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Spaceborne Soil Moisture Measurements Are n(\sﬁ
Challenging But Have High Returns ‘

Jet Propulsion Laboratory
California Institute of Technology

Soil Moisture Links the Global Land Water,

) R T 1. . . 1. 1 Energy, and

g P Sy A | Carbon Cycles

© » Estimating global surface

o water and energy fluxes

Q

(S

c » Quantifying net carbon

g : . flux in boreal landscapes

7 B — Molstons Y';,r,f,‘iﬁe/ L e L-band radiometer and
» Improving climate models| non-imaging synthetic

Radiation aperture radar

Surface soil moisture

~
. 0.04 [cm?3 cm3] accuracy
24-H With Realisti
Ty i Soil Moisture. 3 km freeze/thaw
{reng Atmospheric 80% classification
ode

Buffalo Creek, CO
Basin (55 km)?2

accuracy

Forecasts

10 km spatial resolution

Without Realistic = H
(active-passive product)

Soil Moisture
(Chen et al., J. Atm. Sci., 2001)

=2 75 | Global cove rage every
Droughts 2-3 days

Applications Returns
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Mission Overview

Instrument Mission

* L-band (1.3-GHz) Radar (JPL) i Design
* L-band (1.4-GHz) Radiometer (GSFC) ,

+ Shared antenna (6 m diameter)

* Conical scan: 13-14.6 rpm; 40° incidence
+ Contiguous 1,000-km swath width

~ —

Spacecraft (& Radar Electronics)

. BiaLesd
Flight System  [IE"F « JPL-Developed & Built
(Observatory) : = * 1100 kg wet mass (Observatory-level)
il F * 1200 W capacity (Observatory-level)

+ 80 kg propellant capacity .
- Commercial space electronics elsewhere | | * 685-km polar orbit (Sun-sync)

« 8-day repeat ground track

» Continuous instrument operation
» 2- to 3-day global coverage

« 3-year science mission duration

Surface Validation

Near-Earth Network & Science Data Products
Soil Moisture & Freeze/Thaw State Data Products
= % PRk . Alaska Satellite
Delta 11 7320-10C | S Rty +5.-ik Facility
==\ Data Center
Target Launch: (Radar

Oct 31,2014 L1 Products)

Y we

National
Snow and Ice
Data Center
(all other
Products)

SMAP Mission Operations
& Data Processing
(JPL, GSFC)

March 5, 2013 KHK-2



Radiometer and Low-
Resolution Radar

Radiometer and
High-Resolution
Radar

Antenna
Beam
Footprint

700
0
Ay

Science Requirement

2-3 day global coverage

. 2013 IEEE Aerospace Conference
Science Measurementp

Instrument and Observatory DeS|gns

Primary Instrument Design Drivers/Requirements

Broad measurement swath

Radiometer and
Low-Res Radar
(40 km)

L]

Radiometer and
High-Res Radar
(10 km/3km)

Spatial resolution

Antenna size, synthetic aperture radar

Measurement accuracy through
vegetation

Active, passive instrument combination
Fixed measurement incidence angle
RFI mitigation features in radar and radiometer

Instrument Requirements

Secondary Flight System Design Drivers

Broad Swath, Antenna size
Fixed incidence angle

Rotating deployable reflector
- Observatory Dynamics & Control, Mass Properties

Compatibility with L-band air traffic
navigation radars

Radar duty cycle, peak power, frequency adjustability (for
air traffic radar avoidance)

Synthetic aperture radar

Daily Data Volume (up to 135 GB/day data return)

PV CE LY

eeds D rove N(Q\QA Jet Propulsion Laboratory

U\ California Institute of Technology

e d <
>-Grotndastation \.«UV\dasb
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Deployable Reflector Challenges Perme

Aspects of Observatory and Mission De
.

