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Abstract-The Multi-angle Imaging SpectroRadiometer 
(MISR) has been in Earth orbit since December 1999 on 
NASA's Terra spacecraft. This instrument provides new ways 
of looking at the Earth's atmosphere, clouds, and surface for the 
purpose of understanding the Earth's ecology, environment, and 
climate. To facilitate the potential future continuation of MISR's 
multi-angle observations, a study was undertaken in 1999 and 
2000 under the Instrument Incubator Program (Ill') of NASA 
Code Y's Earth Science Technology Office (ESTO) to 
investigate and demonstrate the feasibility of a successor to 
MISR that will have greatly reduced size and mass. The kernel 
of the program was the design, construction, and testing of a 
highly miniaturized camera, one of the nine that would probably 
be used on a future spaceborne MISR-like instrument. This 
demonstrated that the size and mass reduction of the optical 
system and camera electronics are possible and that filters can 
be assembled to meet the miniaturized packaging requirements. 
An innovative, refiective optics design was used, enabling the 
wavelength range to be extended into the shortwave infrared. 
This was the smallest all-reflective camera ever produced by the 
contractor. A study was undertaken to determine the feasibility 
of implementing nine (multi-angle) cameras within a single 
structure. This resulted in several possible configurations. It 
would also be possible to incorporate one of the cameras into an 
airborne instrument. 
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The Multi-Angle Imaging SpectroRadiometer-2 (MISR-2) 
Instrument Incubator Program (IIP) has demonstrated 
component-level technologies that produce a significant 
reduction in spacecraft resource requirements (size and mass) 
while reducing costs of a future multi-angle imaging space- 
based instrument. The MISR-2 IIP built and tested a complete 
signal acquisition chain from photons to digital data of one of 
nine cameras required for a future instrument. The IIP also 
demonstrated a 3x mass reduction and a 6x volume reduction 
compared to the current MISR instrument. 

The MISR instrument was launched into polar Earth orbit 
aboard the Terra spacecraft on December 18, 1999. Terra is 
in a 16-day-repeat, 705-km, Sun-synchronous orbit and has a 
nominal 10:30 a.m. equator crossing time on the descending 
node. MISR provides multiple-angle, continuous imagery of 
the Earth in reflected sunlight. MISR uses nine separate 

charge coupled device (CCD)-based pushbroom cameras to 
observe the Earth at nine discrete angles: one at nadir, plus 
eight other symmetrically placed cameras that provide fore- 
aft observations with view angles at the Earth's surface of 
26.1°, 45.6", 60.0°, and 70.5" relative to the local vertical. 
Imagery in four spectral bands (blue, green, red, and near- 
infrared) is provided at each angle, yielding a total of 36 
image channels (9 angles x 4 bands). MISR measurements 
are designed to improve our understanding of the Earth's 
ecology, environment, and climate. 

A detailed understanding of how sunlight is scattered in 
different directions is necessary to determine how changes in 
the amounts, types, and distribution of clouds, airborne 
particulates, and surface cover affect our climate. The need 
for calibrated multi-angle and multi-spectral imaging at 
kilometer and sub-kilometer spatial resolution is dictated by 
the physics of radiative transfer in the coupled atmosphere- 
surface system. Aerosol and cirrus signals are accentuated at 
the oblique viewing angles, and coverage in scattering angle 
provides constraints on particle composition, size, and shape. 
MISR's multi-angle strategy enables atmospherically 
corrected directional surface reflectances to be retrieved with 
accuracies warranting the use of physically based vegetation 
canopy models. Because clouds, aerosols, and the surface do 
not reflect sunlight equally in all directions, multi-angle 
measurements are necessary for accurate estimation of 
albedos. Angular scattering "signatures", along with stereo- 
photogrammetric and textural measures, are diagnostic of 
three-dimensional geometric structure. MISR's multi-angle 
approach allows retrieval of an array of cloud, aerosol, and 
land surface parameters that relate to specific issues in these 
areas and the terrestrial climate system in general. 

