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TABLE ]
Instrument Data Rates and downlink rates tor cach option

Instrument/Year 2010 2020
Hyperspectral 10 Gbps 100 Gbps
SAR 10 Gbps 60 Gbps
LIDAR 130 Mbps I Gbps
Downlink Data
Rate to Earth > 1 (Gbps = 10 Gbps
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Data Rate Peak Needs for cach type of link

Type ol | State-of- 2010 2013 2020
Link the-art
A X-Band. 10 Gbps 25 Gbps 100 Gbps
150Mbps
B 150 Mbps | 10 Gbps 23 Gbps 100 Gbps
C 2 Mbps 150 Mbps - -
to | Gbps
4 Mbps 45 Mbps | 153 Mbps -
e 100 bps a b.c.d a b.c.d a. b.c.d

2. Instrumentation and Future Technologies
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3. Advanced and Passive Sensors
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Eﬁ: 1 RGB CONFIGURATIGH) | §17 ) CIR CONFiGURNGIRY

Acquires separate Red, Green, and Blue image Color-Infrared imaging acquires Red, Green and
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Optech Digital Aerial Camera Model 4K02
Specifications

1. Camera

Radiometry: Repeatability 3% relative

Array Size: 4092 (along flight line) x
4079 (cross flight line)
Pixel Size: 0.009 mm
CCD: Premium Grade (selected from Class I*)
Point Defects <= 2000,
Cluster Defects <= 30,
Single Column Defects <=10
Dead Columns = none
Radiometric and geometric profile for
each CCD
Filter Array: Color or ColoriR
Zeiss Lens: 45.5 mm, 44 deg FOV
Exposure control: Manual, Aperture prionity, or Shutter
priority
Light metering: Center weighted average, or spot
Shutter: Electronically controlled focal plane
Shutter speed: 125 - 4000 (slower speeds not
recommended)
Aspect Ratio 1:1
Fill Factor: 70%
Exposure +- 2 EVIn 1/3 EV steps
Compensation:
Max Exposure 4 sec
Rate:
Housing: Propnetary ruggedized CCD array
mount,
Ruggedized exoskeleton, designed to
hold 1 pixel geometric accuracy over
RTCA/DO-160D shock and vibe spec.
Calibration: Terrestnal and airborne calibration with

full report

"For definitions of defects refer to page 13 of Kodak KAF-16801CE.V4.pdf

2. Computer System

Ruggedized Data Recorder
e Internal pressurnized 80 Gbyte disk
¢« Removable 80 Gbyte disks (2)
+ Optional QC thumbnail image via ethernet or remote
display
e Ethernet, TTL, and RS232 interfaces to standard Flight
Management System and Applanix POS/AV

¢ Tested and meets RTCA/DO-106D specs for shock and

vibe when mounted in shock isolated rack
3. Performance

lImagery: GSD 015to1m
Smear < 15% typical

Bands 1 2 3
Color Mode, nm 400-500 500-600 600-680
CIR mode, nm 510-600 600-720 720-800
4. Physical
Size: Camera 16 x 18 x 41 cm

Data Recorder 19" rack, 3U height,

51 cm deep

Weight: Camera 5kg

Data Logger 10 kg
Power: Camera/Data Recorder28 VDC, 100 W (max),

115V AC, 100 W (max) via

Aux power unit (included)

OdegCto+40deg C
-20deg Cto +60deg C

5§ to 80% RH non-condensing
1 to 20,000 ft

Temp. Range: Camera
Data Logger

Humidity:
Altitude:

§. Processing Software

MissionVue
e Data management software
¢  Downloads images from removable dnves

ImageVue

* Image development software
Lens Fall-off Correction < 3%
Formats TIFF, JPEG,IMG
Quantization: 8 bit, 16 it
Color balance via calibration inputs

ImageStation Suite from Z/l Imaging
e ISAT Aenal Trniangulation Software
¢ OrthoPro for image orthorectification and mosaicing
e  Geomedia support for OrthoPro

6. User Supplied Equipment

PC for Post-processing

e PC with Windows 2000

e Minimum of 300 GB disk space (512 MB of RAM)

e  Tower rack with space for removable disk drive frame
(provided)
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Monday, June 24 Morning

Plenary Session - Metropolitan Ballroom

Dr. Marc Garneau President, Canadian Space Agency
Associate Admimistrator, NASA's Earth Science
Enterprise
Executive Director, Office of Satellite
Dr. Yoji Furuhama Technology Research and Applications, National
Space Development Agency of Japan
Dr. Jim Drummond Principal Investigator, MOPITT
Mr. John
Cunningham

Dr. Ghassem Asrar

Director, NPOESS

Monday, June 24 Afternoon

‘ Room Name lRoom ‘ Afternoon

QUERNSQUAY |y ADEOS 2

| PER2 | 2 | THERMAL INFRARED SENSING

| PER3 | 3 | MONITORING THE ATMOSPHERE

| PER4 | 4 | DATA FUSION I

| PERS | 5 | IMAGE PROCESSING
HARBOUR | | ANEARTH SCIENCE VISION: SCIENCE PATHWAYS AND
SALON A PREDICTIVE CAPABILITY ‘
HARBOUR | RADARSAT
HARBOUR | PART 1: SRTM — FIRST RESULTS
SALON C PART II: INTERFEROMETRIC SAR TECHNIQUES

| PERY | 9 | GEOLOGICAL PROCESS MONITORING

| PER78 | 10 | CRYSYS
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Tuesday, June 25

g Room Name ‘Room ] Morning l Afternoon
l o | | | AGRICULTURAL
l Q%‘i?‘é\éi) 1 i CORAL REEFS ; MONITORING AND
| | | | CLASSIFICATION
| PIER2 | 2 | DATASERVICES AND TOOLS | NEURAL NETWORKS
| PER3 | 3 | CLOUDSAND PRECIPITATION |  HF OCEAN RADAR
PIER 4 A IMAGE PROCESSING INNOVATIONS IN REMOTE
TECHNIQUES SENSING EDUCATION
PIER S s | ANTIPERSONNEL MINES AND | INSTRUMENTATION AND |
SUBSURFACE SENSING FUTURE TECHNOLOGIES
AN EARTH SCIENCE VISION:
Ié‘ AL‘RBOQIUf 6 | TECHNOLOGY PATHWAYS EO-1 PARTI
AND CHALLENGES FOR 2025
HARBOUR ADVANCED LAND OBSERVING
SALONB | ' SATELLITE (ALOS) ENVISAT
HARBOUR RADAR POLARIMETRY AND POLARIMETRIC SAR
SALoNC | 8 APPLICATIONS INFORMATION
PROCESSING
PART I BISTATIC
MEASUREMENTS
PIER 9 9 | BISTATIC REMOTE SENSING PART II:
RECONFIGURABLE
FUTURE SAR SYSTEMS
STUDENT PRIZE PAPER
PIER7/8 | 10 COMPETITION SNOW
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Wednesday, June 26

[ Room Name {Room l Morning Afternoon
QUEEN'S | | |MILITARY APPLICATIONS OF | FOREST MONITORING AND |
QUAY (CC) REMOTE SENSING CLASSIFICATION i
INFORMATION SYSTEMS, GIS
7 3
PIER 2 2 AND VISUALLY ATION DATA FUSION II
PIER 3 , |REMOTE SENSING OF OCEAN | RADAR OCEAN WAVE
WINDS MEASUREMENTS
PART I: SCISAT
DIER 4 , | DISASTERMANAGEMENT | PART II: EARTH SCIENCE
SUPPORT VISION AND FUTURE
CAPABILITIES
ADVANCED AND PASSIVE | 11 YPERSPECTRAL REMOTE
PIER 5 5 SENSORS SENSING
INSTRUMENTATION
NASA EARTH OBSERVING
2‘ AL‘RBO%% 6 EO-1 PART II SYSTEM (EOS) TERRA
MISSION RESULTS
HARBOUR NATIONAL POLAR-ORBITER INTERAGENCY
SALONB | 7 | OPERATIONAL SATELLITE COLLABORATIONS
SYSTEM (NPOESS) |
POLARIMETRIC SAR |
% AL‘I "BO%UC? 8 INTERFEROMETRY AND | POL-IN-SAR APPLICATIONS
APPLICATIONS
PIER 9 ] SYNTHETIC APERTURE DATA MINING IN REMOTE
TECHNIQUES SENSING
ACOUSTICAL REMOTE
PIER7/8 | 10 SENSING OF THE GLACIERS AND ICE SHEETS
ENVIRONMENT




Thursday, June 27

| Room Name lRoom l Morning | Afternoon E
‘ ; !
' < | VEGETATION AND . |
Q%LEEFC%) 1 ENVIRONMENTAL EOSD I
MONITORING
POLLUTION MEASUREMENTS | REGISTRATION AND i
PIER2 | 2 | INTHE TROPOSPHERE WITH ' COMBINATION OF
| MOPITT | IMAGERY |
| PART [: ALTIMETERS AND |
PIER 3 ; OCEAN SURFACEAND |  SMALL SATELLITES |
SUBSURFACE PROCESSES PART II: SMOS, TRMM |
AND SALINITY §
i PART [: DATA COMPRESSION i
PIER 4 4 TECHNIQUES LIDAR REMOTE SENSING
PART II: DATA ASSIMILATION
SOIL MOISTURE AND
PIER 5 5 SOIL %{%(S)E%Rg AND HYDROLOGICAL
MODELING
HARBOUR NASA/EOS MODIS STATUS AND HYPERSPECTRAL
salon s | 6 RESULTS PROCESSING AND
ANALYSIS T
HARBOUR
satonB | 7 LAND COVER CHANGE IMAGE ANALYSIS
DIFFERENTIAL
HARBOUR INTERFEROMETRIC SAR
)
SALONC | 8 TECHNIQUES AND RADARSAT 2 ;
APPLICATIONS |
|
SURFACE/VOLUME DISASTER AND HAZARD |
PIER 9 9 SCATTERING TECHNIQUES ASSESSMENT AND
MANAGEMENT
PIER7/8 | 10 | REMOTE SENSING USING Gps | REMOTE SEIE;ING OF SEA
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Friday, June 28

! Room Name IRoom‘ Morning [ Afternoon
| QUEENS | | | SOILAND VEGETATION | FOREST MONITORING
| QUAY (CC) |  BIOPHYSICAL PROPERTIES AND CLASSIFICATION
|
! UWB SUBSURFACE ‘
PIER 2 2 DISCRIMINATION FROM Pﬁ?g;ﬂgﬁi};igm(}
MAGNETOSTATICS TO GPR '
ACTIVE AND PASSIVE
PIER 3 3 REM%ETS?FIEH;SI\?; THE MICROWAVE OCEAN
SENSING
SEGMENTATION AND PART I: CLIMATE CHANGE
PIER 4 4 L ASSIICATION / PART I: CHANGE
DETECTION
CLOUDS AND
PIER 5 5 INVERSE PROBLEMS PRECIPITATION
HARBOUR HYPERSPECTRAL PROCESSING
SALONA | © AND ANALYSIS II SAR WIND AND WAVES
PART I: RFI AND SPECTRUM
HARBOUR MANAGEMENT
SALONB | ’ | PART I REMOTE SENSING IN NPOESS PANEL
ENVIRONMENTAL POLICY
PART I: POLARIMETRIC
HARBOUR | AIRBORNE POLARIMETRIC SAR CLASSIFICATION
SALON C SYSTEMS PART II: HF-OCEAN
POLARIMETRIC RADAR
INTERFEROMETRIC SAR PHASE
PIER 9 9 UNWRAPPING AND MONITG?{%H\\LGTHURBAN
INFORMATION
PIER7/8 | 10 | CRYOSAT | SEA ICE
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Lightweight Deployable UV/Visible/IR Telescopes

Frank Pen, Jr.

