
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. SMAP observatory launches in late 2014 to map soil 
moisture and its freeze-thaw state globally every 2–3 days.
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latitudes will help reduce a major uncertainty in quantifying 
the global carbon balance.  

SMAP’s instrument combines a non-imaging (unfocused) 
synthetic aperture radar (1.26 GHz) and a digital radiometer 
(1.41 GHz) with a shared deployable, rotating, 6-meter 
offset-fed mesh reflector antenna [4]. The instrument is 
carried onboard a 3-axis stabilized spacecraft in a 685-km 
polar orbit with an 8-day repeating ground track. Instrument 
data allow high-accuracy global maps of soil moisture at 10-
km resolution and freeze/thaw at 3-km resolution, every 2–3 
days to be produced from algorithms applied in ground 
processing. The radar and spacecraft are being developed in-
house at JPL, leveraging previous Earth mission radar 
experience and adapting power and avionics elements from 
a recent JPL planetary mission. The radiometer is being 
developed at GSFC leveraging previous Earth mission 
radiometer experience. Mission operations and science data 
processing will be conducted by JPL with GSFC support. 

The measurement objectives pose unique challenges for the 
mission and instrument design: 

• Achieving global coverage every 2–3 days with a single 
observatory; 

• Achieving both high resolution and high soil moisture 
accuracy, including through moderate vegetation. 

These challenges were addressed by the joint application of 
a radar and radiometer operating coincidentally at L-band 
with a shared conically scanning antenna that produces a 
1,000-km-wide measurement swath, thereby enabling global 
coverage every 2–3 days with a single observatory operating 
in a sun-synchronous low-altitude Earth orbit (LEO).  

Using L-band resulted in additional challenges for the 
instrument including: 

• Accommodating the resulting large antenna size; 

• Using a deployable mesh reflector antenna for L-band 
radiometric measurements; and 

• Minimizing science degradation from L-band terrestrial 
radio frequency interference (RFI) common over many 
land areas. 

The resulting instrument posed more design challenges:  

• Concurrently developing and synergistically integrating 
new instrument and spacecraft system designs 
(collectively referred to as the “observatory”) to reduce 
overall complexity and development effort; 

• Adapting planetary heritage avionics to support high 
radar data rates and throughputs; 

• Minimizing observatory-generated electromagnetic 
interference (EMI) that could degrade science data; 

• Controlling the pointing and dynamic behavior of a 
relatively large spinning instrument and antenna with a 
comparatively small spacecraft bus; and 

• Fault protection approach that also minimizes science 
measurement down-time on-orbit. 

The launch vehicle selection process for SMAP involved 
both programmatic and technical challenges:  

• Packaging the large instrument into a new observatory 
design compatible with several potential medium- and 
large-class launch vehicles; and 

• Accommodating a final launch vehicle selection late in 
SMAP’s design lifecycle without stretching the 
development schedule and delaying the launch date. 

2. MEASUREMENT APPROACH  
The instrument architecture and operating frequencies were 
confirmed early in Formulation. L-band was selected 
because of its unique advantages for soil moisture 
measurements. The atmosphere is relatively transparent, 
weather effects are acceptable, the intervening canopy wet 
and dry biomass is sufficiently transparent, and the soil 
emission is representative of moisture conditions to a 
significant depth beneath the surface. The L-band 
radiometry spectrum is protected for radio astronomy within 
the 1400–1427 MHz frequency range; however, even within 
this range sufficient leakage and unauthorized/unlicensed 
transmissions are present to necessitate incorporating RFI 
mitigation features into the radiometer and science 
processing system designs. The radar operates in shared 
spectrum as a secondary user; as a result, RFI mitigation is 
also needed for the radar. 

SMAP’s combined active (radar) and passive (radiometer) 
instruments enable high accuracy and high spatial resolution 
soil moisture measurements. The radiometer provides high 
soil moisture accuracy at moderate spatial resolutions (40 km) 
by measuring microwave emission from the soil; it is less 
sensitive to surface roughness and vegetation than the radar. 
The radar measures surface backscatter with high spatial 
resolution (1–3 km in high-resolution mode). The combined 
measurements can yield soil moisture with accuracy 
approaching radiometer-based retrievals and spatial resolution 
intermediate between that of the radar and radiometer. Thus, 
the driving aspects of SMAP’s measurement requirements 
include simultaneous measurement of L-band brightness 
temperature and backscatter with a three-day revisit and 
spatial resolutions of 40 km and 3 km, respectively. The 
combined active/passive soil moisture product is produced at 
a 10-km resolution. 

The conically scanning antenna and its size resulted from 
the confluence of several science requirements. Conically 
scanning antennas have been used on past missions (e.g., 
QuikSCAT) to achieve broad measurement swaths and 
efficient global coverage from polar LEO. The effects of 
vegetation and surface roughness are dependent on look 



Figure 2. SMAP’s conically scanning instrument has a 1,000-
km swath that provides global coverage every 2–3 days.

Table 1. SMAP Instrument Requirements are derived from 
Science Measurement Needs

Scientific Measurement 
Requirements

Instrument Functional 
Requirements



 
Figure 3. Instrument configuration and key assemblies.

Figure 4. High-resolution (3 km) data is provided over land on 
the descending orbit pass and low-resolution (40 km) data is 

provided globally. Figure 5. SMAP instrument block diagram.