The MISR-2 Instrument Incubator Program (IIP) allowed 
demonstration of critical subsystem hardware that could be 
adopted for a future MISR-2 flight instrument. This 
demonstration hardware validates our system level 
projections for size and mass by proving that one of the nine 
MISR-2 cameras can be built to the specified size and mass 



with the ~~ perbmmce. The following objectives wcre 
set for the IIE? 

1) Demomerate a significant she and d d o p  in 
the optecal sy- Ihmmstrsted. A JPL design was 
produced by IIP pamw SSO Inc. and mtd by SSO and 
IFL. Results show full compliance to size and mass and ~~ requirements. 

2) Demonst~ate a significant size and massr reducdon of 
the camera electmb: Demomtmhd JPL built and 
tested a working version of one of the 9 MISR-2 Camcra 
Support Electronics (CSE) bawds. This bard 
i q r a t a d  in-line packaging techniques and 
demonstrated a 75% reduction in board volume. 

3) ~ ~ t t  that fu.tem can be cut and bonded to meet 
the MISR-2 pa- *quhements: Demonstrated. 
Filter substrates ware diced and bonded by IP partner 
Ban Associates to meet the MISR-2 requirements of 80- 
pm center-to-center spacings, which is a 2x reduction 
b m  the MISR dimensions. 

achievement that was not originally part of the 
MiSR-2 UP propsat wes to demonstrate the ability of a 
MISR-2 to measure polarktion. In the IIP we determined 
through analysis that the optical design has very low 
polarhation if i m p l m  with silver coated m i r m  and 
will altow us to measm polarization by placement of 
polarizing filters on the h l  plane awmbly (FPA), Barr 
Associates also succ~ssfully perf& the dicing operation, 
co-g that out concept can work. 

A future MISR-2 instrument requires basically all the 
capability of MISR with additional sensing capabiity in the 
short wavelength infraPed (SWIR). Table 1 gives the 
requirements for the fight system and the IIP (Lab) 
Demonstration. 

The MISR-2 flight system has six non-polarimebic 
spectral bands, including the four VNIR MISR bnds, with 
two additional SWIR bartds. 

TABLE 1 
MISR-2 REQLI- 

h u  MIslEamght mm-2 IIP 
rhmmddm 

Spatial 0.354 mrad VNIR, 290 m 0.354 mrad VNIR 
0.709 mrad SWtR. 500 m 0545 mrad SWIR 

Detectors 
1xl504VNIR13p 
1 x 752 SWIR 26 urn 

optics M Len& 36.68 mm 
Fomnbtr FIB.81 

The laboratory system does not have dl the channels h t  
the flight camera has due to availability of f d  plane 
assemblies. The requirement for the labmamy demonstration 
is that the optical system and elatronics will bF designed to 
meet the flight requirements of accommodating atl 6 
channels. Tbis was achieved suwessfuPy. 

The tasks specifically within this IIP are based upon 
fabrication and demonstration of the essential components of 
a single MISR-2 camem The camera chosen for this is the 
nadir camera. To keep within the cost constraints of the IIF 
program, the task f d  on demonstrating the optics and 
electronics while using commercially availabIt detectm. 
Thcse detectwdi were placed at the image plane of the camera. 
Adjustments on the d e m r  mount were provided to adjust 
the detectors to the best imaging p i t i o m  Additionally, the 
filter vendor was funded out of this IIP to demonstrate the 
required d e m w e  in the size of filters. Finally, a polarimebic 
imaging capability was considered. This assessment indicates 
that this capability appears feasible; however, a technology 
demonstration would be very beneficial. 

v. Omcs 
A. Design and Deveiopment 

The first-order camera requirements are for a $-mirror, alI- 
d d v e  imager with the following ~haractwistics: 

a) Focal length shall be 36.68 mm 
b) The focal ratio shall be W6.8 1 
C) The full field-of-view shdl be 30" 
d) MTP of > 50% at 20 cycleslmm in SWIR and > MI% at 

39 cycledmm in VNIR 
e) The optical camera system shall fit within 6.6 cm x 

6.3 cm x 7 5  cm volume 
SSG was chosen for the camera fabrication as a vendor that 

is anmenable to smait devclopmnml tasks and having a 
willingrtess to work to "goalw-types of specifications. The 
MISR-2 UP camera is the smallest alt-reflective camera 
system ever produced by SSO. Figure 1 shows the as-built 
camera lens. An initial optical design was given to SSG at the 
start of be camem fabrication activity. 