Earth Science Technology Office
NASA Goddard Space Flight Center
Code 711
Greenbelt, MD 20771

Abstract-The vision of the Earth Science Enterprise (ESE)
of the National Aeronautics and Space Admnistration (NASA)
established a variety of science challenges for the next 20 years,
relating to predictions of weather, climate, and foreseeable
changes in the Earth’s environment. In this paper, we discuss
the attendant needs for space-based, lightweight deployable
telescopes for a variety of science challenges. In addition, we
suggest some strategies for deploying the necessary assets.

I INTRODUCTION

The ESE vision encompasses a wide variety of instrument,
data information and platform technologies that enable an
even broader set of science and application needs. In order to
determine how to achieve this vision, the Enterprise
commussioned several workshops to capture the needs of the
science and application communities and to denve the
requisite technology requirements In addition, the workshop
participants  devised strategies for maturing those
technologies that included laboratory demonstration as well
as on-orbit vahidation necessary for the technology to become
available for a science mission. The workshops were
comprised of scientists and technologists in each of several
disciplines The specific workshop topics were determined by
examining the broad set of science and application needs and
finding common technology drivers

One resultant technology area for which a workshop was
conducted 1s lightweight, deployable telescopes for science
measurements 1n the infrared (IR), wisible (VIS) and
ultraviolet (UV) region of the electromagnetic (EM)
spectrum. The foci of science measurements discussed in that
workshop, and summanzed in this paper are those for which
deployable telescopes are enabling technologies:

« hdar observations for high vertical resolution mapping
of tropospheric ozone, CO, water vapor, NO,
aerosols, and for imaging, and

« high  resolution imaging and  spectroscopic
observations from high orbits (GEO, LI, and L2)

The first step towards realizing NASA’s Earth Science
vision 15 to devise a strategy that carries the enabling
technologies through the lifecycle of conceptual study, risk
reduction and finally validation. The science requirements,
enabling technologies and a notional strategy to achieve
validation of these technologies are described n the
following sections

Michael Hagopian
Earth Sciences Directorate
NASA Goddard Space Flight Center
Code 900
Greenbelt, MD 20771

Mark Lake
Composite Technology
Development, Inc
1505 Coal Creek Drive
Lafayette, CO 80026

i1 SCIENCE REQUIREMENTS

The process for enabling science measurements for the
ESE 1s that of a systematic flow-down from science needs to
implementation options that ultimately lead to specific,
enabling technology requirements. In most cases, science
measurement needs can be accommodated with several
instrumentation  alternatives, typically leading to diverse
technology requirements. Generally, the ESE will narrow the
resultant  measurement  capabihty down to  one
implementation via a competitive process. As part of the
maturation of a given implementation, though, 1s a process of
balancing options within the implementation to, in a fashion,
optimize the requirements of the component technologies that
comprise the impiementation.

Most current remote sensing systems momitoring the
Earth's atmosphere, land surfaces and oceans, provide global
data sets to study seasonal and long-term changes of the
Earth's environment These systems, typically part of polar-
orbiting, i.e. low Earth orbit (LEO) satellite missions, provide
only periodic high-resolution snapshots of the Earth's
environment at any given location Some weather satellites
(e g. GOES) do observe clouds and water vapor from a
geostationary orbit (GEO); but these offer continuous
coverage at only moderate resolution None of these current
systems 1s sufficient, in temporal and spatial resolution, to
monitor the development of dynamic environmental
processes While a single GEO observatory cannot provide
global coverage, a high resolution sensing capability from
such a vantage point can reveal short term forcing processes
on complex Earth ecosystems The time-resolved small-scale
observational capability of such a system would allow
detailed studies of durnal effects, and provide instantaneous
access to special events anywhere 1n the large coverage area

In order to allow high spatial resolutions from GEO (36
Km altitude) in the visible and infrared wavelengths (VIS/IR)
which are equivalent to those currently available at LEO (850
Km), aperture diameters on the order of 4 meters are
required This assumes a desire for 30m resolution in the
visible and near-infrared, and 300m 1n the far-infrared

Another vantage pownt that could enabie new Earth
observations on global scales with good temporal and spatial
resolutions 1s that of the L1 and L2 Lagrange points (about
1 5 million Km altitude) One such system under study is the
"L2 View" solar occultation mission which could produce the
first high resolution 3D mapping of greenhouse gases of the

US Government work not protected by US Copynight



whole Earth Because of the extreme distance from the Earth,
this mission would require an interferometer with a 10-meter
baseline to achieve a 2 Km resolution Other imaging
applications with higher resolutions would require next
generation "gossamer" active/adaptive apertures made of
membrane-type structures

The measurement of chemical constituents 1 the
Troposphere can be achieved with a differential absorption
lidar (DIAL) or with a radiometer sensitive in the UV region
of the EM spectrum The DIAL approach can permit the
measurement of vertical profiles of atmospheric ozone and
trace constituents by collecting photons from transmitted
laser pulses that are backscattered from the atmospheric
constituents In order for the science retrieval algorithms to
extract the concentration of chemical species, a mimmum
signal to noise ratio must be achieved. The DIAL equation
relates the power of the individual laser pulses to the
backscattered retumn signal recetved at the detectors Recent
studies have indicated that a laser transmutter power of
approximately 500 mloules combined with a telescope
aperture of 3 meters would yield sufficient signal for the
science algonthms to be effective. Of course, there are other
factors are involved m this relationship, including, for
example, detector sensitivity. In this instrument, the detector
1s counting photons and therefore has a mimimal requirement
for surface figure of A/2.

Table 1 summarizes these measurement requirements.

TABLE 1
SUMMARY OF SCIENCE NEEDS

Science Resolution Telescope Figure Orbut
Need Diameter, m km/orbit
Imaging 30-100 >2.3 20 GEO,
Spectro- Li, L2
radiometers
Lidar 100-500 >30 M2 500/polar
observations
Lidar 30-300 >30 20 500/polar
imagers

11 TECHNOLOGY NEEDS

Apertures of the size and precision required for a VIS/IR
imaging application must be affordable 1n terms of both
aperture development cost and aperture-driven cost to GEQ
Traditionally, meter class precision apertures for space
applications have been designed as ngid structures, but the
required mass, launch volume, time to manufacture, and risk
of such an approach is not feasible for apertures on the order
of 4 meters. To illustrate this point one only needs to look at
the most ambitious aperture ever flown, that of the Hubbie
Space Telescope, which at a diameter of 2.4 meters, weighed
1820 Ibs (not including support structure), and took 5 years to
polish. While manufacturing techniques have improved, 1t 1s
generally accepted that the only cost effective route to larger
space based imaging applications 1s that of deployed, semi-
ngid (possibly replicated segments), actively controlled

murrors  The principal goal in developing a deployable
telescope 1s thus to provide an increase in collecting or
imaging area compared to a non-deployable telescope while
maintaining a minimal payload envelope, comparable to a
non-deployable telescope Three primary technologies will be
considered for meeting these needs: hghtweight murrors,
deployable structures and adaptive figure control

Future 1maging missions that move current LEO
measurements to, or create new measurements from non-
traditional vantage poimnts (GEO and L1, L2) will require
large, deployed, and actively controlled apertures. This will
in turn require technology advances in low areal density
murrors, lightweight precision deployable structures, and
wavefront sensing and control actuators and algorithms
Wavefront control systems will have to maintam diffraction
limited performance without point sources to effect control;
this will require the advancement of different approaches,
like phase diversity, which can operate on the non-ideal-for-
phasing real Earth scenes being measured

Likewise, future DIAL and lidar systems for atmospheric
chemistry will require telescope apertures greater than 3
meters This will also require advances m low areal density
murrors and lightweight deployable structures. However,
because the surface figure requirements for this science need
are not very strict, actively controlled deployment may not be
required; passive techmiques may be sufficient. To achieve
this, though, will require latches with high deployment
accuracy and stabulity.

For the purposes of discussing the relevant technologies for
a deployable telescope, a notional design of six deployable
murror panels hinged to a central mirror panel will be used
(1]. In addition, the central muror may be segmented and
actively controlled to provide wavefront correction.
Extensions to this strategy may include actively controlled
deployed panels.

Extensive on-going work mn deployable telescopes has
uncovered unique problems associated with Earth observing
measurements including:

Thermal cycling effects due to variable solar loading,

day/night transitions, thermal shock from going into

and out of eclipse and pointing close to Sun line.

Pointing non 1nertial reference frame or scene

reference complicates attitude control

Doppler shifts (wavelength calibration)

Orbit maintenance, thruster issues, contamination,

control law 1ssues

* Minimize structural mass with umiform and low CTE
across structure with good optical surface

* Active/adaptive control on Earth scenes

* Image registration (mapping, landmarking)

These problems affect the deployment, calibration 1mage
(quality and radiometric), maintenance or correction and
stability of the instrument. Solar shields used to mitigate

US Government work not protected by US Copyright



thermal effects for astronomical observations can interfere
with or limt the field of view of Earth observing instruments

Recent advancements in murror research have considered
the following materials’

* Composite mirrors + carbon silicon carbide

* glass/composite + thin meniscus glass
* beryllium + hght weighted glass
* membranes « fresnel lens

(powered and flat)

The fundamental issues associated with these matenals are
therr manufacturabihity and their subsequent integration into
associated control actuators, reaction structures, and
deployment systems Other factors include filter coatings to
reduce the heat load on the mirror and the ability to control
the mirror in the dynamic thermal environments

Structures and mechanisms are also a sigmificant challenge
for deployable telescopes The state of the art is currently*

+ Mid-modulus CFRP, open truss design

« USAF/RL MISTI (solid hexagonal frame)
+ Multifunctional structures

+ Isognd vs solid tubular frame

These technologies have not yet been validated on-orbit
and under the conditions relevant for an Earth observing
instrument.

v NOTIONAL VALIDATION FLIGHT

Past spaceflight validation experiments of deployable
structures have taught us to expect that cntical structural
response might change from 1-g to 0-g Specifically, many
tests of macrodynamic behavior (e.g., damping and vibration
frequencies) have shown gravity dependency, and recent test
of microdynamic behavior indicate the possibility of gravity
dependency (in fact, [PEX-II data seems to indicate that 1-g-
loading mught stabilize some of the thermal pops seen on-
orbut).