» First L-band radiometric and radar application

I;(Et Propulsion Laboratory
lifornia Institute of Technology

— Pre-launch RF performance characterization
» First known spinning application of this design

— RF pointing & spin control with a small spacecraft
(including verification and validation)

« Test & verification challenges because end-to-end
“Test-As-You-Fly” is not practical for this system

RF pattern verification requires analytical
modeling validated by scale model testing and
measuring the flight feed RF performance

Characterizing mesh L-band emissivity

March 5, 2013 KHK-4



2013 IEEE Aerospace Conference

Reflector Packaging and Deployment
Iﬁ'ove Observatory and Mission Designs

» First known use in low Earth orbit (eclipse season)

(A SA Jet Propulsion Laboratory
: California Institute of Technology

» First use of NGAS-Astro AM-Lite configuration

» Packaging and use with small fairing & spacecraft

— Deployment constraints on observatory (ACS, power,
telecom, fault protection)

— Keeping spun momentum within fixed spacecraft
reaction wheel capability

Elbow Hinge
Stowed
Root Hinge Boom Reflector Prime
Boom Deployed Deployed Batten
E Restraint
Upper Ridge
Node Restraint
L [,IJII

H Cradle

I

[

i Lower Ridge

Node Restraint

March 5, 2013 KHK-5



Spectrum Assignments

RADIONAVIGATION-SATELLITE
(space-to-Earth )(space-to-space)

| MOBILE *
MOBILE **

RADIO ASTRONOMY

MOBILE

Radiolocation
RADIOLOCATION

o 12150 _'f —

2013 IEEE Aerospace Conference

‘/L-band Congestion Requires RFI Mitigation
for Damage Protection & Science Accuracy

14000 =
Radiometer

14270 = Band

« Strategy:

Survive without damage

Detect RFI-contaminated data

Avoid RFI (radar only)

Remove RFI effects in ground processing

30
SMAP RFI mitigations are highly
effective against pulsed & CW RFI

(Radiometer results shown here)

1429.5

Aquanus Nolse Only Data VS, Slmu!atlon Multlple Ascendmg Nodes

10

10",

107 ;

1-CDF

10°

107,

110 -100

[ =V CONUS Real |
| — H CONUS Real |

-90 -80
Power (dBm at antenna port)

=70

V CONUS Sim ||
| ====-H CONUS Sim |
V Asia Real

| =——H Asia Real
| V Europe Real |
| ===H Europe Real i

SMAP RFI simulations are checked
against operating space missions and
aircraft science measurement results

-60

FPercent chance of exceeding

10}

N(A SA

Jet Propulsion Laboratory
California Institute of Technology

EMS I:'J'mjl' Alloc.
Performance
WITHOUT
Migitation
— Pulsed Env.
CW Env.

Data Loss Req.

..., Performance
’f WITH
. Migitation

w
L]
L]
L]
i
L]
i

n
"

\ "¢ TD Perf.

E 1 10 30
RFI Level (K)
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SMAP Applies Extensive RFIl Mitigations to
Both Radiometer & Radar Measurements

PFB Filter Response Radar

¥ California Institute of Technology

N(&? Jet Propulsion Laboratory
Lo s

» Ground-programmable operating frequency
allows avoiding known regional RFI sources

 Filtering and dynamic range requirements
o o o o R - assure that out-of-band RFI will avoid saturating
0 Vi receiver

- Residual RFI will be detected and removed
| - during science data processing

Magnitude (dB)

L 1 L 11 1
0 2 4 6 8 10 12 14 16 18 20 22 24 RF Bandwidth (100 MHz acceptance)

Frequency (MHz)
RFI
1 - o lmu IF, Digital System Bandwidth, 5 MHz

10} . -
[~ -

HH noise HY

\-RFI
i /_\ /_\ [\ 1 MHp |

Time Sample

| |"Present

Radiometer

» Digital spectral filtering enables RFI to be isolated
within 16 radiometer subbands

| « 4t Stokes is provided to further aid RFI identification
! 'l Successfully demonstrated in Aircraft Tests

S5

RFI Detected | "~ « Identification and removal is conducted in ground
& Removed : - processing

9
8
7
6
5
4
3
2
1

Frequency (MHz)

< 90
1401.5 1404.5 14075 14105 1413.5 1416.5 14195 14225 14255 .
9

Time Sample

Frequency (MHz)
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Reflector Boom
Assembly (RBA)

Radiometer
Front End

Antenna
Feed

Instrument Control
Electronics (ICE)

