancy. The Mercury 1500-V output digital vacuum rotary
encoder is manufactured by Celera Motion and is configured
for a resolution of 16 364 counts per revolution. The motor
controller uses a single reaction wheel driver circuit based
on an ATMEL microcontroller. The scanning mechanism was
vibrated and thermal-vacuum (TVAC) tested prelaunch, and is
currently operational on-orbit in the TEMPEST-D Instrument.
Fig. 7 shows the TEMPEST-D scan mechanism components.

III. INSTRUMENT ASSEMBLY

The instrument assembly began with screening and selecting
the best LNAs by using wafer-probed measurements of the
S-parameters. The technical criteria for picking LNAs were
values of gate voltage, drain and gate currents, as well as
S21 to provide > 15-dB gain across the band in addition to
input and output return loss below 5 dB across the band. The
prescreening of the spectral performance, including checking
the input and output return loss and their variation as a function
of bias voltage, made it possible to obtain an unconditionally
stable configuration with the addition of attenuation at the
output of the amplifiers. The amplifier will not oscillate
due to the presence of the attenuators at the source and
load. This was followed by installing the amplifiers into the

Fig. 8. Comparison of pre- and post-burn-in gain (S21) for 164–181 GHz.
(a) RF front-end module. (b) Power divider module. Pre-burn-in is shown
in red, as compared with post-burn-in shown in blue and post-burn-in with
absorber inserted to remove any cavity effects shown in magenta.

gold-plated aluminum housings using conductive silver epoxy.
With all components installed, the amplifier, power divider,
and detector modules were subjected to burn-in testing with
devices biased at nominal operating currents and heated to
110 �C for 100 h to thermally accelerate the infant mortality of
the MMIC devices. Infant mortality could result in instability
or degraded performance as a drop in gain or change in bias
conditions.

S-parameter measurements of the amplifier modules pre-
and post-burn-in testing verified the performance of the MMIC
devices. Amplifier modules include attenuators at the output
of the amplifier and other losses from waveguide to microstrip
transitions as well as any filtering. Fig. 8 shows the gain
performance (S21) of the 164–181-GHz RF front-end and
power divider module before and after burn-in testing. The
87-GHz channel showed similar match in gain performance
before and after burn-in.

After completion of burn-in, the power divider module
and the filter modules were integrated, and S-parameters
were measured, as shown in Fig. 9. All modules were then
integrated and tested as a radiometer by measuring detected
voltages using the preamplifier/digitizer to generate radiomet-
ric counts sampled every 5 ms, which were then packetized
and transmitted to the spacecraft simulator. Fig. 10 provides a
photograph of the integrated radiometer as integrated into the
6U CubeSat spacecraft.

Authorized licensed use limited to: Steven Reising. Downloaded on December 14,2020 at 08:18:30 UTC from IEEE Xplore.  Restrictions apply. 



Authorized licensed use limited to: Steven Reising. Downloaded on December 14,2020 at 08:18:30 UTC from IEEE Xplore.  Restrictions apply. 



Authorized licensed use limited to: Steven Reising. Downloaded on December 14,2020 at 08:18:30 UTC from IEEE Xplore.  Restrictions apply. 



Authorized licensed use limited to: Steven Reising. Downloaded on December 14,2020 at 08:18:30 UTC from IEEE Xplore.  Restrictions apply. 



Authorized licensed use limited to: Steven Reising. Downloaded on December 14,2020 at 08:18:30 UTC from IEEE Xplore.  Restrictions apply. 



Authorized licensed use limited to: Steven Reising. Downloaded on December 14,2020 at 08:18:30 UTC from IEEE Xplore.  Restrictions apply. 



Authorized licensed use limited to: Steven Reising. Downloaded on December 14,2020 at 08:18:30 UTC from IEEE Xplore.  Restrictions apply. 



Authorized licensed use limited to: Steven Reising. Downloaded on December 14,2020 at 08:18:30 UTC from IEEE Xplore.  Restrictions apply. 



Authorized licensed use limited to: Steven Reising. Downloaded on December 14,2020 at 08:18:30 UTC from IEEE Xplore.  Restrictions apply. 



Authorized licensed use limited to: Steven Reising. Downloaded on December 14,2020 at 08:18:30 UTC from IEEE Xplore.  Restrictions apply. 



Authorized licensed use limited to: Steven Reising. Downloaded on December 14,2020 at 08:18:30 UTC from IEEE Xplore.  Restrictions apply. 