Unfortunately, at this time 1t 1s unclear whether the 0-g
environment 1s better, worse, or nearly the same from a
microdynamic performance standpoint [t 1s possible that
some  structures will  exhibit  grawvity-independent
microdynamic behavior while others might exhibit gravity-
dependent behavior I[n any event, 1t is clear that more on-
orbit data 1s necessary to answer these questions.

In developing a validation test plan to determine what
charactenistics will be tested, the following elements must be
considered.

* characterization of disturbance sources (eg,
sunshields, reaction wheels, fine-ponting and
alignment systems)

» microdynamic response of mechanically deployable
support structures and active control of microdynamics

+ dimensional stability of thin-membrane murrors and
active wavefront correction

Other effects hike environmental durability and reliability
of on-orbit construction must also be validated, but are long-
term effects that are better suited for independent validation

Significant to the validation test 1s the environment from
which the tests will be conducted. Of concern are both the
long- and short-term vibration environments For example,
the design requirements for the [nternational Space Station
(ISS) are to maintain quiet periods of less than 1 mg peak and
10 pug short duration These can be effectively managed via a
combination of an 1solation bench and a fast steering murror
for line-of-sight jitter management

v CONCLUSIONS

The science needs established by the vision of NASA’s
Earth Science Enterprise challenge the state of the art for
instrument technologies. A process by which technology
requirements are developed begins by translating the science
needs winto notional measurement implementations and then
defining the critical drivers for achieving the science needs
These dnvers result i a set of technology requirements from
which development plans can be established. Depending
upon the technologies, the plan may require on-orbit
validation in addition to the laboratory development and field
experiments In this paper we define the needs for a particular
class of technology, a deployable telescope. The resultant
technologies necessary to achieve the science needs stated
herein are summarized as follows-

+  light-weight murrors

~  glass/composite

-~ thin film (stretch membrane/replicated shells)
*  structures and latches

~ deploy/redeploy capability

- elastic memory composite matenals
+  optical alignment techniques

- active vs. passive

- deformable/correction optics

- wavefront sensing/control

A nominal space validation expertment would include
fabnication of a test article of a deployable telescope structure
and mating 1t to a2 microgravity test platform on the ISS. Tests
of micro and macrodynamic charactenstics of the structure
would be conducted n order to understand and characterize
the dynamic responses and deployment of the structure in
zero-g
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Abstract-- The NASA New Millennium Program (NMP), in
conjunction with the Earth Science Enterprise Technology
Office, has examined the capability needs of future NASA
Earth Science missions and defined a set of high priority
technologies that offer broad benefits to future missions,
which would benefit from validation in space before their use
in a science mission. In the area of spacecraft
communications, the need for high and uitra-high data rates
is driving development of communications technologies. This
paper describes the current vision and roadmaps of the NMP
for the technology needed to support ultra-high data rates
downlink to Earth. Hyperspectral land imaging, radar
imaging and muiti-instrument platforms represent the most
demanding classes of instruments in which large data flows
place limitations upon the performance of the instrument and
systems. The existing and prospective Data Distribution (DD)
modes employ various types of links, such as DD from low-
earth-orbit (LEO) spacecraft direct to the ground, DD from
geosynchronous (GEO) spacecraft, LEO to GEO relays,
multi-spacecraft links, and sensor webs. Depending on the
type of link, the current data rate requirements vary from 2
Mbps (LEO to GEO relay) to 150 Mbps (DD from LEO
spacecraft). It is expected that in the 20-year timeframe, the
link data rates may increase to 100 Gbps. To ensure such
capabilities, the aggressive development of communication
technologies in the optical frequency region is necessary.
Current Technology Readiness Levels (TRL) of the
technology components for space segment of communications
hardware varies from 3 (proof of concept) to 5 (validation in
relevant environment).

Development of onboard processing represents another
area driven by increasing data rates of spaceborne
experiments. The technologies that need further development
include data compression, event recognition and response, as
well as specific hyperspectral and radar data processing.
Aspects of onboard processing technologies requiring flight
validation include: fault-tolerant computing and processor

stability, autonomous event detection and response, situation-
based data compression and processing. The required
technology validation missions can be divided in two
categories: hardware-related missions and software-related
missions. Objectives of the first kind of missions include
radiation-tolerant processors and radiation-tolerant package
switching communications node/network  interface.
Objectives of the second kind of missions include autonomous
spacecraft operations and payload (instrument-specific)
system operations.

I INTRODUCTION
NASA’s imaging strategy for the 21* century calls for
supporting the needs of the Earth Observation System (EOS)
missions with a suite of smaller and more capable satellites.
These satellites will carry advanced hyperspectral imaging
instruments and synthetic aperture radar that will generate
terabits of data to meets the scientists’ demand for higher spectral
and spatial resolutions. Transmitung these data to Earth and
distnbuting them to the science investigators will require
substantial advancement of many currently existing technologies

In this paper, the future science requirements are discussed 1n
Section I, where instrument data rates for future high spectral
and spatial resolution maging instruments data rates are
projected for both the years of 2010 and 2020 Section UI
describes future communications technology capabilities required
to  accommodate the science requirements  These
communications technologies include X-Band, Ka-Band, and
optical frequencies and assessment of the current state-of-the-art,
and future communication capabilities in the years 2010, 2015
and 2020. In Section [V, on-board processing technology
capabtlities are discussed where the need for autonomy, fault
tolerant and radiation-tolerant software and hardware are
required Section V presents conclusions and recommendations
for future communications and on-board processing technologies
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[I.SCIENCE REQUIREMENTS

Improved monitoring and management of Earth’s resources
and environment requires the deployment of high spaual and
spectral resolution nstruments on board of the spacecraft The
spatial and spectral resolution obtained with the advanced
spaceborme hyperspectrai 1magers, Synthetic Aperture Radars
(SAR) provides information on Earth’s dynamic processes SARs
provide valuable information on ocean dynamics, wave and
surface wind speed and direction, desertification, deforestation,
volcanism, and tectonic activities Also, hyperspectral imagers
generate high spectral resolution images of surface features, such
as soil and vegetation that enables geologists, agriculturalists and
others to 1dentify mineral deposits and to monitor crop health
Both Instruments generate Gbps and the challenge 1s be able to
deliver this information as soon as possible to the principal
investigators. Table 1 shows the future trends of the high data
rate for the missions around the Earth The table clearly shows
that the near future s gomng to demand an ultra high rate
transmussion from the satellite to the ground station. This need
must be addressed 1n the very near future

TABLE |
Instrument Data Rates and downhnk rates for each option

[nstrument/Year 2010 2020
Hyperspectral 10 Gbps 100 Gbps
SAR 10 Gbps 60 Gbps
LIDAR 150 Mbps 1 Gbps
Downlink Data
Rate to Earth > 1 Gbps > 10 Gbps

In addition to the predicted data rates above the scientific
community has defined the peak data rates needs for several
types of links. These peak rates are shown n Table II The types
of hinks are classified as a) DD from LEO Earth Orbiting
spacecraft to ground, b) DD from GEO to ground, c) Leo to Geo,
d) Multi-spacecraft links, e) sensor web. These types of links are
shown in Fig 1

o &
Fig I Types of links

I FUTURE COMMUNICATIONS TECHNOLOGY
CAPABILITIES

In order to accommodate science needs and be able to deliver
the desired data rate several communications technologies and
their associated components have to be developed in the near
future Using the several types of links defined above, these
technologies and their technology readiness levels (TRL) are
listed below 1n Table I11.

TABLE Il
Data Rate Peak Needs for each type of link
Type of | State-of- 2010 2015 2020
Link the-art
A X-Band, 10 Gbps 25 Gbps 100 Gbps
150Mbps
B 150 Mbps | 10 Gbps 25 Gbps | 100 Gbps
C 2 Mbps 150 Mbps -
to | Gbps
d 4 Mbps 45 Mbps | 155 Mbps
e 100 bps a,b,c,d a,b,c.d a,b,c.d
TABLE [l
Major Communications Technology Components and their
Current TRL
Type State-of- Future Technology TRL
of the-art Technology for Space
Link Capability
a X-Band Ka-Band and | +Phased Array 3-5
Opucal Antennas
*Acq/Trk for
Optical
*High
power/BW
Lasers
b Ku-and | Ka-Band and | +Large 3-5
X-Band Optical Deployable
Antennas
*Acq/Trk for
Optical
*High
power/BW
Lasers
c S-and Ka-Band and | *Agile 3-5
Ku-Band | Optical Reconfig
Antennas
*Low Noise
Recervers
«High Energy
Transmutter
*Acq/Trk for
Optical
*High
power/BW
Lasers
d UHF UHF to W- *Multi-Beam 3-5
Band and Antennas
Opucal *Acq/Trk for
Optical
*High
power/BW
Lasers
*Minature
Circut
Component
e None All of the All of the
above above
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IV FUTURE ON-BOARD PROCESSING TECHNOLOGY
CAPABILITIES

Recent advances in science instruments technology continue to
widen the gap between the volume of data collected by the
instruments and the capacity of the data link to Earth Moreover,
the rate at which scientists analyze data 15 significantly less than
the rate of data acquisiion. To close or reduce these gaps,
scientifically important mnformation content of the downlink data
should be maximized. Thus the development of new technologies
to intelligently extract and process science data represents
another challenge driven by increasing data volumes and rates of
spaceborne expermments These technologies that need further
development can be classified 1n two classes, those requinng
vahidation 1n space and those that don’t. Here in this paper we
will consider these technologies whether or not they require
validation in space, such as data compresston, data reduction,
reconfigurable-processors, high-speed data bus etc Several
aspects of onboard processing technologies especially those
requiring flight vaiidation include several major topics, such as
Autoniomy, Which include: Setting mussion prionties, science
event handling, on-board resource management, Autonomous
formation keeping, on-board data management, feature detection,
recognition and response, and science decision making processes.
In addition fault-tolerant computing and processor stability,
situation-based data compression and processing The required
on-board technology validation missions include software-related
and hardware-related mussions Software-related mussions face
several challenges such as mussion planming, and science data
extraction for interesting targets. Objectives of the software-
related mussion include on-board planming, synchronization,
hazard checking, resource management and event handlhing.
Science objectives include target handoff, region classification,
template matching, and model-based identificanon On the
other hand most of hardware-related missions focus on radiation-
tolerant processors and communications node (package
switching) / radiation tolerant network interface. Rehability and
stability of radiation-tolerant processors and uts ability to
withstand >100Krad 1s the current challenge for this technology.
For the commumication node in the sky, technology challenges
such as. radiation-tolerant network interfaces, common data
exchange architecture, and distributed systems have to be
resolved.

V CONCLUSIONS AND SUMMARY

The demand to improve monitoring of the Earth’s resources and
its dynamic processes drives scientists to require high spanal and
spectral resolution from Earth-orbiting satellites. The mstruments
needed to support this demand are hyperspectral imagers,
synthetic aperture radars, and lidars. In viewing the projected
demands n 2010 and 2020, we find that the hyperspectral and
SAR 1magers’ demand for higher resolution drives the instrument
data rates from 10 Gbps i 2010 to 100 Gbps in 2020 Future
communications technology capabilities must include Ka-Band
and Opucal, besides the current X-Band communications. The
need for autonomy and radiation-tolerant processors are
identified as key components for the future on-board processing
technology capabulities.