Spun Platform
Assembly

Deployed Radar

Solar Array
Magnetometer
Star S- & X-band LGAs

Tracker

Battery LV Adapter

2013 IEEE Aerospace Conference

Spacecraft and Instrument are Highly {
Integrated for Simplicity and Efficiency

Jet Propulsion Laboratory
California Institute of Technology

5

3-axis-stabilized spacecraft, large internal
reaction wheels provides momentum
compensation for spinning reflector

— Attitude control and instrument spin subsystem
designs and V&V are highly integrated

Hydrazine blowdown propulsion system provides
orbit adjust & emergency control if needed

— Delta-V: 112.6 m/s (includes contingency)

Radar boxes are mounted internally within
spacecraft bus on anti-sun panel

Single-string avionics and power
control/distribution electronics

— Provides storage, formatting for instrument data

Redundant S-band transponders (commands &
telemetry) & X-band transmitters (science data)

3 panel deployable, fixed solar array

— Avoids interference with telecom, instrument antenna
fields of view

Passive and heater-based thermal control with
bus structure panels serving as radiators

March 5, 2013
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Observatory Design Accommodates a
Number of Drivers and Constraints

(__

JPL planetary heritage

SCIENCE OPERATIONS

avionics have been
adapted to high data
volume required by radar

I

A

A A Jet Propulsion Laboratory

e California Institute of Technology

STANDBY (Minor Fault Mode)
* Do not spin-down Instrument

L 4 v

Fault Protection is unigue to
large spinning reflector;

REACTION WHEEL SAFE (Primary Safe Mode)

« Spin-down Instrument only for limited subset of

faults

minimizes science down time

~

r

REACTION CONTROL SYSTEM SAFE
(Emergency Safe Mode)

« Always spin-down SIA

Revised RE Requirement in Radiometer Band

1372 M

1453 MH:
»

==—=E-fiedd (dBuV/m)

Efigld [dBuV/m)

1388 MHz 1438 MHz
< 4

1500 1350 1450 1500

Frequency (MH:]

— Fault Protection = Nominal Modes
— Ground Command & Fault Modes

Design provisions are
Included to reduce EMI to
sclence measurements
(especially the radiometer)

March 5, 2013
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« Fundamental elements of D&C:
— Flexible Body Effects
— Momentum Compensation
— Rotational Dynamics (largest challenge)
— Attitude Stabilization

* Frequency separation is the key to meet
stability and performance requirements

2013 IEEE Aerospace Conference

/ Instrument RF Pointing Control & Knowled
is Aided by Design Frequency Separatior

Jet Propulsion Laboratory
California Institute of Technology

* Detailed multi-body/flexible body models
provide good representation of dynamics below
10 Hz

* Models confirm system is well-behaved and
meets pointing needs of mission
Mode 1: 1.55 Hz

"Nodding", rotation
about y-axis

RBA FEM includes
realistic mesh modes
(important to model

RF pointing behavior)
Magnetic
Torque Primary region of interest for pointing performance
Rod , Attitiide Spin Flindamen
Control Control Control System Mode
N
& " Flexible Modes and Fuel Slosh
1 1 1 T >
.001 .03 A .25 5 1.5 2.0 Frequency [Hz]
(.06 RPM)| (1.8 RPM) (6 rpm) Spin Dynamics
: & 0.25Hz (14.6RPM), 0.5Hz Z—)
se Wheel

Environmental
Disturbances

Ixz, lyz Antenna
Asymmetric Bus

Disturbances

March 5, 2013
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4 Reaction Wheels

(internal) Star Tracker

2 Gyros (internal) 3 Torque Rods

Magnetometer
Two 4-head

SunSensor  Thrysters (dz-, 2y+, 2y-)

2013 IEEE Aerospace Conference

Pointing Approach Allows a Lar?e SPINNIGRTY i ronsion avoraiors
Mass to be Controlled by a Smal '

F,~ 30.5 Hz, Fgy0.1 Hz
5| Spin IPMIP__["SPIN sein | (" )