Due to cost considerations, several compromises were 
made in the camera. First was the decision to use an all- 
aluminum implementation. Additionally, the diamond-turned 
mirrors were not heavily post-polished; therefore, scattered 
light performance, although acceptable, is not a good as can 
be produced. SSG was also able to adjust the design to 
provide more room to fit the detectors onto the camera. This 
was necessary because of our decision to use commercially 
available detectors in commercial packages. Overall, the 
performance of the MISR-2 IIP camera is adequate and 
provides a good demonstration of a small camera 
implementation. 

Interferometric testing was done with a ZYGO 
interferometer for field angles of 0°, ,7S0, and + 1 5 O .  The 
results of RMS and peak-to-valley wavefront errors are 
shown in Table 2. (The graphic output showing the pupil map 
could not be printed for technical reasons). 

It is important to note that each measurement was done 
with individual focusing; therefore, the data in Table 2 do not 
include field curvature. 

The Modulation Transfer Function (MTF) and 
corresponding Point Spread Function (PSF) for each field 
point were evaluated using the interferometric data. For this 
purpose, interferometric data (as a set of Zernike coefficients) 
were used in the Code V model. The MTF for the center and 
end-of-field positions are shown in Figure 2. We see good 
image quality except near the end of the field of view. This is 
expected for the non-flight configuration and is due to 
limitations in alignment tooling and the mirror fabrication 
accuracies; both of these quality limitations were adopted to 
minimize development costs. 

RMS AND PEAK-TO-VALLEY WAVEFRONT ERRORS FOR DIFFERENT ~ L D  ANGLES 
Field Angle --- RMS. Waves PV Errors, Waves 

0.213 1.163 

C. Polarization Study 

The purpose of the polarization analysis was to determine 
the polarization sensitivity of the camera for two different 
types of mirror coating (aluminum or silver with a MgFz 
protective layer). Dependence of throughput on wavelength 
and polarization plane orientation was considered. 

As an indication of the maximum possible magnitude of 
polarization-related errors, the difference of throughput for 
verticaI and horizontal polarization (at the center of the field 
of view) was calculated for two types of coating, and for the 
MISR-2 IIP layout with and without a beamsplitter in the 
optical path. Figure 3 shows that the silver coating produces 
much lower polarization-related errors up to a wavelength of 
1.2 pm (and comparable errors within 1.2 to 1.6 pm). 

Fig. 2. Modulation transfer function for the end and center field of view. We see good performance for most of the field of view except near the ends. This is 
expected for the quality of fabrication used in the IIP. 
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The MISR-2 IIP electronics development was intended to 
answer wveral brtsic quatiom regarding thc feasibiiitity of 
significantly reducing the size of a follow-on MISR-LikG 
insenuneot, The C a m  Support Electrodes (CSE) was 
chosen for implomantation in the IIP bocaust it is rap#cakd 
aiae times in the curremt MISR instrument; &iog tbe 
CWs aize aad  mar^ would facilitate a much smaller 
inmumat. The following requirement goals were used in 
this phaseof them d e v e t o p ~ r :  

a) Reduce the volume a d  mass of the CSE by 75% 
b) Reduce the mass d mmp1exity of the cabling by 75% 
C) increase the number of signal chains from 4 to 6 
d) Reduce tba power required by the CSB 
e) m off-*&elf CCD and SWIR detector with 