ACKNOWLEDGMENT

The research described in this paper was carried out by the Jet
Propulsion Laboratory, Califorma [nstitute of Technology, under
a contract with the National Aeronautics and Space
Admimstration

The authors wish to thank both New Millennium Program
Office, and the Earth Science Technology Office for the help and
support provided to the authors while writing the manuscript for
this paper Also, the authors are grateful to Dr Amil Kantak for
reviewing the paper on a very short notice.

REFRENCES

[11 W Schober, F Lansing, K Wilson, and E Webb, “High
Data Rate Instruments Study,” Jet Propulsion Laboratory

publication 99-4
[2] F Lansing, K. Bhasin, and G. Prescott, “Ultra-High Data
Rate Commumications,” Earth Science Enterpnse

Technology Workshop, January 24, 2001

(3] G Bothwell, L Lemmerman, A. Walton, “On-Board
Processing,” [Earth Science Enterpnse Technology
Workshop, January 24, 2001

0-7803-7537-8/02/$17 00 (C) 2002 IEEE



Preliminary Design of the SWIMSAT Radar for
the Measurement of Ocean Wave Spectra

P. Calvary, L. Phalippou
Alcatel Space Industries, 26 Avenue J F Champollion, 31037 Toulouse Cedex, France
Tel/Fax +33 (0) 534 3544 92/61 63, Email philippe calvarvia:space atcatel b
E. Thouvenot
Centre National d'Etudes Spatiales, 18 Av E Behn, 31401 Toulouse Cedex 4, France
Tel/Fax +33(0) 561282568/ 18 15, Email kric Thouvenot@cnes tr
D. Hauser
CETP/CNRS, 10-12 Avenue de ’Europe, 78140 Vélizy, France
Tel/Fax - +33 (0) | 39 25 48 52/ 48 72, Email* hausena.cetp psi fr

Abstract - The main objective of SWIMSAT is to measure the
directional spectra of waves thanks to a space-borne radar. The
instrumental concept involves a real-aperture radar using a
multi-beam conical scanning, in order to provide measurements
of the spectral properties of the wave field, and to estimate the
profile of radar cross-section depending on incidence (0° to 10°)
and azimuth (0° to 360°).

The paper provides an overview of the mission and of the
measurement principle, and the status on instrument design.

1 INTRODUCTION

Studies about SWIMSAT (formerly known as VAGSAT)
have begun about 8 years ago. Several papers have been
published since then, among them [1] gives a detailed
description of the measurement principle, and (2] presents
prelimmary results about data assimilation. SWIMSAT has
been submitted this year in response to the second ESA call
on “Earth Explorer Opportunity Missions”

The present paper focuses on the nstrument preliminary
design. It 1s organized as follows :

Part II 1s a short description of SWIMSAT science objectives.
Part III gives an overview of the measurement principle. Part
IV presents the general mussion characteristics. The
instrument preliminary design 1s addressed in part V

IT SCIENCES OBJECTIVES

A.  Main Objective

The mamm objective of SWIMSAT 1s the improvement of
knowledge and modeling of sea-surface processes related to
the presence of surface ocean waves. The first objective 1s to
improve wave prediction and sea-state monitoring by
providing spectral information of ocean surface waves and
wind estimates. The second objective 1s to provide
information on sea-state to better account for surface ocean
wave effects in atmospheric and oceanic circulation models.

B Secondary Objectives

Additionally, SWIMSAT will allow to :

e Complement the observations of ocean 1ce-covered regions.

¢ Provide spectral iformation on waves to improve the
estimate of other parameters measured by altimeters or
radiometers (e.g. topography, salinity, wind estimates, .. ).

¢ Improve knowledge of the statistics of waves, in particular
the wave slope probability distribution function.

II1. MEASUREMENT PRINCIPLE

The validity of the principle to derive the spectra of ocean
waves from a real-aperture radar has been demonstrated
several times, using arborne systems developed at NASA
(ROWS system) and mn France at CETP/CNRS (RESSAC
Radar). Recent studies supported by French Space Agency
CNES and performed at Alcatel Space Industries and
CETP/CNRS have proved the feasibility of the proposed
space-borne system.

The measurement principle 1s based on measuring
modulations of the radar back-scatter coefficient (its
spectrum can be related to the wave spectrum) mside the
swath. The technical requirement 1s to get a mmmum
detectable wavelength of about 70 m, a resolution in wave
propagation direction of about 15° and a resolution n
wavelength of 10 to 20%

The need to acquire measurements in all directions of wave
propagation, at scales up to 90 km, led to the design of a real
aperture radar using a multi-beam conical scannmg. The
antenna beam scans both in azimuth (over 360°, thanks to a
mechanical rotation of the antenna source), and in incidence
(between 0° and 10° m 2° step). The nadir beam allows to
measure the significant wave height and wind speed as done
by current space-borne altimeters. The five off-nadir beams
allow the measurement of the wave spectrum, and of the
mean radar cross-section.

IV GENERAL MISSION CHARACTERISTICS

The mussion 1s based on a mini-satellite on a sun synchronous
orbit at about 500-km altitude, allowing a 3 years hifetime
mission, and an global ocean coverage. A cycle of 8 days has
been chosen, in order to optimize coverage of ocean over
latitudes above 35° (N or S) The ground segment consists in
X-band receiving stations (data rate up to 8 Mb/s) The
%\a;ylo)ad 1s a Ku-band radar (mass 75 kg, consumptton . 190
att).

A scheme of the geometry of observation 1s shown n Fig. 1,
for two incidences (0° and 10°). For an orbit altitude of 500
km, the footprint will be about 18 km x 18 km. This footprint
will sweep a pseudo-circle with a diameter ranging from 18
km to 90 km for mcidence angles ranging from 2° to 10°
The corresponding surface pattern 1s illustrated in Fig. 2
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6 rotabons/mn
Fig. | Geometry of observation for 2 incidence beams (0° and 10°)

SWIMSAT Scanning Beam Patiern (during 29 s)
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Fig. 2. Surface pattern

V INSTRUMENT PRELIMINARY DESIGN

A General Description
The payload i1s a radar system at 136 GHz Its mam
characteristics are given 1n Table 1.
TABLE |
INSTRUMENT MAIN CHARACTERISTICS

Radio-Frequency Part
Frequency 13 575 GHz
Peak power 120w
Bandwidth 200 to 320 MHz depending on mneidence
Pulse duration Ops
RF 210 6 5 kHz depending on incidence
Antenns (nadir antenna)
Desyn 40 cm passive parabolke
3 dB Beamwidth 4°
Antenna (oflset beams)
Design 80 cm passive olTset parabole, with 5 rolatmg
feeding homs
Incidence 2,4,6,8,and 10°
3 dB Beamwdth 2°
Rotation 6§ rotations/minute

B Instrument Architecture

The transmisston chain 1s based on a chirp, with bandwidth
varying from 200 MHz to 320 MHz, depending on incidence.
The frequency up-converted chirp 15 then amplified through a
120 W TWTA.

The recerving chain integrates the following functions

~

> Low noise amplification

Pulse compression using full deramp principle

Variable gain amplifier

Analog amplitude/phase demodulation

Analog to digital conversion (at about 100 MHz)

Transmssion Cycle

The transmutted bandwidth. the number of incoherently

integrated pulses, and the pulse repetinon frequency depend

on mcidence, m order to optimize a trade-off between signal

to noise ratio, range resolution, and decorrelation of

successive pulses.

Transmission cycle parameters are provided in Table 2,

whereas Table 3 contains for each incidence angle the

bandwidth of the received signal. This table shows that the

received signal duration (subtracting pulse duration) 1s

always smaller than the pulse duration, so that the choice of

full deramp for range compression 1s an attractive solution
TABLE 2

RADAR PARAMETERS DEPENDING ON INCIDENCE

AVVVY

Incidence (%) PRF (kHz) Bandwtdth (MHz) Pulse number sub-cycle
duration (ms)
0 2 320 %0 483
2 2 320 90 483
4 65 320 9 17.2
6 64 320 135 244
8 5 250 135 303
10 3 200 135 371
combined 2057
TABLE 3
SWIMSAT BEAMS BANDWIDTH
Inciaence (°) Echo Analysis Transmated Reterence Pulse
duration duration pulse pulse bandwith
(us) (us) bandwidth Bandwidth after deramp
(MHz) (MHz) {MHz}
0 <05 <52 320 <323 <2.56
2 <41 <56 320 <358 <38
4 82 60 320 384 64
6 123 64 320 110 90
8 165 68 250 340 90
10 208 n 200 288 88

C. Antenna

The antenna configuration is illustrated by Fig. 3. The system
actually consists m two antennas. The 40-cm diameter
parabolic antenna is pointing towards nadir. The second one
1s an offset parabolic antenna (diameter about 80 c¢m), with 5
rotating feeding homns. This configuration was selected as it
ensures good electrical performances, it 1s compatible with
small satellite class, and it minimizes development costs.
Including the nadir beam wmnto the mamn antenna feed
subsystem mught be envisioned as well, but would require
further optimization.

Fig 3. Antenna Configuration
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D On-Board Processing

The functions to be computed on board are the following

e For the nadir beam, it 1s a classical altimeter processing,
consisting in altitude estimation and echo tracking (in
range and 1n gain).

e TFor the offset beams, the objective of on-board
processing 1s to reduce the data-rate The chosen
principle 1s to realize on board the esumation of the
modulation spectrum and the speckle reduction

Nadir Processing
The processing architecture of the nadir beam 1s 1llustrated by
Fig 4

ADC
! f FARFitering
Daramping Deamauon (139) N puises 1 Tracing
um
e
&
© ® 6 O

Fig 4 On board processing architecture (nadir beam)

After sampling, the signal s filtered and under-sampled, in
order to adapt sampling period to useful bandwidth (indeed,
the signal is sampled at 100 MHz, and the useful bandwidth
1s about 2 6 MHz, leading to an under-sampling factor of 39)
After filtering and under-sampling, an FFT s applied on the
128 remaming samples, and the resulting echoes are
ncoherently integrated over the 90 transmitted pulses. The
resulting integrated signal constitutes the mput of the tracking
algonithm. Note that the tracking algorithm uses only data
coming from nadir, but its output 1s used to control in range
the receiver chain for the signals coming from all the offset
beams

Offset Beams Processing

The processing architecture for offset beams 1s 1llustrated by
Fig. 5 (for beams 4, 6, 8, and 10°) Note that the 2° beam
processing 1s simular to the nadir beam processing, but with
different parameters (FFT 2048 instead of FFT 128, no
tracking).

!
X ADC N puses um
s (after range
Deramping FFT8192 %E‘———. mgrsion
& compenzaton)
A d Separata 1n 4 sub- =
veraging an arals 1n 4 sub-
———« Rasampting (1024 swaths (256 I
samples) samplas) = LA
R =" }

© O

Fig. 5 On board processing architecture (beams 4° to 10°)

The signal bandwidth for beams 4°, 6°, 8°, and 10° s
respectively equal to 64, 90, 90, and 88 MHz, so that 1t does
not appear necessary to filter and under-sample the received
signal. After sampling, a 8192 points FFT 1s applied.

