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Symbols and Abbreviations

AMSR Advanced Microwave Scanning Radiometer

A/D analog to digital (fig. 9)

BPEF band pass filter (fig. 9)

CAMOS VLSI complimentary metal oxide semiconductor very large scale integration
D reflector aperture height (fig. 8)

DMNISP Defense Meteorological Satellite Program
EOS/MLS Earth Observing Systemn/Microwave Limb Sonnder
ERS-1 European Remote Sensing Satellite 1

[KSA Furopean Space Agency

ESTAR Electrically Scanned Thinned Array Radiometer
a focal length (fig. 8)

GEFSC Goddard Space Flight Center

H horizontal (polarization) (fig. 10)

HARD High Accuracy Reflector Development

IAE Inflatable Antenna Experiment

JPL Jet Propulsion Laboratory

LNA low noise amplifier (fig. 9)

MIMR Multifrequency Imaging Microwave Radiometer
MMIC microwave monolithic integrated circuit

MUX multiplexer (fig. 9)

PBMR pushbroom microwave radiometer

PIN positive intrinsic negative {(p-material, intrinsic, n-material)
pol polarization

R displacement from axis of rotation (fig. 8)

RF radio frequency

rms root mean square

RTD resistance temperature device (fig. 9)

SLD square law detector (fig. 9)

SSM/1 Special Sensor Microwave/Imager

SSMIS Special Sensor Microwave Imager Sounder

S/H sample/hold (fig. 9)

SwW switch (fig. 10)

T temperature (microwave radiometer measurernent)
T™I TRMM Microwave Imager

TRMM Tropical Rain Mapping Mission

\% vertical (polarization) (fig. 10)
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Subscripts:
ant

inj

ref

Sys

antenna
injection
reference

system



Summary

The Langley Research Center has been investi-
gating the critical technologies for developing ad-
vanced real aperture microwave radiometers suitable
for Earth science observations. A significant objec-
tive of this research is to enable microwave measure-
ments with adequate spatial resolutions for a num-
ber of Earth science parameters, such as sea ice,
precipitation, soil moisture, sea surface temperature,
and wind speed over oceans. High-spatial-resolution
microwave radiometer sensing from space with rea-
sonable swath widths and revisit times favor large
aperture systems. However, with traditional preci-
sion antenna design, the size requirements for such
systems are in conflict with the need to emphasize
small launch vehicles. For example, K-band obser-
vations of sea ice requires an antenna of approxi-
mately 4 m in diameter and antennas in the 20 to
30 m category will be needed for L-band measure-
ments of soil moisture in order to satisfy science
requirements for a resolution of 10 km from low Earth
orbit. This paper describes trade-offs between the
science requirements, basic operational parameters,
and expected sensor performance for selected satel-
lite radiometer concepts. The preliminary designs
of real aperture systems utilizing novel lightweight
compact-packaging techniques are used as a means
of demonstrating this technology. Radiometer sub-
system design and calibration as well as antenna
and feed design criteria and techniques required are
also presented. Preliminary results show that novel
designs and packaging techniques compatible with
small launch systems coupled with state-of-the-art
radiometer designs hold promise for high-resolution
Earth science measurement systems.

1. Introduction

Current operational technology is unable to ful-
fill key science needs in remote sensing from space.
For example, microwave measurements of sea ice, soil
moisture, salinity, and wind speed are not being ob-
tained at the required spatial Earth resolution. The
Low Earth Orbit Microwave Radiometry Workshop
held in Hampton, Virginia, September 22 24, 1992,
identified measurements of soil moisture at a resolu-
tion of 10 km as the general science driver. Likewise,
measurements of salinity and sea ice are significantly
short of the mark for science needs. Sensing of wind
speed by the Seasat and ERS-1 scatterometers has
been confined to resolutions from 25 to 50 km.

Higher spatial resolution can be achieved tra-
ditionally by providing larger real apertures or by
the application of synthetic aperture (thinned ar-
ray) techniques. Thinned arrays remove much of the

bulk of the antenna by using elements at carefully
selected positions (related to a wavelength) and “fill-
ing in the antenna pattern” with computer processing
techniques. They are attractive for single frequency
remote-sensing applications, such as soil moisture,
but increase in complexity with added frequencies
and polarizations. Researchers at the Goddard Space
Flight Center (GSFC), the Jet Propulsion Labo-
ratory (JPL), and the University of Massachusetts
have proposed using this concept in one- and two-
dimensional synthetic aperture systems such as the
Electronically Scanned Thinned Array Radiometer
(ESTAR). (See ref. 1.) A recent study at the Lang-
lecy Rescarch Center of a 1.4-GHz two-dimensional
ESTAR soil moisture radiometer required 20 880 cor-
relators and had a data rate of 448 kbps. The power
consumption was estimated at 0.62 mW /correlator.
The 1992 state-of-the-art correlators using advanced
custom designed CMOS VLSI technology, devel-
oped by JPL for the EOS/MLS project, consume
47 mW /correlator (ref. 2), almost 2 orders of mag-
nitude higher. The weight of the correlators requires
similar improvement. Thus, the success of these sys-
tems seems to depend on future significant break-
throughs in the development of low-power and low-
weight correlators and receivers.