—

Table 2. SMAP radar and radiometer requirements.
Parameter L-Band Radar L-Band Radiometer



Table 3. SMAP instrument key antenna requirements.
Key Requirement Description 

 

Table 4. Instrument mass and power breakdown (reflects CDR 
estimates with growth contingency applied).
Instrument Subsystem Mass Power

Total 356 kg 448W

Figure 6. 5-meter AstroMeshTM Lite engineering model 
reflector (NGAS - Astro Aerospace).



Figure 8. Mesh emissivity test setup and sample.



Figure 7. SMAP’s reflector-boom assembly stowed and deployed configurations.

 
Figure 9. 1/10th scale model undergoing antenna range 

measurements.



Figure 10. SMAP radar and radiometer operate within 
congested spectrum allocations that require RFI mitigation 

strategies to be applied.

 
Figure 11. Radiometer band divided into 16 x 1.5 MHz spectral 

sub-bands for RFI detection.



 
Figure 12. Complementary cumulative distribution functions 
of real and simulated Aquarius radar noise-only data for sets 
of passes over different geographical regions. Power levels 

above the radar noise floor are due to RFI.
Figure 13. The Minotaur IV 92-inch fairing posed the largest 

constraint on the observatory packaging design.



—

Figure 14. SMAP employs a modular packaging approach.

Figure 15a. Early solar array configuration was constrained by 
both instrument and telecom antenna FOVs.



Figure 15b. Final solar array simplified to reduce panels and 
deployments; allowed slight penetration into instrument 

antenna FOVs.

Figure 16. SMAP observatory fault protection is designed to 
reduce faults that spin down the instrument.

Table 5. Observatory mass and power breakdown (reflects 
CDR estimates with growth contingency applied).

System Mass Power

Total 1122 kg 1351 W



Figure 17. New NVM card for SMAP. 

Figure 18. EMC requirement in the radiometer band for 
assemblies outside the spacecraft structure. Inside the 

structure, the lower limit is relaxed by 6 dB.



Figure 19. Example of pedestals for the connectors on the C&DH assembly as well as a cover plate to seal the gaps between 
faceplates of the individual cards in the box.

Figure 20. SMAP pointing and control system functional aspects and design characteristics.



Figure 22. Pointing and control system architecture.

Figure 21. Observatory sensor and actuator description.



Figure 23. Frequency separation is the key to meet stability and performance requirements while not responding to 
disturbances.



Figure 24. SMAP’s launch vehicle adapter design 
accommodates changes needed for late launch vehicle 

selection.
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development so that their insight and lessons learned could 
be integrated into the early architectural design stages. 

Key lessons learned from SMAP include: 

(1) Coordinate science radar operating frequencies and 
planned scenarios very early with regulatory functions 
and key stakeholders. Spaceborne L-band science 
radars operate as secondary users within their allocated 
spectrum. The primary users, civil and defense aircraft 
terrestrial navigation systems, are increasingly wary 
about potential interference from secondary users. 
SMAP conducted significant analysis and testing to 
demonstrate very low interference risk potential and 
coordinated the results with these users early. SMAP 
made significant modifications to the radar design and 
operating approach to effectively eliminate risk of 
interference to primary spectrum users. 

(2) Select the launch vehicle early; this is particularly 
important for new observatory designs where the 
number of design iterations can be driven by assumed 
constraints and conservative bounding environments 
(especially if they persist into detail design). 
Development effort on SMAP was impacted by the 
number of design iterations (packaging, repackaging to 
remain within fairing envelope, for instance), analysis 
cycles and thermal design iterations, and mission design 
iterations to accommodate various launchers before a 
final launch selection was made. This was unavoidable 
for SMAP given SMAP’s launch vehicle and other 
circumstances.  

(3) Integrated observatory design—spacecraft and 
instrument—SMAP is a highly integrated design that 
uniquely leverages spacecraft capabilities to simplify 
instrument design and operation. This resulted in lower 
overall design complexity and has also allowed for a 
more reliable design by reducing the number of 
possible major failure modes.  

(4) 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 within the context of the overall observatory 
design. These ‘resets’ often resulted in significant 
simplification and in reduced development risk and 
uncertainty. 

(5) 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. SMAP 
successfully did this, aggressively applying resources to 
radar, radiometer, avionics, spin/dynamics and control, 
and the RBA—the key development challenges for the 
mission. As described earlier, the RBA and spin 
assemblies’ designs were fundamental to the 
architectural definition and to enabling preliminary 

design to proceed, so these were selected early in 
Formulation and placed under contract. This reduced 
subsystem architectural- and system-level redesign 
cycles that can set back progress. 

12. CONCLUSION 
The SMAP observatory has been carefully designed to 
address a number of unique challenges posed by the mission 
objectives: 

• Achieving global coverage every 2–3 days with a single 
instrument and observatory 

• Achieving both high resolution and high soil moisture 
accuracy 

• Minimizing data loss or corruption from L-band 
terrestrial RFI 

• Using a deployable mesh reflector for L-band 
radiometric measurements 

• Mechanical packaging of the large instrument antenna 
and spacecraft, with its associated structural design 
compatibility with several small-to-medium class launch 
vehicles and to accommodate a relatively late vehicle 
selection without delaying launch. 

• Fault protection approach to minimize science 
measurement on-orbit down-time 

• Adapting planetary heritage avionics to an Earth science 
mission application 

• Design for EMC to avoid L-band emissions that could 
degrade science measurements 

• Dynamics and pointing control of a large deployable 
spinning reflector 

The design ensures that SMAP will provide high-quality 
science data. 
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