The resulting echoes are integrated (after range migration
compensation). An averaging 1s then apphied over adjacent

range gates (in order to reduce speckle noise), and the signal

1s resampled on 1024 points

The resulting signal 1s splitted in 4 sub-swaths, and an FFT 1s

applied on each sub-swath in order to estimate the

modulation spectrum. The signal before FFT being real, each

power spectrum 1s characterized by 128 useful samples

Two options are possible for the last step :

»> Transmission of the 4 spectra to the ground

> Averaging over the 4 spectra, and transmission of the
mean spectrum to the ground

The hypothesis considered 1n the scope of this paper 1s the

first option, which leads to better science performances (at

the price of higher data-rate)

E  Down-linked Data

The scientific transmutted data are the following

> For mcidence angles from 4 to 10° 4 modulation
spectra (128 samples per spectrum), and backscatter
coefficient (every 0 5° n incidence).

> For mcidence angles 2° and 0° . return waveform (step 4
of Fig. 4), and backscatter coefficient (every 0.5° m
incidence).

V1. ConcLusION

The feasibility of the Swimsat radar has been assessed. The

key pomnts concerning the mstrument design are the

following
Design of a new antenna configuration, allowing multi-
beam conical scanning,

> 120 Watt TWTA, currently under development for the
JPL WSOA (Wide-Swath Ocean Altimeter) instrument,

> Powerful processing architecture, due to the high
processing demands on board (about 200 Mips). The
proposed solution combines an ASIC for FFT operations
and tme mntegration, and a combination of two 100
MHz LEON processors for the remaining parts of the
processing.
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ABSTRACT

This paper presents a conceptual design of an airborne
Hurricane Imaging (microwave) Radiometer (HIRad)
instrument for use in operational hurricane surveillance. The
basis of the HIRad design is the Stepped Frequency
Microwave Radiometer (SFMR) that has successfully
measured surface wind speed and rain rate in hurricanes from
the NOAA Hurricane Research Division’s P-3 aircraft. Unlike
the SFMR that views only at nadir, the HIRad provides wide-
swath measurements between + 45 degrees in incidence angle
with a spot-beam spatial resolution of approximately 1-3 km.
The system operates at four equally spaced frequency channels
that cover a range between 4 GHz and 7 GHz.

! INTRODUCTION

Contemporary hurricane numerical models such as MM-
5 (Penn State/NCAR Mesoscale Model) have the ability to
predict precipitation as well as to forecast storm evolution
(intensity, size and track). To aid forecasting, the most
important contribution that could be made from remote
sensing platforms would be daily mapping of the surface
wind field from the center of the storm to a distance just
outside the ring of maximum winds located in or near the
eyewall cloud. In the Atlantic basin such measurements are
operationally avaiable at limited times from sensors
mounted on research aircraft, but none of the world's other
hurricane basins have aircraft reconnaissance capabilities.
Even in the Atlantic hurricanes are out of range of the
arrcraft for most of their lifetimes. Timely measurements of
the surface wind fields in tropical cyciones, with wide swath
(10's of km) and high resolution (1 km), would dramatically
improve model imtialization and resulting forecasts.

IT HURRICANE IMAGING RADIOMETER

A Instrument Heritage

Retrievals of hurnicane ocean surface wind speed and
rain rate have been performed operationally by the Stepped
Frequency Microwave Radiometer (SFMR) from aircraft by
NOAA Hurricane Research Division (HRD) for more than a

decade. SFMR was ongmally developed by the NASA
Langley Research Center in the 1970s [Jones er al., 1981]
and 1t has continued to be an ntegral part of NOAA
operations simce Wind speed and rain rate are retrieved
simultaneously from measurements of microwave
brightness temperature (Tg) made by the nadir-viewing
SFMR on board a NOAA P-3 flying at ~25,000 ft (7 6 km).
Winds in excess of 180 mph (150 m/s) and rain rates of
greater than 100 mm/h have been successfully esumated by
the SFMR and validated against weather radars, dropsondes
released from awcraft, and extrapolations of flight-level
winds. Even at these extreme levels, the Ty responses to
both wind speed and rain rate have not reached saturation.

The SFMR scans between 5 and 8 GHz with a variable
number of channels. Retrievals have been demonstrated
with as few as two and as many as eight channels. A
mimmum of two Tg channels 1s required to umquely
separate the contrasting spectral signatures of surface
emission and rain  Additional channels serve to over-
constrain the system of equations that relate the Ty
measurements to the state parameters of wind speed and
rain rate. This effectively reduces the sensitivity of the
retrieval algorithm to instrument noise and common-mode
calibration biases. The current operational NOAA sensor
uses eight channels.

B HIRad Instrument Description

The Hurricane Imaging (microwave) Radiometer
(HIRad) 1s a candidate airbome sensor for future operational
surface wind speed and rain rate measurements 1n
hurricanes and typhoons. This sensor is an interferometric
microwave radiometer that uses a one-dimensional thinned
synthetic aperture array antenna to synthesize multiple
simultaneous beams in a push-broom configurauon. When
used on an operational hurricane surveillance aircraft such
the NOAA HRD's Gulfstream-IV (Fig. 1), the hurricane
may be imaged with high resolution as shown in Fig. 2 & 3.

Unlike the SFMR, that views only at nadir, the HIRad
provides wide-swath measurements with simultaneous
multiple "pushbroom" fan-beams between * 45° in
incidence angle. When flying at an altitude of 35,000 ft
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Fig 2 Simulated HIRad measurements of surface winds from Hurmicane
Floyd (1999) Ordinate 15 latitude index (0 125° steps) and the abscissa ts
longitude index (0 125°) Color scale 1s 0-70 knts (36 m/s)

(11 km), HIRad provides a measurement swath of 22 km
and a spatial resolution of 1-3 km depending upon the
operating frequency and cross-track position in the swath
This geometry provides excellent opportunity to image the
high wind gradients and spiral rain bands surrounding the
hurricane eye while flying the typical "butterfly" transects.
The image produced in Fig. 2 and 3 results from four
transects of the eye The advantage of HIRad over a
profiling sensor such as SFMR 1s obvious. The equivalent
SFMR coverage would be a single strip (one pixel wide)
centered along each the aircraft track.

Retrieved ram rate (mmr] 51 nGHz

Lattude uxdex

0 4 6 80 10 120 150 150 180 200
Longitude mdex

Fig. 3 Simulated HIRad measurements of rain rate from Hurmicane Floyd
(1999) Color scale 1s 0-130 mmvhr

C  Synthetic Thinned Array Radiomeier (STAR) System

The STAR instrument design presented here has a
frequency plan similar to SFMR but provides a cross track
swath at each frequency of 65 independent pixels covering
+45° about nadir. The pixels are generated using
interferometric aperture synthesis [Ruf er al., 1988]. The
thinned aperture antenna array consists of 10 active fan
beam antennas, each of which 1s a linear broadside phased
array of 36 multi-resonant dipoles (see antenna design
section). The linear arrays are oriented in the direction of
flight of the aircraft so that their fan beam patterns define
the cross track instantaneous field of view of the imager.
Full two-dimensional 1mages are then formed by push

_broom aircraft motion.

The flat panel antenna array (1 1x1.1 m aperture x 25 cm
thick) consists of a rectangular grnid of 38x38 multi-resonant
dipoles with ten recerver front-ends. The small element size
(0.4 Agree space 3t 4 GHz and 0 7 Aee opace at 7 GHz ) allows
the design of the array without introduction of grating lobes
mnto the scanning field of view A multi-slot antenna array
element (Fig. 4) 1s being developed for the 4-7 GHz
frequency range Four resonant frequencies (4, 5, 6 & 7
GHz) were selected for the design. The multu-resonant
element 1s reahized by muitiple narrow slots n the wall of a
specially configured thin cavity Excitation of the slots 1s
via a striphne nside the cavity and passing directly
underneath the slots. Because of the very close proximity of
all the slots, there 1s significant slot-to-slot field interaction.
Therefore, the fundamental design was developed and
optimized  through  electromagnetic  computational
simulations, which model the entire configuration as a
single device. Test results on the mmtial laboratory
constructed element demonstrates the four resonant
frequencies as predicted. More attention to details in
fabrication will be addressed in the next test article in order
to 1mprove the impedance match at all frequencies.
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Fig 4 Antenna element for HIRad array Top panel illustrates the field
excitation and the bottom panel shows a brass-board test article.

The outermost ring of dipoles are passively terminated to
ensure consistent mutual coupling between active elements,
leaving a 36x36 central grid. The 26 rows of dipoles that do
not comprise the 10 active fan beams are also passively
terminated. Which 10 of the 36 possible rows are active 1s
deterrined using an interferometric sampling algonthm
{Ruf, 1993].

Each active fan beam antenna 1s connected to a
frequency agile correlating radiometer receiver The input
stage of each receiver features a reference load and injected
noise diode for absolute system calibration followed by a
wideband low noise amphifier covering the 4-7 GHz input
frequency range. The frequency selection 15 achieved by
single sideband downconversion to a fixed narrowband (20
MHz) intermediate frequency (IF) range using a variable
local oscillator, in a manner adapted from the SFMR design.
The IF signal 1s digitized (prior to detection) with a coarse
2-bit digitizer and then digitally quadrature demodulated to
baseband and complex cross-correlated between receivers
using technology and signal processing algorithms
developed under a NASA Global Precipitation
Measurement Mission technology development incubator
[Rufer al., 2000].

D. HIRad Simulated Performance Resulls
HIRad hurricane measurements are simulated using a

statistical Monte Carlo technique. The wide-swath coverage
provided from typical aircraft altitudes 1s capable of mapping

the entire hurricane eye wall during a few flight tracks across
the storm. These simulated retrievals show good accuracy for
surface wind speed and rain rate under realisic hurricane
conditions An example of the spaual distribution of retrieval
errors 1s presented 1n Fig 5. The top panel 1s the modeled
wind field with the error n the retrieved wind speed directly
below The maximum errors ~ 5 m/s occur at hight winds
inside of the eye, and at stronger winds where the system 1s
optimized, the error s less. Also note that the wind speed
errors are not correlated with the location of strong rain (panel
3™ from top). Directly below the mode! rain intensity is the
rain rate retrieval error. Again the largest errors are for light
rains 1nside of the eye, and for stronger rains, where the
system 1s optimized, the errors are less. Also note that rain rate
errors are independent of wind speed. Scatter diagrams of the
wind speed and rain rate retrnieval errors are presented in Fig. 6
for the entire hurricane. As discussed above, the errors reduce
as the wind speed and rain rate increase. At light winds and
rain there 1s a sensitivity 1ssue because of selecting the low
frequency microwave channels (4 GHz - 7 GHz). However, at
the strong wind speeds and rain intensity associated with
tropical cyclones there is an exponential mcrease in T, with
these increasing parameters, and the retrievals improve.