The radiometer technology that is employed in
real aperture pushbroom radiometer systems uti-
lizes significantly less complex electronic circuitry as
compared with the electronic subsystems required
for synthetic aperture radiometers. Traditional real
aperture system design utilizes a more mature tech-
nology. The Langley Research Center and other
NASA centers have designed radiometers utilizing
this technology since well before 1970. Pushbroom
concepts have been developed which allow multiple
simultancous beams without electronic or mechanical
scanning (ref. 3). Real aperture reflector antenna sys-
tems can be used for simultaneous multiple frequen-
cies provided the surface size and roughness criteria
are met for both the upper and lower frequencies.
Radiometers can use direct detection receivers, which
allow simpler and less expensive systems. Histori-
cally large antennas have not been employed in many
space applications because of the substantial penalty
in associated physical weight and packaging volume
required. To illustrate this point. the resolution pro-
vided by relevant operational and planned remote-
sensing radiometers is summarized in figure 1. The
minimum antenna diameter required to achieve res-
olutions from 25 to 1 km from an orbit of 400 km
at an incidence angle of 50° is plotted as a fune-
tion of frequency. The frequencies used to detect
salinity and soil moisture. sca surface temperature,



ocean wind speed, and sea ice are shown in this
plot. The antenna diameters are noted for the op-
erational Special Sensor Microwave/Imager (SSM/1)
(ref. 4), ESA Multifrequency Imaging Microwave
Radiometer (MIMR) (ref. 5), Advanced Microwave
Scanning Radiometer (AMSR) (ref. 6), and the Trop-
ical Rain Mapping Mission (TRMM) Microwave Im-
ager (TMI) (ref. 7). The TMI uses the same antennas
as the SSM/I. These missions all use mechanically
scanned radiometer reflectors, which limits the max-
imum diameter, and hence, the resolution achievable.
From this figure, a soil moisture measurement at
1.4 GHz and a resolution of 10 km from an altitude of
400 km would require an antenna 45 times larger than
the SSM/I antenna. (Sce fig. 1.) Previous studies of
precision deployable, large aperture systems yielded
antennas with high areal density (5-10 kg/m?) which
require significant portions of a shuttle bay to launch
(ref. 8). These results are clearly not in accord with
present emphasis on low-cost payloads suitable for
small expendable launch systems.

Recently, new novel designs for lightweight reflec-
tor systems have been developed by private indus-
try and have been studied for their application to
microwave radiometer remote-sensing systems. One
such system, the high accuracy reflector develop-
ment {HARD) system developed by TRW, Inc., con-
sists of hexagonal segments deployed and latched to-
gether by novel rotational/translational joints. TRW
has built a 5-m-diameter deployable ground test
model of this antenna with an overall surface accu-
racy of better than 0.23 mm (0.009 in.) rms. (See
fig. 2.) Lightweight graphite-epoxy panels approx-
imately 0.25 mm thick are supported at the edge
by hexagonal hoops made of graphite-epoxy tubes
approximately 2.5 cm in diameter. The prototype
consisted of seven hexagonal panels approximately
1.75 m across. (See ref. 9.) The stowed antenna
occupied a volume 0.6 m high by 2 m in diameter.
Deployment was achieved by novel joints at one apex
of each panel which rotated the stack of panels into
ecach panel position and latched the bottom panel
into position. The prototype antenna was success-
fully tested at TRW for acoustics, vibration, deploy-
ment accuracy, and near-field antenna patterns at
60 GHz (results available upon request). The entire
assembly weighed less than 40 kg and overall surface
roughness was less than 0.23 mm (0.009 in.) rms.
Preliminary results with advanced panels at TRW in-
dicate that additional significant improvement in sur-
face accuracy can be achieved with a thin lightweight
solid panel reflector,

A second system is a deplovable inflatable struc-
ture to which a thin reflective layer is deposited to
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form a reflector, which is joined to a feed system
and spacecraft bus. (See fig. 3.} A 14.7-m model
using this system is being developed under the In-
Space Technology Experiment Program (IN-STEP)
(refs. 10 and 11) by L’Garde, Inc., and managed
by JPL. This IN-STEP program will determine the
reflector surface accuracy possible by using this an-
tenna concept in a space environment.

System studies of the application of these real
aperture antenna radiometer systems to Farth
remote-sensing missions is the subject of this paper.
The HARD system concept was applied to an ice and
precipitation imaging mission at 18.7 and 36.5 GHz,
where reflector surface precision requirements are
more stringent. The inflatable system is being ap-
plied to a soil moisture (1.4-GHz) mission where tol-
erances are greater. Companion sensors utilizing the
inflatable reflector measure sea surface temperature
(at 4.3 GHz), and wind speed (at 10.65 GHz). Re-
sulting system size, performance, and an assessment
of the feasibility are discussed.