Sensor ?| control [>| Motor [~
Observatory
-Gyros F.=B Hz, Fy,=0.03 Hz
RWA | | RWA | Flex-Body
Star Aritade | | [ Control [ Motors D .
Tracker [ Estimator o~ F.=1Hz, F.,=0.03 Hz ynamics
RCS
Sun Pos ] Ly Control )
Estimator [~ © ntro ¥u
i F,=0.1 Hz, Fy,=0.003 Hz
Rates = Morpentum H IPs Torque
$N_5| Estimator ?| “control ] Rods
Eat ] TAM
E::Rala

RBA 4~ Spin

Rate -,

Bus
Rate

Bus
Attitude
& Rate

Rate

v

California Institute of Technology

Spacec

Spin Rate: 13.0-14.6 RPM
Spinning Mass: ~210 kg
|lzz: ~237 kg-m?

f ~1.5 Hz (15t obs mode)

Velocity

SPACECRAFT

T Mass: ~690 kg,
l Izz ~190 kg-m?
Nadir Nadir Pointing / Sun Facing

Momentum Compensation (Wheels)
3-Axis Stabilization (Wheels)

March 5, 2013
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7 Accommodated Late Launcher Selection so Propusion Laboratory
Conservative Environments & Flexible Ada

Selected

EELVIAtlas ¥V

) ‘1 |
__ FieldJoint (Connects
to Battery Enahle Plug)

Minataur [V Taurus Il

Observatory design held Minotaur IV 92”  Delta ll 1b ft

compatibility with a number of fairing was fairing provides | pdapter Batteries (3)
potential launchers throughout primary driver  plenty of room Y

its design phase

« SMAP design accommodated a number of
potential vehicles throughout its development

— Minotaur IV was driving in most cases
« Delta Il was selected at Project CDR (July ’12)

« SMAP'’s strategy isolated vehicle uncertainty using
a flexible launch vehicle adapter design

» Applied bounding environments, mission designs
accommodations to remainder of observatory

March 5, 2013 KHK-12



Jet Propulsion Laboratory
California Institute of Technology

Excluded
Charts
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RADIOMETER BRIGHTNESS

TEMPERATURE PRODUCT (40KM)

b

B Radiometer for high

3

&l
K

%7 | .
P A 3
)
[ 2 _-l«.n-,‘
Iy R
ll“l

Radiometer

« Polarizations: V, H,
3rd & 4th stokes

+ 1.3-Kaccuracy
* 40-km resolution
* 4.3-Mbps data rate

» . soil moisture accuracy
- at moderate spatial
resolution

2013 IEEE Aerospace Conference

NaZA

Jet Propulsion Laboratory
California Institute of Technology

Instrument Overview

HI-RES RADAR BACKSCATTER

Radar: Unfocused SAR :-TZRJ?DUC L3 KM
for high spatial - S &0
resolution & freeze/thaw .. - =

detection i . ,-:_“

Radiometer is Mass: 356 kg
spun-side-mounted Power: 448W
to reduce losses '

Radar is fixed-mounted
to reduce spun inertia

Common 6-m Radar

Spinning Reflector * 1-MHz chirps tunable over

« Spin Assembly (Boeing) and 1217-1298 MHz
Reflector/Boom Assembly (NGAS-Astro) « Polarizations: VV, HH, HV
derived from heritage designs « 500-W SSPA (9% duty cycle)

» Conically scanning at 13—14.6 rpm 3-km spatial resolution

» Constant incidence angle of 40-deg 35-Mbps data rate

March 5, 2013
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Observatory Design has Accommodated
a number of Constraints

Jet Propulsion Laboratory
California Institute of Technology

N(Q l‘:ﬁ

4
Early Solar Array Configuration
(5 panel, 4 deployments)

Early S/A
Configuration was
constrained by
Instrument and
Telecom Antenna FOVs

o

Stowed packaging to accommodate 92" fairing diameter
(Minotaur 1V launch option) was a major driver

Instrument
Antenna FOV

- Cone
Final S/A reduced

panels &
_ deployments; \\
Adapting planetary penetrated instrument

heritage avionics to Antenna FOVs N
high data volume g

requirements of an
Earth science mission
(using a SAR...)