Rain Rate Error

Fig. 5 HIRAD simulated east-West flight leg Top panel i1s the modeled
wind speed, next 1s the retnieved wind speed error - color bar s 0-10 knts
(52 mvs), next 1s the modeled rain intensity and the bottom panel 1s the
corresponding rain rate retnieval error - color bar 1s 0-10 mavhr
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Fig 6 HIRAD simulated humicane retneval error Top panel 1s the wind
speed error and the bottom panel is the corresponding rain rate error

[T Conclusions

This design study has demonstrated the feasibility
of developing a new Hurricane Imagmne Radiometer
using currently available technologies for Synthetic
Thinned Array Radiometers There 1s significant
potential for this candidate airborne sensor for future
operational surface wind speed and ramn rate
measurements 1n hurricanes and typhoons.
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Abstract - The concept of microwave sounding from
geostationary orbit is over three decades old, but can now be
facilitated using submillimetre-wave sounding technology. A
"GEM" concept has been pursued in the U.S. in the past few
years, and now a "GOMAS" proposal has been submitted to
ESA for implementation. The principle is to extend the number
of bands usually exploited for sounding (54 GHz for
temperature and 183 GHz for humidity) to higher frequencies
(118 and 425 GHz for temperature, 380 GHz for humidity), so
as to obtain higher geometric resolution for a given antenna size.
Measurements in absorption bands at frequencies differently
affected by liquid and ice water, enable simultaneous retrieval of
temperature and humidity profiles, cloud ice and liquid
columnar amounts and gross profile and, most important,
precipitation, appropriately sampled at time intervals of some
15 minutes. The paper will highlight the basic concepts and
technical features of the GEM/GOMAS project and comment
about feasibility and sizing elements.

L INTRODUCTION

The 1dea of MW sounding from geostationary orbit dates
from 1978, with the NASA "Applications Review Panel
Report, High Resolution Passive Microwave Satellites”,
edited by Staelin and Rosenkranz [1]. In Europe, MW
sounding was placed in 1984 as a requirement for Meteosat
Second Generation, and led to an industrial study presented
in 1988 after a definition study by Chedin, Pick and Rizz1 [2].
Those early initiatives were premature because of the
technological state-of-the-art at the time. Recently, the idea
of MW sounding from geostationary orbit has received
renewed interest because of two developments.

e On the technological side, 1t has become possible to
extend radiometry to the submullimetre-wavelength
range, which enables corresponding reductions in the
antenna size or, alternatively, improvements in resolution
for a given antenna size [3],

e On the application side, strong requirements have
appeared to frequently observe precipttation. These
requirements have been driven by the growing capability
of NWP models to assimilate precipitation data at the
appropriate scale,

In the US, a "Geosynchronous Microwave Sounder
Working Group" reported to the NOAA-NESDIS GOES
Program Office in 1997 [4] and gave rise in 1998 to the
proposal for GEM (Geostationary Microwave Observatory)
(5] In Europe, an analysis of scenario was prepared by
Bizzarr for EUMETSAT in 2000 [6] and finally, in January

2002, a proposal has been submitted to ESA in the
framework of the Earth Explorer Opportunity Missions, for
GOMAS (Geostationary Observatory for Microwave
Atmospheric Sounding). The GOMAS proposal includes all
GEM hentages and was submitted by Bizzam on behalf of
40 European and U.S. proponents.

The GEM/GOMAS objectives are to explore the
capabilities of very-high-frequency microwaves and sub-
millimetre waves to provide frequent sounding as allowed
from the geostationary orbut of:

e Precipitation rate from convective clouds (and non-
convective ones to an extent to be determined),

e Cloud liqwd and ice water (mainly total column, with
inference of gross profile to an extent to be determined);

e  Atmospheric temperature and hurmidity profiles n nearly
all weather conditions.

The observation principle 1s based on the use of absorption
bands of oxygen (54, 118 and 425 GHz) and of water vapour
(183 and 380 GHz). Narrow-bandwidth channels are
implemented (for a total of about 40 n the five bands) so as
to observe the full profiles of temperature and water vapour.
Profiles from different bands are differently affected by
liquid and ice water of different drop size and shape, and
finally by precipitation. Simultaneous retrieval of all these
ingredients is i principle possible, and partially
demonstrated by several airborne MW/Sub-mm instruments.

The GEM concept defined an mstrument using a 2-m
antenna suitable to be flown on the next upgraded series of
operational GOES (e.g., GOES-R+, starting in 2011).
GOMAS, however, 1s intended as a stand-alone mission
mostly for demonstration, and can be implemented as a
refatively small satellite. Launch is proposed for 2007-2009
and operations co-ordinated with the NMP-EO3 GIFTS for a
full assessment of the benefit of combined high-vertical-
resolution TR sounding and MW/Sub-mm nearly-all-weather
sounding and precipitation imagery.

The 3-m GOMAS antenna will provide geometric
resolutions ranging from 10 km (for precipitation) to 20 km
(for water vapour and cloud liquid/ice water) and 30 km (for
temperature). Each 15 min a sector of 1/12 of the Earth’s
disk will be imaged, the sector being movable within the disk
and the satellite able to be shifted for experiments between
the American contiments and the Indian ocean.
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II  OBSERVING PRINCIPLE

In order to use an antenna of practical size (& = 3 m),
GOMAS adds frequency bands in the sub-millimetre range to
those currently used on polar orbiters Fig | shows the
distribution of available bands in the MW/Sub-mm range.

(6 Anoumd Midimiiluce Kivogen Only =
10¢ [ Anyusi inciaviage, Oxygan Oty 4 § -
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Fig 1 Atmospheric spectrum in the MW/Sub-mm ranges (from [7])

The figure shows that.

e  For O; above the 54 GHz band, the desirable temperature
sounding bands are at 118 GHz and 425 GHz. Other
bands exist, but are either too weak or obscured by the
water vapour continuum.

e For H,O above the band at 183 GHz, several other bands
exist starting at 325 GHz, then at 380 GHz and higher
These bands become progressively less useful because of
the increasing continuum absorption contribution.

Accordingly, the optimal choice of bands for
GEM/GOMAS s. 54 GHz, 118 GHz, 183 GHz, 380 GHz
and 425 GHz. The resolutions at the sub-satellite-point
(s s p) achievable using several different antenna diameters
at these frequencies are in Table . While these resolutions
degrade toward the poles, image oversampling facilitates a
reasonable degree of deconvolution and effectively restores
the s.s p. resolution for most mid-latitude regions.

TABLE |
RESOLUTION ATS S P V/S FREQUENCY AT REFERENCE ANTENNA DIAMETERS
Antenna @ 54 GHz 118 GHz | 183 GHz | 380 GHz | 425GHz
1im 242 km 112 km 73 km 35 km 31km
2m 121 km 56 km 36 km 18 km 16 km
3m 81 km 37 km 24 km 12 km 10 km
4m 60 km 28 km 18 km 8 8 km 78km

The selected GOMAS antenna diameter of 3 metres will
provide good spatial resolution at the high European
latitudes.

The incremental weighung functions (IWFs) of the ~40
channels selected in these bands are reported in Fig. 2. The
figure shows that the higher-frequency bands (380 and 425
GHz) are useful down to the top of the lower troposphere,

whereas both the 118 and 183 GHz bands reach the surface
and are thus indispensable for a geostationary satellite
mission. The 54 GHz band s somewhat redundant and of
limited resolution but nonetheless very useful due to both a
minimum sensitivity to liquid water and i1ce and for cross-
calibration purposes using AMSU (the 183 GHz band also
serves this purpose)
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Fig 3 Expected retrieval errors (RMS) for bands 118, 183, 340/380 and
425 GHz, as stand-alone or in association with an IR sounder of the AIRS
class (GAIRS) (Left) temperature, (right) humidity [n the left, the case of
GAIRS-425-118 1s compared with GAIRS alone and 425-118 alone The
EOS-Aqua AIRS-AMSU/A-AMSU/B 1s shown as reference (from (8]

The capability of these spectral bands to retrieve
temperature and humidity profiles 1s shown i Fig 3. We
note that the bands 425+118 GHz have the same performance
as GAIRS for altitudes above 600 hPa, and that the
associatton  GAIRS+425+118 closely approaches the
performance of AIRS+AMSU/A+AMSU/B, except for lower
troposphere. For GEM/GOMAS the addition of the 54 GHz
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band would reduce this gap In the rnight-hand figure, 1t 15
mteresting to note the strong impact of the 380+425 GHz
bands in the high troposphere. These simulations show that
GEM/GOMAS retrievals will be accurate enough to initialise
NWP models, and therr use i combination with an [R
spectrometer of the AIRS class (GAIRS), or of the IASI class
(GIASI) would approach polar satelite sounding
performance A GOMAS launch during the window of
operation of the NMP-EO3 GIFTS would provide excellent
cross-validation and cloud-clearing capabuilities, and would
extend GIFTS’ capabulities mto cloudy regions.

163-3 1-7

326-1

Fig 4 Image strips of convective preciputation cells over ocean obtamed by
a multi-channel airborne radiometer Scenes of 40 km (width) x 200 km
(length) (from [9])

The effects of clouds on bands comparable to those to be
used on GEM/GOMAS are shown 1n Fig. 4 The strip maps
of Fig. 4 show the impact of clouds as a function of
frequency and absorption for a set of channels comparable to
those of GOMAS. Cloud mmpact 1s as follows:

¢ An increasing immpact with increasing frequency as
detectable m "window" or "nearly-transparent” channels
(89 GHz, 150 GHz, 183 + 7 GHz, 220 GHz, 325 £ 9
GHz); cloud and raincell brightess signatures become
monotonic at the submillimetre-wave channels, thus
eliminating detection ambiguities that occur within the
window channel at 89 over oceanic backgrounds.

e Cloud "alutude shcing" from the lower to upper
troposphere occurs when moving towards the band
absorption peaks (from 183 £ 7 GHz to 183 £ 3 GHz and
183 £ 1 GHz; and from 325 + 9 GHz to 325 + 3 GHz and
325+ 1 GHz).

e The 380 GHz band 1s anticipated to behave similarly to
the 325 GHz band.

Temperature and humidity profiles retrieved from the
various GEM/GOMAS sounding bands are affected to
differing degrees by cloud hquid and ice content, mixing
rauio, vertical distribution, and drop size and shape. Since

these cloud properties closely correlated with precipitation
rate, the differential observations (i.e., 54/118/424 and
183/380/340 GHz) enable simultaneous retrieval of
temperature/humidity  profiles, cloud hqud/ice water
columnar amounts and gross profiles, and precipitation rate.
Some examples using actual data from NOAA AMSU and
arrborne instruments are shown in Figures 5 and 6.
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Fig 5 Precipitation images from a cold front on October 7, 1998 NEXRAD
precipitation map smoothed to 15 km resolunon (left image), and
NOAA/AMSU precipitaton map obtained using a neural net retrieval
techmque (right image) (from (10])

Fig. 5 shows a prelimmary investigation to nfer
precipttation rate using AMSU sounding channels The
comparison with radar imagery is surpnsingly good, over
both land and ocean.  Observing precipitation using
absorption bands nstead of windows, as generally practised
in MW radiometry, is particularly advantageous over land
since surface emissivity is of little or no consequence.