2. Real Aperture Technology

The conical pushbroom concept, illustrated in
figure 4, provides high-resolution contiguous mea-
surements as simultaneous beams move across the
Earth’s surface to cover a specified swath width. The
illustration in figure 4 is not drawn to scale. The
conical pushbroom satellite instrument in low Earth
orbit would produce simultaneous circular footprints
(—3-dB beam contours) at a beam incidence angle of
53° with respect to the surface normal of the spher-
ical Earth. The simultaneous beams are produced
in a circular arc in order to maintain the same inci-
dence angle for all beams. By maintaining the same
incidence angle, the software algorithms for inversion
of measured data are the same for each beam. Each
beam consists of dual orthogonal parallel and per-
pendicular polarizations with respect to the plane of
incidence. The circular footprints are achieved by
producing an elliptical beam from the antenna such
that its intersection with the surface of the Earth
forms a circle. The swath width is determined by the
size and number of simultaneous beams. The stag-
gering of the beam footprints, shown in figure 4, is a
result of the antenna feed panel layout, as described
subsequently.

The antenna concept is shown in figure 5. It con-
sists of an offset parabolic torus reflector with mul-
tiple feeds on a circular arc. The feed panel is illus-
trated in figure 6 and consists of individual planar
arrays of dual-polarized microstrip patch radiators.
Each feed array is designed for proper ilumination of
a portion of the parabolic torus in order to produce



the desired elliptical beam. Low sidelobes and low
spillover are required in order to achieve main beam
efficiency of 90 percent or greater. A reflector edge
illumination taper of —15 dB was chosen in order to
produce the required low sidelobes. In addition, the
feed array is designed with a tapered excitation in or-
der to reduce the feed array pattern sidelobes, with
a corresponding reduction in the reflector spillover
loss. With the feeds located in a row along a circu-
lar arc, the corresponding beams from the parabolic
torus are separated by two beamwidths; therefore, a
second row of feeds are located along a slightly dis-
placed arc and shifted, in order to produce beams
which fill in the spaces between the previous arc of
beams. Because the two rows of feeds are on oppo-
site sides of the focal arc, a staggered arrangement of
footprints, as shown in figure 4, are produced. The
feed panel in figure 6 is for a single frequency. For ra-
diometer instruments requiring multiple frequencies,
additional rows of feeds can be added. A portion of
a feed panel layout for a three-frequency system, to
be discussed later, is illustrated in figure 7.

The parabolic torus reflector surface in figure 5 is
obtained by rotation of an offset portion of a parabola
about a tilted axis. This geometry is illustrated in
figure 8. The required angle of tilt « is determined by
a combination of the orbit altitude and the required
beam incidence angle at the surface of the spherical
Earth. For an incidence angle of 53° and an altitude
of 400 km, the tilt angle is 48.7°. The displacement
R from the axis of rotation is specified for optimum
torus design. An approximate value for R can be ob-
tained from F/(F + R) = 0.487 (ref. 12), where F
is the focal length of the parabola. The amount of
angular rotation of the parabola is dictated by the
desired swath width and, therefore, establishes the
total width of the reflector in that direction and the
arc length of the feed panel. The reflector aperture
height D determines the antenna beamwidth in the
plane of incidence, and its specific size is a function of
the altitude, beam incidence angle. and footprint size
for a specific frequency. The ratio of focal length to
aperture height F/D is selected as 1.5 in order to re-
duce the reflector cross-polarization to an acceptable
level (i.e.. =35 dB or lower). A broader beamwidth
orthogonal to the plane of incidence is necessary in
order to produce a circular footprint on the Earth’s
surface; therefore. the effective illumination width of
the reflector in that direction will be less than D. For
an altitude of 400 km and incidence angle of 53°. the
ratio of the beamwidths (and inversely the ratio of
reflector aperture illumination widths) is 1.65.

Each array feed illustrated in figures 6 and 7 is
intended to be somewhat generic in the sense that it

represents a dual-polarized planar array with the de-
sired radiation characteristics for illumination of the
reflector at a specified frequency. Although an array
of series-fed square microstrip patches could provide
the desired illumination with simultaneous vertical
and horizontal polarization while occupying a mini-
mal volume, the specific detailed design has not been
completed. Such specifics as the sizing of individual
patches for proper excitation, array element mutual
interactions, feed line radiation, cross coupling be-
tween orthogonal polarizations require further study.
The simplicity and minimal packaging volume of the
single board configuration in figure 7 appears promis-
ing and warrants a more detailed design evaluation.
Should this configuration prove to lack the capabil-
ity of meeting requirements, multiple board config-
urations which utilize corporate feed networks with
feed-through connections would offer alternative so-
lutions with their additional inherent complexities,
losses, and increased volume and weight.