S/A penetrations into
Instrument Antenna

i

NVM G&DH SN10._ ¢
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SMAP Lessons Learned

Jet Propulsion Laboratory
N ¥ California Institute of Technology

« Coordinate science radar frequencies and scenarios early with regulatory functions
— Primary spectrum users are increasingly wary about potential secondary user interference

» Select the launch vehicle early — particularly for new observatory designs where
design iterations can be driven by constraints, conservative bounding environments

* Integrated observatory design—spacecraft and instrument—can leverage
spacecraft capabilities to greatly simplify instrument design and operation.

« Avoiding unnecessary complexity creep is a challenge in Formulation as new
design insights incrementally unfold and thereby often reveal new issues to be
resolved within the design.

— Occasional team ‘resets’ were imposed to reassess local requirements and design
complexity — these resulted in significant simplification and reduced development risk.

» Realistically identify development challenges early and apply resources to mature
these design areas, and qualify critical essential electronics parts and
subassemblies to reduce downstream risk.

March 5, 2013 KHK-16
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Jet Propulsion Laboratory
California Institute of Technology

NA

sa

~

Conclusion

 SMAP observatory has addressed many unique
challenges

» Global coverage every 2-3 days

« High accuracy, high resolution measurements

« Minimizing science data loss

» Mesh deployable reflector use for science application
« Mechanical packaging; late launch vehicle selection
» Fault protection

» Adapting planetary heritage avionics

« EMC design

« Dynamics and control

March 5, 2013
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Earth Science & Technology Directorate Director’s Report & Discussion

Jet Propulsion Laboratory
California Institute of Technology

Project Overview

SMAP is a first-tier mission recommended by 2007 NRC
Earth Science Decadal Survey

Primary Science Objectives

» Global, high-resolution mapping of soil moisture and its freeze/thaw state to:

— Link terrestrial water, energy and carbon cycle
processes

— Estimate global water and energy fluxes at the land
surface

— Quantify net carbon flux in boreal landscapes
— Extend weather and climate forecast skKill
— Develop improved flood and drought prediction
capability
Mission Implementation.

Partners * JPL (project & payload mgmt., science, spacecraft, radar, mission
operations, science processing)
* GSFC (science, radiometer, science processing)

Risk * 7120.5 Category 2; 8705.4 Payload Risk Class C

Launch *  Oct. 31, 2014 on Delta 7320-10C Launch System

Orbit » Polar sun synchronous; 685 km altitude

Duration * 3 years

Payload * L-band (non-imaging) synthetic aperture radar (JPL)
Fe * L-band radiometer (GSFC)

_ http:/_/smap.jpl.ljlasaggxé
March 5, 2013 KHK-19

* Shared 6m rotating (14 rpm) antenna (JPL)
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Earth Science & Technology Directorate Director’s Report & Discussion

Jet Propulsion Laboratory
California Institute of Technology

. . NASA
Project Overview -

SMAP Completed Initial Mission Formulation; NASA
ged a Target Launch D ;»_ﬁovember 2014

< v L
! ] - oy s
X F £ %4
3 8 ‘gff‘ 6,(:hange in Temperature [°C] Change in Soil Moisture [%]
r“l ’ ;é j
| J j i
. 2
\’-__ 1
" SRR o = 0
5T ] \
{ L ',‘ -1
l q - 2
= -3
I I I [ [T )
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 ::
. . 4
% vol. soil moisture
AY
100
Cumulative Carbon Transfer
Northern Study Area Old Black Spruce (NOBS)
75 4 Thomp , Manitoba
g
0 a

Total Carbon Accumulation lp’mz}

SMAP will use a rotating 6-m

umulated Carbon (g/m’fday]
=

deployable mesh antenna shared+
by an L-band radar & radiometer
to map soil moisture at 10 km
resolution and its freeze/thaw
state at 3 km resolution globally
every 2-3 days

£9.0

40.2 38.8
-6.3
B
1995 1996 1997 1998
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Neo Dec

2003177

Pan_Arctic NEE (2 Cm*d")

Carbon Storage Estimate
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Earth Science & Technology Directorate Director’s Report & Discussion 2