NAST-M Torrp Rate (118G/54G) Vert Cross Section neas nade

17 3063 17 1683

UT (hour)

EDOP Qoppler Rudar Reflecivity (082)

Altitude (km)

171872
UT {hour)

Fig 6. Comparison between the 118/54 GHz profile rato from the NAST-M
microwave radiometer on the NASA ER-2 arcraft and simultaneous EDOP
Doppler radar reflecuvity observation Hurricane Bonnte at {7 GMT on
August 26, 1998 (from 1 1]).

Fig. 6 shows what can be inferred by exploiting
differential information from the 54 and 118 GHz bands. In
the top figure the ratio between temperature profiles obtained
independently from the 118 and the 54 GHz bands 1s
reported, as the aircraft travels. If there 1s no precipitation the
ratio of the two temperature profiles 1s unity throughout the
entire vertical range. When precipitation s present the ratio
becomes less than unity below the altitude of the precipitation
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cell due to the hugher attenuation at 118 GHz than at 54 GHz.
The effect 1s the result of the use of “similar clear-air
weighting functions” along with the difference wn ice
scattering characteristics for the two wavelength regions
[3,12] A similar effect will be observed using {18 and 425
GHz, and 183 and 380 GHz, albert these ratto signatures will
be more closely related to cloud top particle size and less to
low-level precipitation  The bottom figure reports the
precipitation profile simultaneously recorded by the Doppler
radar onboard ER-2 (EDOP) The agreement is striking, and
1t can be inferred that GEM/GOMAS would give information
similar to what is currently obtained by ground-based radar
Pending confirmation by GEM/GOMAS multu-band
sounding at 15 mun ntervals, meteorologists will have
available a proxy rain radar operating over continental field
of view, and particularly over oceans and mountainous
terrain.

Il GOMAS INSTRUMENT AND SYSTEM CONCEPTS

The GOMAS concept 1s based on a 3-m antenna and 5-
band/40-channel spectrometer, depicted i Fig. 7
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Subreflector
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Backup —
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Fig 7 GOMAS antenna system (as from the GEM concept, 1 ¢ before
adaptation for accommodation on a dedicated platform - see Fig 9)

The antenna surface has a quiescent accuracy of ~10 um.
Thermal and nerual deformations are monitored by a series
of sensors on the antenna border and actively compensated
using a nodding/morphing subreflector, which also provides
for limited image scanning Gross movements (e.g, to
change the observation sector) are performed by the elevation
and azimuth motors, although the possibility of using the
satellite attitude control system n combination or as
alternative 1s being studied. A single feedhorn path 1s
baselined so as to provide hardware co-alignment of all feeds
for the five bands. An option of a feed cluster to simplify the
recerver design 1s sull being studied. The baseline recetver
uses a quasi-optical multiplexer and includes five individual

spectrometers for the five bands. State-of-the-art HEMT
technology for high performance, reduced volumes, and low
electrical consumption is exploited. Critical parameters are.

@ =3m,40kg, 40 W
30cm x 50 cm x 50 cm, 67 kg, 95 W
107 kg, 135 W, data rate 115 kbps.

[} antenna.
s radiometer:
s total payload

The problem of sensitivity that exists with the current state
of recetver technology 1s solved by limiting the scanned area
of the Earth's disk, as suggested i Fig 8.

Fig. 8 Earth's disk observed by Meteosat and reference GOMAS coverage.

Within the current technological state-of-art it is not
possible to scan the full Earth disk in the required short ime
at the required resolution. Assuming a 10-km sampling
nterval in 15 min (required for precipitation), the full disk
includes 1250 x 1250 pixels Using an integration ttme of 0 §
ms one cannot achieve the radiometric accuracy necessary for
sounding (SNR 2 100) A compromise 1s achieved by
scanmng a sector of about 1/12 of the disk (250 x 500 pixels)
with an integration tme of ~6 ms per pixel. Averaging over
a convenient number of 10-km pixels provides the required
radiometric sounding accuracy The number of pixels to be
averaged (during ground-processing) 1s consistent with the
required resolution (~30 km equatorial for temperature
profiles, ~20 km for water vapour profiles and cloud
liquid/ice water, and ~10 km for prectpitation)

The above figures represent a reference for radiometric
computation. In practice 1t will be possible to drnive the
scanning mechanmism with different speeds and over areas of
different size, and the reference sector of 1/12 of the disk can
be selected anywhere within the disk so as to track interesting
events as they evolve In addition, during the satellite
lifetime the longitude of stationarity can be shifted so as to
allow observation over the American continents to the Indian
ocean following seasonal events.
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A dedicated satellite 1s baselined for GOMAS The study
so far performed is based on the adaptation of a current-
generation bus in a basic configurauon designed to support
medium-size sensors. Fig 9 shows that this bus 1s somewhat
oversized, although will be made more compact pending
further study. For example, the elevation and azimuth motors
of the antenna shown in Fig 7 could be combined with the
satellite attitude control system,
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Fig 9 Arust's view of GOMAS deployed n orbit

The GOMAS satellite is proposed to be launched as a co-
passenger of MSG-3 (2007), MSG-4 (2009), or perhaps
GOES-P (2007). It 1s designed for a 5-year lifetime of which
the first three would be a scienufic demonstration phase and
the last two would be for pre-operational exploitation.
Critical parameters are:

Mass: 860 kg (430 kg dry),

Electrical power- 600 W (peak), 440 W (average);
Volume (stowed): 30x3.0x3.0m’;

Data rate: 128 kbps (S-band), compatible with the MSG
Low-Rate Information Transmission (LRIT) standard, to

be received at Low-Rate User Stations (LRUS).

* & o o

IV CoNCLUSION

Based on the U.S GEM concept, GOMAS 1s proposed as
a demonstration mission n the framework of the ESA Earth

Explorer Opportunity Missions. [f accepted, GOMAS would
be a precursor for future operational applications since
frequent observations of temperature/humidity, cloud
liqud/ice water, and precipitation rate are of priumary
importance for both nowcasting and regional/global NWP, as
well as for hydrological chmate characterisation and
improved descriptions of the water cycle m General
Circulation Models. Direct use in hydro-agro-meteorology
would also be important.

From the technical standpoint, and building on the studies
conducted on GEM, 1t 1s believed that no enabling
technology 1s currently missing and that the GOMAS satellite
could be developed in time for a launch n the 2007-2009
timeframe. This window would permut co-flight with the
NMP-EO3 GIFTS and use as an 1mportant temporal
precipitation interpolator within the Global Precipuation
Mission (GPM) constellation.
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Abstract - The development of the NOAA Polarimetric
Scanning Radiometer (PSR) system commenced in the fall of
1995, with the first-generation system operated on the NASA P-
3B aircraft to study passive microwave ocean surface wind
signatures in March, 1997 [1]. The PSR system consist of sets of
polarimetric radiometers housed within standardized gimbai-
mounted scanhead drums. Each scanhead is rotatable by a
gimbaled positioner so that the radiometers can view any angle
within 70° elevation of nadir and at any azimuthal angle (1.32n
sr solid angle), as well as external hot and ambient calibration
targets. The configuration suppeorts conical, cross-track, along-
track, fixed-angle stare, and spotlight scan modes. Scanheads
are designed for in-flight operation without the need for a
radome (i.e., in contact with the aircraft slipstream), thus
allowing precise calibration and imaging without superimposed
radome signatures. The conical scan mode allows the full
Stokes’ vector to be imaged without polarization mixing.

The PSR has been used in several successful airborne
missions, demonstrating the first 2-dimensional ocean surface
wind vector mapping, high-resolution hurricane rainband
imaging and satellite rainfall rate validation, C-band soil
moisture imaging, high-resolution sea-ice mapping, and ocean
internal wave imaging. Since its 1naugural mission there have
been several new hardware developments that have extended
the capability of the PSR system in terms of the observable
spectrum, polarizations, and compatibility with various aircraft.
Currently in progress are developments which will provide the
capability to perform wideband airborne hydrological studies
with a single suite of synchronized, compatible sensor heads.
This sutte will include the PSR/CX, PSR/S, and PSR/L
scanheads, which collectively extend the capabilities of the
original PSR/A scanhead. Four positioners are anticipated to be
available for operation in 2003. Each assembly (scanhead and
positioner) was designed for integration into several aircraft,
including the NASA DC-8, Orion P-3B, and WB-57F, Scaled
Composites’ Proteus, Airplatforms, Inc. Canberra B-6, U.S.
Navy P-3A, and NASA ER-2. Upon completion, the PSR system
will provide passive polarimetric microwave imagery at most of
the channels 1n the range of 1.4 to ~800 GHz that are useful for
spaceborne or airborne hydrological remote sensing. Studies
planned using the system include vapor-to-runoff phase
monitoring of precipitation, estuarian runoff and mixing,
targeted forecasting, and cirrus generation by convection.

I SYSTEM DESCRIPTION

The PSR system consists of three major components a
scanhead, positioner, and equipment rack. Figure I 1llustrates

the positioner and PSR/CX scanhead as integrated into the
NASA WB-57F high-aititude aircraft. The scanhead houses
all radiometer hardware and supporting electronics, including
the data acquistion computer The positioner serves to move
and point the scanhead. The scanning drum can be positoned
to view any angle with 0 1° precision using a two-axis high-
torque stepper motor positioner system The positoner also
houses external blackbody calibration targets, one at ambient
temperature and one heated to a higher preset temperature
The equipment rack contains data acquisition, archival, and
motion control systems and 1s typically located within the
arrcraft cabin. Three new positioners being built at NOAA

e . A
"PSR/CX
Scanh_ggd '

Figure 1. PSR positioner and scanhead as instailed on the NASA WB-57F

ETL will have the supporting electromics installed on the top
of each positioner. In this scheme the interface to the operator
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1s implemented using an ethernet connection to a notebook
PC running a web-based control program.

The typical weight of a PSR scanhead 1s ~70 kg (~150 Ibs).
The weight of a scanhead/positioner umt depends on the
positioner version and the specific design of the cahibration
targets, but typically does not exceed ~340 kg (750 Ibs)

A_PSR Radiometers Two interchangeable scanheads, PSR/A
and PSR/CX, are currently operational. The precise
radiometric bands for PSR/A are X (10.6-10 8 GHz), Ku
(18.6-18.8 and 21.3-21.6 GHz), Ka (36-38 GHz), and W
(86-92 GHz). These bands were selected to provide
sensitivity to clouds, precipitation, and surface features over
almost one decade of microwave bandwidth at octave
mtervals. The current PSR/A  scanhead uses analog
correlators, although digital correlators were demonstrated m
the first version of this scanhead (PSR/D, see [1]). In
addition, a color CCD video camera and 9.6-11.5 pm
wavelength infrared sensor are installed. The camera 1s used
to observe the scene for purposes of cloud clearing, ocean
foam coverage estimation, surface feature detection, and
scanhead operation. PSR/A is currently maintained by ETL
as a complete and operational scanhead.