3. Radiometer Technology

The radiometer technology employed in existing
spaceborne systems uses real aperture antenna tech-
nology. The existing and planned spaceborne ra-
diometer systems are mechanically scanned systems.
The highly successful spaceborne radiometer, the
Special Sensor Microwave/Imaging (SSM/I) for the
Defense Metceorological Satellite Program (DMSP), is
a mechanically scanned total power radiometer. The
entire radiometer including the reflector, antenna
feeds, and radiometer electronics are mechanically ro-
tated at a constant rate of 30 rpm. The radiometer
scans the measurement scene approximately 140° out
of the 360° of one revolution; during the other 220°,
the radiometer scans a hot target and a cold sky tar-
get for calibration purposes. For this scenario, the
radiometer is calibrated every 2 sec. The frequent
calibrations allow the use of total power radiome-
ters for these systems, which offer the best radiomet-
ric sensitivity for a given bandwidth and integration
time.

The reflector sizes for mechanically scanned ra-
diometers are limited to approximately 2 m for sev-
cral reasons. First, an increase in the antenna size
results in a corresponding decrease in the resolu-
tion cell size. Since the satellite downlink velocity
is constant, the rotational velocity must be increased
to satisfy Nyquist sampling requirements in this di-
mension. Multiple beams downtrack could be used
to satisfy this requirement but would increase the
radiometer complexity and cost. A second reason
is the requirement for momentum compensation to
keep the platform stable. The antenna diameter is a
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control system driver; if either the rotating radiome-
ter or the momentum compensation wheel should
fail, the spacecraft control system must prevent the
spacecraft from spinning out of control while the
other device is powered down. The third reason is
the complexity of fitting an antenna larger than 2 m
in diameter inside a shroud of a launch vehicle and
deploying it into proper configuration and position
for mechanically scanning the Earth’s surface.

Future space missions plan to employ total power
radiometer with direct detection and mechanically
scanning real aperture antenna systems. SSMIS on
future DMSP satellites, TMI on the Tropical Rain
Mapping Mission (TRMM), the ESA Multifrequency
Imaging Microwave Radiometer (MIMR), and the
Japanese Advanced Mechanically Scanned Radiome-
ter (AMSR) all employ this radiometer technology.

An alternative solution to the problem of obtain-
ing high spatial resolution without any mechanical
scanning is a pushbroom radiometer system. The
pushbroom technique utilizes simultaneous measure-
ments by fixed scanned multiple beams. The ra-
diometer is constantly observing the scene; therefore,
providing time for calibrations without mechanically
moving either the antenna or the feed to the calibra-
tion target is a significant problem. Frequent calibra-
tions are required because of the gain instabilitics of
the radiometer receivers operating in a total power
mode. A radiometer technique employed successfully
in many airborne remote-sensing applications is that
of balanced Dicke noise injection. The gain insta-
bility problem is eliminated with classical feedback
techniques at a penalty of degrading the sensitivity
by a factor of 2 over that of an ideal radiometer.

The effect of short-term gain variations is elimi-
nated in a balanced Dicke radiometer because the sig-
nal (noise) levels when the radiometer is measuring
the antenna port and the reference load are identi-
cal. This balanced condition in the Dicke radiometer
is achieved by adding noise from an avalanche noise
diode Tj,; to the received radiometric antenna tem-
perature Tay. This sum is added to the radiometer
receiver system noise temperature Tgys during one
half of the Dicke cycle. The avalanche noise diode
is operating at a constant power level and physical
temperature. The injected noise is controlled by a
PIN diode switch which injects a known noise level.
During the other half of the Dicke cycle, the radiome-
ter measures the noise from a precision load resis-
tance which is maintained at a constant and accu-
rately known physical temperature Tyo; (£0.05°C). A
first-order, closed-loop feedback circuit with zero po-
sition error accurately adjusts the amount of injected
noise such that Tiyj + Tant = Tref. The accuracy of
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a noise injection radiometer and the resultant cali-
bration requirements are a function of the stability
of the output power from the avalanche noise diode
with temporal and physical temperature variations.
Available test data (ref. 13) show temporal varia-
tions of £0.01 percent/hour and +0.1 percent/day
or +0.03 K/hour and +0.3 K/day, respectively, for
an injected noise level of 300 K. The variation with
physical temperature is 0.2 percent/°C, which is
0.6 K/°C. Physical temperature measurcments of the
avalanche noise diode can be accomplished with an
accuracy of +£0.05°C.

A rcal aperture pushbroom radiometer using a
noise injection balanced Dicke radiometer would re-
quire calibration at an interval from once per orbit to
once per day. Several schemes proposed to achicve
this calibration include interval calibration using a
cooled and a heated resistive load for the cold and hot
calibration points, respectively; moving a calibration
load in front of the feeds by mechanical means; mea-
suring known Earth scenes; or observing cold sky by
rotating the spacecraft to deep space once per cali-
bration period.

A radiometer system design, based on the real
aperture pushbroom radiometer concept, has been
developed by the Langley Research Center to pro-
vide high-resolution radiometric measurements of
geophysical parameters from low Earth orbit. The
basic design of the radiometer receiver is shown in
figure 9. Recent advances in square law detectors
have enabled the usec of direct detection at frequencies
greater than 50 GHz while still achieving the strin-
gent detector linearity requirement for a precision ra-
diometric measurement. Direct detection allows the
elimination of the local oscillator and mixer and sig-
nificantly reduces power consumption. With MMIC
and other advanced technologies, receivers can be de-
signed which weigh between 2 to 2.5 Ib and consume
only a few watts of power.