RN

NA:O."A Jet Propulsion Laboratory
R 1E California Institute of Technology

Mission Systems Overview

« SMAP would use JPL’s Earth Science Multi-
Mission Facility

ﬂ// « NEN used for routine science data and T&C
’*;‘*’5‘3 NEN upgrades to support DS missions are being put in place
- i for SMAP (will be completed within next year)

« TDRSS used for critical events telemetry visibility
and commanding if necessary

« EDOS provides LO processing & routing
« JPL performs L1-3 processing
Near Earth Network « GSFC/GMAQ performs L4 processing

I « Data Centers: NSIDC and ASF

GSFC Comm
Cloud & EDOS

A\ 4

Data Centers:
! ASF (Radar L1)

GSFC NSIDC (Other) | - . S T
E GMAO ¥ R s 0 %,
(L4 products) Science Community &

Applications Users
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Earth Science & Technology Directorate Direc

Delta Il for SMAP Uses Alternative Inte

tor’s Report & Discussion

8 Jet Propulsion Laboratory
} . California Institute of Technology

Delta Il Configuration Concept for SMAP

MUS

(16" Tall)

NSS 3.1.
c22

(22" Tall)

NSS 3.1.1

s &
VTR
4
L E

Mechanical Elements (top to bottom):
* Spacecraft adapter assembly

* 3715C Payload Attach Fitting (PAF)
* Integrated 3715C separation fittings

DMA Ring

(6" Tall)

attach fitting, separation system adapted from Atla
and custom forward separation ring

SC GN, Purge
Interface

AS37 PSR

Second Stage
Guidance Section

New mechanical elements for SMAP include payload

Forward
Separation
Ring (FSR) -
new ULA-
designed
assemory

Separation

2.0
Springs (4-8 PL)

1

! In-flight
y Disconnect (IFD)
% Supports (2 PL)
F MUS 3.0
: )
e \Vlechanical Elements (top to bottom):
| ©  SMAP LV adapter (not shown)
* FSR (marries SMAP LV adapter and
ULA-provided LSPSS937)
» LSPSS937 separation ring & fittings
* A937 Payload Separation Ring (PSR)

* Atlas C22 skirt

DII

sV

March 5, 2013
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Earth Science & Technology Directorate Director’s Report & Discussion

Delta Il Launch Vehicle Integration Activities
are Progressing on Schedule

S

NASA Jet Propulsion Laboratory

California Institute of Technology

Observatory
SMAP
/Observatory Interfaces to
: Upper Stage
T

559375
Separation
System

1

s ISMAP
lULA
Separation

%, Ring (FSR)

SC GN2 Purge
Interface

A937 PSR

Delta Il Mission-
Specific Upper

Separation Stage Hardware
Springs (4 PL) Forward
Separation Ring T
SC GN2 Purge (FSR)
Interface In-flight
MUS 2.0 Disconnect (IFD)
Supports (2 PL)
[« A937 PSR
—_—— (16 Tall) 55037
. NSS 3.1.1 .
Delta Il 7320-10C for SMAP: Separation
. System
* 3 strap-on solid rocket motors , c22
- . i ) j (22 Tall)
+ Two stage configuration Y NSS 3.1.1
* Uses payload adapter from Atlas V DIl
* 10 ft. diameter composite fairing DMA Ring Second Stage
(6 Tall) Guidance Section

March 5, 2013 KHK-23



» Mission design updated for
Delta 2; will inject nearly
directly into science orbit

« Launch venhicle adapter (LVA)
design has matured

— Substantially isolated
observatory design from
persistent launch vehicle
uncertainty

— LVA PDR completed in
November

— LVA CDR completed

« Launch Complex Equipment
(LCE) has been built and
delivered to testbeds

Earth Science & Technology Directorate Director’s Report & Discussion

Observatory-Side of Delta 2 Interface has m;A Jet Propulsion Laboratory
Matured According to KDP-C Plan -

California Institute of Technology

External Field Joint
(Connecting to
Battery Enable Plug)

Battery Enable
Plug Mounted on
External Strut

LCE controls umbilical
interface to Observatory

March 5, 2013
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