The second PSR scanhead (denoted “PSR/CX,” for 1ts
implementation of C and X-band channels) consists of
polarimetric sub-band radiometers at C- and X-bands. The C-
band radiometer provides polanmetric measurements within
four adjacent subbands at 5.80-6.20, 6.30-6.70, 6.75-7.10,
and 7 15-7 50 GHz, with full Stokes’ vector measurements at
6.75-710 GHz. The X-band radiometer uses the same
antenna as the C-band umit and has subbands at 10.60-10.80,
10.60-10 68, 10.68-10.70, and 10.70-10 80 GHz.
Applications of PSR/CX include ocean surface emissivity
studies, soil moisture mapping, and imaging of heavy
precipitation. The multiband capability of PSR/CX 1s also
used to study the feasibihity of frequency agile radiometry for
use over interference prone regions. A color CCD video
camera and IR sensor are included.

All PSR antennas are of the lens/corrugated feedhorn type
and are dual orthogonal-linear polarized with grooved
rexolite lenses. All main beam efficiencies are in the 95-97%
range and all on-axis cross-polarization isolation ratios
exceed -27 dB.

Each PSR scanhead contains an embedded data acquisttion
computer, all radiometers and detectors, power conditioning
modules, and antennas wmnside a 51 cm (20") diameter and 51
cm (20" long rotating drum. Radiometric data are sampled
and formatted by the embedded computer, then transmitted to
an archival computer outside of the scanhead via a 10-base 2
LAN hnk through the shiprings. Thus, all radiometric
detection 1s accomplished 1nside the scanhead drum

Currently under development are two additional PSR
scanheads' the PSR/S “Sounding/Sub-millimeter wavelength”
scanhead and the PSR/L L-band 1maging scanhead
Descriptions of each of these new scanheads are available at
hup /'www_etl noaa gov/radiom/psr hunl

B_Calibration. In-flight calibration of all PSR radiometer 1s
accomplished using a three-stage process employing
radiometric views of 1) noise diodes or internal thermal
standards at ~100 msec intervals, 1) external (unpolanzed)
hot and ambient blackbody targets at intervals of
approximately several munutes, and ur) upward-looking
views of cold space performed approximately once per sortie

Internal noise diodes are available for all PSR channels up
to 89 GHz (above which - for PSR/S - stable free-space
thermal standards are being developed). Frequent views of
these stable internal references permit identification of time-
varying radiometer gains and offsets. These references,
however, are not considered good absolute standards, and are
further referenced to the external standards to determune their
radiometric temperatures.

The unpolarized external targets consist of identical arrays
of 1ron-epoxy absorbing pyramids mstalled 1n a two-bounce
L-shaped comer configuration. The absorbing pyramids are
canted at an angle of 45° so as to provide maximum
absorption in the direction of PSR antennas. The pyramidal
arrays are encased in transparent insulating foam and overlie
a thermally-conducting substrate of aluminum pyramids so
that the physical temperature of the entire structure remains
homogeneous to within ~1 K. The microwave emussion
temperature of the structure 1s precisely calculable through 8-
fold redundant physical temperature measurements and target
emissivity estimates obtained using cold space views.

The cold space views permit a comprehensive empirical
estimation of the external target temperature, and include the
effects of residual scattering, thermal gradients, and beam
spillover. The cold space views are obtained using a steep roll
of the aircraft. The procedure consists of pointing the PSR
scanhead 65° above nadir to starboard, then rolling the
arcraft up to 60° port for ~3-5 seconds. The procedure
provides the radiometers an unobstructed view of cold space
for which the brightness temperature 15 typically very cold
(~3-40K, depending on altitude, humidity, and channel) and
calculable to better than ~0 5-1 K uncertainty.

An additional ground-based pre- and post-flight calibration
procedure using a fully polarized target 1s being developed to
provide accurate 3 and 4" Stokes parameter calibration of
all PSR polarimetric radiometers

il PSR MISSIONS

To date, the PSR has flown for over 430 flight hours on
three different aircraft (NASA P-3B, DC-8, and NAWC P-
3A). A hst of mussions 1s provided 1n Table 1. A versatile
bomb bay fairing and support structure for the P-3 integration
has been developed and successfully flown for the two P-3
integrations. Hardware for integration of the PSR on the
NASA WB-57F has recently been completed, and similar
hardware for integration on Proteus, the ER-2, and a
Canberra B-6 15 under design. An aerodynamic fence has
been fabricated for the DC-8 integration Fabrication of
hardware to permit two PSRs to operate synchronously on the
P-3Bs and WB-57F 1s underway. During the entire series of
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flights the PSR exhibited excetlent aerodynamic, mechanical,
and electrical performance in ambient conditions as cold as -
51° C and at true air speeds up to 400 knots.

The precise configuration of the PSR system for a given
mission depends on the specific scientific goals These goals
impact the selection of scanheads, platform, accompanying
instruments, and arrcraft altitude and airspeed.

TABLE | - PSR MISSIONS

Mission Dates Approximate Arrcraft &
Altrtime (hrs) Scanhead
Ocean Winds imaging | March 40 NASA/WFF P-3B
Expenment (OW1'97) | 1997 PSR/D
Humicane Winds August 25 NASA/WFF P-3B
Expenment 1997 PSR/D
(HOWEX)
Over-the-Horizon November 20 NASA/WFF P-3B
Expeniment (OTH '97) | 1997 PSR/D
Third Convection and August- 80 NASA/DC-8
Moisture Expeniment September PSR/A
(CAMEX-3) 1998
North Amencan Polar | October- 40 NASA/DC-8
Scanning Radiometer November PSR/A
Expeniment 1998
(NAPSCAR98)
Southern Great Plains July 1999 40 NASA/WFF P-31B
Expenment (SGP99) PSR/C
North Amenican Polar | May 2000 50 NAWC P-3A
Scanning Radiometer PSR/A
Expenment
(NAPSCAR00)
Meltpond 2000 June-July 40 NAWC P-3A
2000 PSR/A & PSR/C
North Amencan Polar | July- 35 NAWC P-3A
Scanning Radtometer August PSR/A
Expenment 2000
(NAPSCARO1)
Cold Land Processes | February 60 NASA/DC-8
Expeniment (CLPX02) { 2002 PSR/A
Total 430

For example, to study the potential for retrieving ocean
surface wind fields by passive microwave radiometry the
PSR was flown at medium-to-low altitude on the NASA P-3
over the Labrador Sea as part of the 1997 Ocean Winds
Imaging Experiment. This study demonstrated that one and
two-dimensional ocean surface wind fields could be retrieved
using passive polarimetnc microwave imagery of the ocean
surface, and illustrated the robustness of polarimetric
measurements of the surface state in the presence of clouds
(Figure 2) [1]. The use of digital correlators along with
appropriate  calibration  techmiques for  polanmetric
measurements was also demonstrated [2], and a wideband
surface emission harmonic model was developed. The PSR
mode! both corroborated and extended one proposed earlier
by Wentz (see [1]) that was obtaned earlier using SSM/I
data The results of this study have been used to support the
further development of passive microwave wind vector
retrnieval for the U.S. NPOESS.

Validation of TRMM rain rate retrievals was performed
using PSR/A data obtained from the NASA DC-8 during the
Third Convection and Moisture Experiment (CAMEX-3).
High-resolution PSR/A rain rate retrievals based on a 10.7-

GHz emussion algonthm compared favorably to comcident
data from the JPL ARMAR Ku-band rain radar and the
TRMM Microwave [mager (TMI) level 2A12 ramn rate
product [3] The mntercomparison revealed the greatest
discrepancies at ran cell edges where the relauvely large
footprint of the TMI could be expected to produce beam-
filling errors in the retrieved ramn rate. The study illustrates
the potential use of PSR to validate rain rate maps from the
DMSP SSMIS and NPOESS CMIS instruments
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Figure 2. One-dimensional full-scan oceanic wind vector retnevals dunng
two crossings of a cold cyclone centered in the Labrador Sea. Retneved wind
vectors are overlaid onto PSR and SSM/! 37H GHz bnghtness imagery
{color scale) Blue arrows are wind data from the NOAA/NCEP ETA
analysts, and the two orange arrows are dropsonde surface winds Tight
cyclonic rotation of retrieved and model wind fields s revealed.

The PSR/C scanhead was mitially developed to determine
the impact of vegetation on C-band mapping of sotl moisture
(SM), for example, using AMSR-E or CMIS. Although SM 1s
more directly measurable using L-band, the high cost of
implementing a viable L-band aperture in space warrants the
use of smaller C-band apertures. The PSR/C was first
operated during the 1999 Southern Great Plains Experiment
(S8GP99), providing the first lgh-resolution (~2.3 km) C-
band SM maps under conditions of low vegetation biomass.
(Figure 3). The SM algonthm developed from the PSR
awrcrafl data suggested that C-band will be useful for SM
retrievals under such conditions. The relatively small
footprint size provided watershed-scale spatial resolution that
revealed a range of drydown rates within the SGP99 region of
interest (central Oklahoma). The experiment also offered the
first opportunity to demonstrate anthropogemc RFI
interference miugation using a radiometric a sub-band
technique [5].

Snowpack emussivity in cold land regions can vary
considerably depending on the imual properties and melt
history of the snow crystals. The wide vanation i emissivity
compromises the interpretation of satellite microwave
imagery for snowpack estimation The NASA Cold Lands
Processes Experiment in 2002 (CLPX02) was designed to
study remote measurement of snowpack within three
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intensive study areas 1n the Rocky Mountains of Colorado
The PSR/A mstrument was used on the NASA DC-8 during
CLPX02 to image snowpack emussion with ~180 meters
spatial resolution at 89 GHz and ~600 meters resolution at
10.7 GHz. Large brightness temperature drops (of up to
~100K at 89 GHz and horizontal polarization) were observed
after fresh snowfalls (Figure 4) over kilometer scale regions.
The high resolution of the PSR was required to provide
unambiguous registration of observed snowfield emission
with snow parameters obtamed through surface sampling,
The results of CLPX02 will be used to support satellite-based
snow cover depth retrieval algorithm development.
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Figure 4. PSR/A 107 and 89 GHz images of surface emussion from
snowpack in the Rocky Mountains on three days during the CLPX02 The
spatial resolution 1s ~600 m and ~180 m, respectively Strong surface
scattering - as revealed by cold bnghtness temperatures - was observed after
fresh snowfall, as occurred between 2/19/02 and 2/21/02

Further information on PSR data sets from the above
mussions can be found at http*//www1 etl noaa.gov .

[V CONCLUSION

The PSR system provides a means of high-resolution
imaging of several hydrological and related meteorological
variables, including ocean surface winds, soil moisture, and
cryospheric parameters This parameter list will be extended
to include water vapor and temperature profiles, cloud water
and ice content, and ocean/estuarian salimity upon completion
of PSR/L and PSR/S The high spatial and temporal
resolution available using this system 1s anucipated to
facilitate detailed hydrological studies, targeted weather
forecasting, and NPOESS and NASA satellite calibration and
validation.
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Figure 3. PSR/C 73 GHz soil moisture maps retneved dunng the 1999 Southemn Great Plain Expeniment (SGP99) (4). The raw TR maps show a ~60 K

decrease 1n bnghtness for honzontal polanzauon after 1-2" rainfall The

spanal resolution of ~2 km reveals watershed scale moisture features
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