An additional advantage in the application of
pushbroom technology is that one receiver can be
electronically time-multiplexed between several
beams and have sufficient integration time per beam
to meet the radiometric sensitivity requirements.
Figure 10 shows a radiometer assembly in which cight
beams are multiplexed to one radiometer receiver.
The injected noise must be injected at the feeds of
the radiometric antenna, this is accomplished by us-
ing the noise module shown in figure 11. The power
output from one avalanche noise diode is sufficient
for feeding 16 radiometer channels. The noise source
module for the design shown in figure 12 feeds eight
noise modules. Each noise module simultaneously
feeds a separate vertical and horizontal polarization



multiplexer system. (See fig. 10.) With this design,
the vertical and horizontal radiation from ecach reso-
lution cell can be measured simultancously.

I order to test the performance capabilities and
the component requirements for such a spaceborne
systenn, a precision radiometrie measurement labora-
tory is under development at the Langley Research
Center and will be operational in 1994, A radiometer
with a frequency of 4.3 GHz and using digital sig-
nal processing is under construction: this radiometer
will be capable of operating in a total power mode,
an unbalanced Dicke mode, and a balanced Dicke
mode. DPrecise physical temperature measurements
along with statistical data analysis techniques pro-
vide the capability to obtain needed data on gain in-
stabilities of low noise amplifiers, system noise tem-
perature variations within radiometer components,
and capabilities of new calibration techniques. One
of the first projects for this laboratory is the exten-
sive evaluation of the stability with time and temper-
ature of avalanche noise diodes. This information is
needed in the design of calibration systems not only
for noise injection radiometers but also for correla-
tion radiometers used in synthetic aperture radiome-
ters and scatterometers.

4. System Development Studies

Abbreviated studies have been conducted at
Langley to evaluate the requirements for remote-
sensing radiometer systemns employing recently de-
veloped lightweight, large real aperture antenna
technology.  For the first study, an ice and precip-
itation imager/mapping system was conceived using
the TRW HARD reflector at 18.7 and 36.5 GGHz; at
these frequencies, the solid reflector panels were be-
lieved to be more suited to the reflector surface pre-
cision requirements. This study was based to some
extent on a design task performed by TRW to ex-
tend the design technology from a 7-facet system to
an irregular parabolic torus.

The second study used the L'Garde inflatable an-
tenna with a radiometer designed to sense soil mois-
ture (1.4 GHz). where surface precision tolerances
were less stringent than for ice. Companion radiome-
ter sensors for this mission were designed for sea sur-
face temperature (4.3 GHz) and ocecan wind speed

(10.67 GHz).

The objective of the studies was to quantify
the weight and packaging requirements to sufficient
depth to determine if the mission is compatible with
a lightweight Taunch vehicle. Some attention to cost
was also given to scope whether the system cost is
within the target maximum system cost including
launch vehicle of $100 million.

4.1. Ice Imaging Radiometer
System-—Precision Panel Antenna

To demonstrate the applicability of the real aper-
ture technology to space-based radiometer systems, a
design stady was performed for an ice and preeipita-
tion imaging radiometer. The ice-sensing radiometer
uses frequencies of 18.7 and 36.5 GHz and requires
a reflector whose surface tolerance is 0.165 mn or
better (using A/50 as the eriteria (vef. 1.1)).

The system goals for this study were sea ice and
precipitation measurements with a spatial resolution
of 5 ki at 18.7 GHz and 2.5 km at 36.5 GHz. The
spacecraft altitude was chosen to be 400 km, the low-
est possible with a revisit time less than 5 days and
without constant rcboost. A conical arrangement
of beams at an incidence angle of 53° (sclected by
the SSM/I science team to optimize the measure-
ment capability) with both horizontal and vertical
polarizations was chosen to cenhance the scientific
return.  The antenna beam efficiency was specified
as better than 95 percent and the radiometric ac-
curacy to be 1 K. With the methods described in
section 2, a 4.3- by 8.2-m parabolic torus antenna,
using the HARD technology, was designed to pro-
vide contigtious pushbroom radiometer beams along
a swath width of 200 k. (See fig. 13.) A printed
circuit feed panel, as previously described in sec-
tion 2, produces 40 beams across track at 18.7 GHz
and 80 beams at 36.5 GHz. both with dual polar-
ization. The pushbroom radiometer system uses the
time-multiplexed noise injection balanced Dicke ra-
diometer described previously in section 3. Eight
beams are time-multiplexed into one radiometer re-
ceiver. This requires 10 18.7-GHz radiometers and
20 36.5-GHz radiometers.

The spacecraft packaging is shown in the top
left image in figure 14, which is shown in enlarged
size in figure 15, A Taurus launch vehicle made by
Orbital Sciences Corporation (ref. 15) was found to
have adequate capability with margin to launch the
instrument, a bus, solar panels. and reboost fuel. The
stowed reflector occupies a volume 1.37 m in diameter
by 1.07 m high. The TRW Lightsat Eagle bus
(ref. 16} is adequate to provide the necessary onboard
power and data services for the radiometer/data
system. The rest of the deployment scenario for
the system is shown in figure 14, On orbit, the
main reflector is extended on a boom along with the
stack of hexagonal panecls. The complete stack of
panels is rotated into position and the lowest pancl
is then translated down and latched into its place
on the reflector surface.  The panels are deploved
in the sequence identified by the numbers on the
pancls. The feed boom and elements are deployed.
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Finally, communications antennas and solar panels
(not shown) are deployed. The final (top left) image
in figure 14 shows the fully deployed spacecraft.
Weights for the instrument, feed, and booms are
estimated to be 220 kg; the Taurus system launch
capability (635 kg at 400 km) has an adequate margin
for the 114-kg Eagle-class bus, solar panels, and
reboost fuel. (See table 1.) The power requirements
are estimated to be 275 W. Table I shows summaries
of the characteristics of the system.

The revisit time and the expected lifetime of the
sensor satellite were calculated for this system by the
Former Space Station Freedom Office at the Langley
Rescarch Center. The analyses were based on the
fully deployed configuration of figure 14, orbital al-
titude of 400 km, and a sun synchronous orbit with
an inclination of 97.07°. Because the objective of the
sensor was to measure ice, the coverage above 50°
latitude was sought. The calculated measurement
coverage for a revisit time of 3.54 days, shown in fig-
ure 16, shows small gaps between swaths. These gaps
could be filled in completely in 6.48 days.

The lifetime of the satellite in orbit was calcu-
lated for the design configuration. All masses were
multiplied by 1.25 in anticipation of future payload
growth. Results of these calculations (fig. 17) show
a lifetime of less than 100 days at an altitude of
400 km. The mission can be extended significantly
by increasing orbit altitudes and scheduling the mis-
sion for minimum solar activity. Further increases in
lifetime require a trade-off of on-orbit attitude, which
can affect swath width, cell size, data reduction al-
gorithms, and other parameters.

In summary, there are some significant design as-
pects which need further study. First, orbit height
versus system drag/reboost fuel needs to be traded
off with the aperture size and resolution obtained.
Also, the adequacy of the structure to successfully
deploy and achieve surface tolerances necessary in
orbit needs to be verified, possibly in an IN-STEP ex-
periment. With these qualifications, this preliminary
study indicates this system has considerable promise
as a low-cost, lightweight remote sensor from space.

4.2. Soil Moisture Radiometer
Systemn—Inflatable Antenna

A design study similar to that conducted for the
ice mapping mission is currently being pursued which
capitalizes on two important technology programs
which were sponsored by the NASA Office of Ad-
vanced Concepts and Technology (OACT); that is,
the technology development of multiple beam mi-
crowave radiometers and the ongoing IN-STEP in-
flatable antenna experiment (1AE) (See ref. 11.) The
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system goals and preliminary weight and power es-
timates for this study are shown in table II. This
system would support the measurement from space
of soil moisture, sea surface temperature, and wind
speed using the pushbroom concept illustrated in
figure 4.

The inflatable antenna concept study includes
multiple (pushbroom) beam radiometer sensors, an
inflatable reflector to achieve high spatial resolution,
and a carrier spacecraft. (See fig. 5.) A small carrier
spacecraft is being studied to house the radiometer
clectronics and multiple beam feed system and pro-
vide the container and inflation system for the de-
ployable reflector.

The deployment scenario, as shown in figure 18
for the inflatable antenna radiometer, starts with the
packaging of the 1.4-, 4.3-, and 10.65-GHz radiome-
ters; multiple beam feed system; and reflector into a
suitable carrier. Once in low Earth orbit at an al-
titude of 400 km, the carrier is deployed. A start
command initiates opening of panels which allows
the deployment and inflation of struts and reflec-
tor. The inflation system provides nitrogen gas to
the struts, torus, and reflector canopy, which com-
prise the structural elements of the reflector system.
After the reflector has been deployed, an inflatable
strut will enable the deployment of the phased ar-
ray feed system for the reflector. Latches located on
the ends of the array feed panels will engage at the
end of the deployment sequence; therefore, the feed
positions are rigidized with the carrier package. The
struts attached to the carrier and the reflector will
maintain the proper location of the feed system in
the focal region of the reflector.

The primary subsystems that comprise the ra-
diometer system include the pushbroom microwave
radiometer (PBMR) sensor, the array feed, the in-
flatable reflector, and the inflation and control sub-
system. The PBMR will operate at 1.413, 4.3, and
10.65 GHz with conical multiple beams at an in-
cidence angle of 53°, with measurements at both
horizontal and vertical polarizations. The feed ar-
ray subsystem will consist of microstrip printed cir-
cuit elements on low dielectric constant, lightweight
foam substrates. (See fig. 7.) The inflatable reflec-
tor consists of a 27- by 36-m offset parabolic torus,
as described previously in the real aperture technol-
ogy section. The inflation and control subsystem is
basced on an extension of the IAE design with mod-
ifications due to the structural design changes such
as strut lengths and the offset parabolic torus reflec-
tor. The inflatable structure, inflation system, and
canister would borrow heavily from the technologi-
cal inheritance from the ongoing TAE. The torus and



struts will be pressurized to about 7000 Pa (1 psi).
The inflation system will be housed in a canister sim-
ilar to the IAE system.

If the surface accuracy demonstration in the TAE
proves successful, significant issues will need to be
addressed. These include the required thickness (in
skin depths) of the metallized reflector surface in
order to meet the required low loss performance at
1.4 GHz, the amount of drag in orbit incurred by such
a large antenna and its effect on orbital lifetime and
required reboost capability, and the on-orbit pointing
accuracy and stability of the antenna/feed system.

5. Concluding Remarks

The present studies indicate that, by utilizing two
novel techniques to obtain a large spaceborne real
aperture reflector, pushbroom radiometer systems
can be developed that provide passive microwave
remote sensing at spatial resolutions of 1 to 10 km of
soil moisture, sea surface temperature, ocean winds,
sea ice, and precipitation from space. These systems
could be launched with small or medium expendable
launch vehicles, such as a Taurus or a Titan IL.
While no detailed analyses of costs were made, the
systems considered hercin are believed to be on the
order of $100 million or less. The HARD reflector
with its precision panels and deployment systems

will most likely be considerably more expensive than
the inflatable reflector. The radiometer systems and
feeds essentially use the same technology.

The technology required to design and fabricate
a spacchorne radiometer sensor for these missions
is readily available. The lightweight real aperture
reflector technology is much newer, and develop-
ments so far are encouraging. The HARD technol-
ogy has been fabricated and ground based testing
has demonstrated this technology. In-space verifica-
tion of reflector surface accuracy would be a good
candidate for a HARD IN-STEP experiment. The
ongoing IAE IN-STEP experiment consists of the de-
ployment and surface accuracy measurement of an
inflatable antenna during a shuttle mission. Addi-
tional trade studies are needed to optimize space-
craft altitude/reboost fuel requirements versus re-
flector size and its associated Earth resolution cell
prior to a radiometer flight experiment. Other major
investigations required are the performance of ma-
terials for use as radiometer antenna reflectors and
the research on stability of avalanche noise diodes,
both of which are underway at the Langley Rescarch
Center.

NASA Langley Rescarch Center
Hampton, VA 23681-0001
August 8, 1994
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Table 1. Ice Imaging Radiometer Characteristics

Instrument type
Radiometer type
Antenna .
Feed
Polarization
Incidence angle, deg
Frequency, GHz .
Footprint size, km .
Number of beams .
Number of radiometers
Orbit altitude, km
Swath width, km
Revisit time, days .
Instrument power, W
Instrument weight for—
4- by 8-m faceted reflector, kg

0.2- by 1-m feed panel with 1ntegrated radlometers kg

Ancillary equipment weight for—
Telescoping mast, kg

Small satellite bus (Eagle class), kg

Solar cells, kg Coe
Reboost fuel (estimated), kg
Total weight, kg

. Multiplexed conical pushbroom

Noise injection Dicke radiometer
. 4.3- by 8.2-m parabolic torus
. Printed circuit array

. Dual lincar (H and V)

Coe . 03

. 18 7 and 36.5

5 and 2.5

40 and 80

10 and 20

400

200

35

275

92
92

32
114
20
250
600

Table II. Inflatable Antenna Radiometer Characteristics

Instrument type

Radiometer type

Antenna . .

Feed

Polarization .

Incidence angle, deg .

Frequency, GHz .

Footprint size, km .

Number of beams .

Number of radiometers

Orbit altitude, km

Swath width, km

Instrument power, W

Instrument weight for—
Inflatable antenna system, kg .
Feed assembly, kg . .
Radiometer assembly, kg .
Cabling, kg . .

Total instrument WCIght kg

. Multiplexed conical pushbroom

Noise injection Dicke radiometer
27- by 36-m parabolic torus
. . Printed circuit array

. Dual linear (H and V)
S %

1 413 4.3, and 10.65

10, 3.3, and 1.3

16, 48, and 128

. 4,12, and 32

400

160

~400

211
183
48
18
460



1—
10 \)
K
.
s - -HARD- -\ -\ -----T% --
S, %
t, %
7 ” Z
Q o, \
€ 4’0) So,
E o - -AMSR- g - - - - - -
g - ~EOSMIMR - - %5 - - =%
E 2,
3 -
g 10 /(?/,(J
L)
€ |--ssMiTMI--=- - - - - -
% 2 © O “
< 2 g5 B
.g>. £t T 3 @ ®
E= » 9 s @ o
c Q
S s 3 E 8 3 3
N7 w2 o o »
1071 ' I 11'11|||l' tl ltlllllll
100 2 4 6 810 102

Frequency, GHz

Figure 1. Required antenna diameter versus frequency for pushbroom radiometer at altitude of 400 km and
incidence angle of 50°. Typical sensor frequencies and current space radiometer systems are shown.
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Figure 2. High accuracy reflector development (HARD) system, lightweight 5-m-diameter deployable prototype
model.
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Figure 3. Inflatable 14.7-m-diameter antenna system being developed for IN-STEDP program.
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Figure 14. Deployment scenario for ice imaging radiometer system.
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Figure 15. Launch packaging of HARD reflector and support systems on Taurus vehicle.



% RO A IR :
T Flﬂv..'fb?(’:’\". e
ORI TN PvA L T Ay,

AR
e "‘;" TGO N

.‘\) /

(/ ‘ )
. YRV O 7 Latitude
5 &o.\:rﬁ, &'?“:‘/ }t*:,yal!» RGN 'a )
J '1.!? ‘A‘J 'J; " .’:‘ ‘}' o
SO RAIA |
&)
”
. t;i%’.;
! !?i'p‘,l
<JfL f! Hi
7\
1 ;t‘
3

0 (Equator)

Figure 16. Coverage analysis summary for 3.54-day revisit time. Assumptions: altitude. 400 km; sun
synchronous; inclination, 97.07°.

2200
2000
1800
1600
1400
£1200
a
1000
800
600
400
200

—o0— 1997 launch (solar minimum)
- 0- - 2001 launch (solar maximum)

Tt T T T T T T T T

—ﬂ""‘D—_Q—_Q__CII—— I 1 L 1 1 { 1 i 1 i A )
400 440 480 520 560 600 640 680 720 760
Orbit altitude, km

Figure 17. Orbit lifetime. Assumptions: 2¢ atmospheric model; 0,0,0 attitude with 7.1 kg/m2 ballistic
coefficient.

18



(@) Carrier package

() Carrier top retraction

®@) Strut and torus deployment
(@) Surtace inflation

(5) Feed deployment and inflation
(®) Operation radiometer

®

N

el

h ! (\hn'(//l‘.'!?

Figure 18. Deployment scenario for inflatable radiometer system.

19



REPORT DOCUMENTATION PAGE

Form Approved
OMB No. 0704-0188

Public reporting barden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources,
gathering and maintaiming the data needed, and completing and reviewing the collection of information Send comments regarding this burden estimate or any ather aspect of this
coltection of information, including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson
Dawis Highway, Suite 1204. Arlington, VA 22202-4302_ and to the Office of Management and Budget, Paperwork Reduction Progect (0704-0188). Washington. DC 20503

1. AGENCY USE ONLY(Leave blank) | 2. REPORT DATE
September 1994

3. REPORT TYPE AND DATES COVERED
Technical Paper

4. TITLE AND SUBTITLE
Design Studies of Large Aperture. High-Resolution Earth Science
Microwave Radiometers Compatible With Small Launch Vehicles

6. AUTHOR(S)
Lvle C. Schroeder, M. €. Bailey. Richard F. Harrington.
Bruce M. Kendall, and Thomas G. Campbell

5. FUNDING NUMBERS

W 506-59-64-01

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES)
NASA Langlev Rescarch Center
Hampton, VA 23681-0001

8. PERFORMING ORGANIZATION
REPORT NUMBER

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES)

National Acronautics and Space Administration
Washington, DC 20546-0001

10. SPONSORING/MONITORING
AGENCY REPORT NUMBER

NASA TP-3469

11. SUPPLEMENTARY NOTES

Dominion University, Norfolk, VA.

Schroeder, Bailey, Kendall, and Campbell: Langley Research Center, Hampton, VA; Harrington: Old

12a. DISTRIBUTION/AVAILABILITY STATEMENT
Unclassified Unlimited

Subject Category 43

12b. DISTRIBUTION CODE

13. ABSTRACT (Maximum 200 words)

soll moisture, sea surface temperature, and ocean wind speeds.

High-spatial-resolution microwave radiometer sensing from space with reasonable swath widths and revisit
times favor large aperture systems. However, with traditional precision antenna design, the size and weight
requirements for such systems are in conflict with the need to emphasize small launch vehicles. This paper
deseribes trade-offs between the science requirements, basic operational parameters, and expected sensor
performance for selected satellite radiometer concepts utilizing novel lightweight compactly packaged real
apertures. Antenna, feed and radiometer subsystem design and calibration are presented. Preliminary results
show that novel lightweight real aperture coupled with state-of-the-art radiometer designs are compatible with
small launch systems, and hold promise for high-resolution Earth science measurements of sea ice, precipitation,

14. SUBJECT TERMS

radiometer: Small launch vehicles

15. NUMBER OF PAGES

Large aperture antennas: Inflatable concepts: Lightweight facets: Pushbroom 22

17. SECURITY CLASSIFICATION
OF REPORT
Uneclassified

18. SECURITY CLASSIFICATION
OF THIS PAGE
Unelassified

16. PRICE CODE
A3
19. SECURITY CLASSIFICATION] 20. LIMITATION
OF ABSTRACT OF ABSTRACT

Unclassified

NSN 7540-01-280-5500

Standard Form 298iRev. zgg;

Prescribed by ANSI Std 239-18

268-102