little modification to tho MISR olectronia 
3. Design and Fabrication 

Using existing MISR electronic& dtsigns and newer, 
smalIer surface-mount packages, new multi-layer printed 
circuit boards ( X B s )  were developed thstt yielded a MISR-2 
CSE cbassii having a 75% reduction in volume and a 
oomponding reduction in mass cornparad to the MISR CSE 
a l ~ n i c s .  One of the system bdeoff~i was to remove thc 
CSE inkma1 power supply and replace it with a system CSE 
supply that would feed ail nine cameras. A oornmon supply 
will dm reduce mass at some reduction in redurmdancy. This 
supply was not developed at tbis time and was simulated by 
lab power supplies. 

In the original MISR design, there are 36 wires in the cable 
for the CSE. The MSR-2 daign has 10. This is  a 72% 
reduction in cabling volume. Thii reduction was 
accomplished by going to s i n g l d e d  drivers and an 
improved mmmand rurd data transfer scheme. The single- 
e n d 4  drivers were made possible by the reduced cable 
lengths of the srnalk imbvnent. 

The MISR design has w fouf-chmnel hybrid signat chain. 
Consultations with the hybrid manuEactlrrer made it clear that 
w six-chmnel hybrid in one package was impractical. The 
solution was to modify the existing hybrids to t two4banneI 
mn6guration and package three of &se hybtid~ for a W of 
six channels. The three hybrid chips can be seen in Figure 4. 
Tbis hybrid was d&@, fabricated, aod mted, a d  mGets 
or e x d  d l  MISR-2 mpirements. 
C. Ek& Ground Support Equipment (EGSE) 

The MISR-2 JIP d d d  ground sapport quipmtnt 
@GS3) h u  a custom Interface box. This box simulates the 
system elmnics hat a complete instrument would provide. 
In place of an instrument pow supply there are 12W BC 
linear power supplia that provide t5 Vdts, + a d  - 12 volts, 
and t 30 volts to the cluneta. In the place of an instrument 
data system, an Actet A1240 FPGA was implement& this 
M A  interlaces butween the National hstmmeats ldbit 
parsllItl interfax and the 4 Mbh suial interface of the 
M I S R - 2 I P c a m e r a d a l i o w s t h e ~ d a t a t o b e ~  
upon a PC computer. This computer a h  COMMIS and 
operatas a rotary stage h t  mtam the camera so that a 
pushbroom image can be collected. Addi t id  mrtoual 
mimmetcl. stages are available to pition the d m  at the 
best focus of the mnem These stages are shown in Figure 5, 
which also shows a stereo lithographic model of the camem 
The debtor a d  electronics are mounted on std6ffs  to 
allow for cl-. 
D, As-Built PeCform&nce 

The electronics have bccn fabricated and tested, and 
function as a six-chaanel, MISR CSE msttiag almost all the 
MISR-2 requiremm. All fanctiom available in tbe m n t  
MISR i e n t  are demonstrated. The t w o - c h l  hybrid 
was daigaed, M m i c ~ d ,  and tested and meets or exceeds 
dmt dl MISXa-2 quimments. 



c) A polarizing filter array shsll be developed 

Rg. 5. A MlSR-2 camxi ~ c I  1~ munkd  in the mttr d a  mmputer 
mmroUcd nxaq stage (red disk). A su of m m d  micmmtcr pcdhmx 
(left) is uped b pi t ion  the debectm uld arsociated etectrooics at the best 

focus ofthe camera. 

Thc MISR CSE r q u h  6 watts; it was hpod that this 
power could k reduced in the MISR-2 flight-instrurratnt 
implementation, Testing indicates that the c m t  MISR-2 
design will consume approximately 8 watts. Initial estimates 
mumed that power reductions in the drivers would d u c e  
some of the overall power; however, in further testing it 
k a m e  slppamt that the signal chains dominate the power 
requimmts. The addition of two more signal chains comes 
with a cornmurate increase in power. 

Funding did not allow the development of custom detecton 
for the MISR-2 IIP. An off-theshelf commerciaI CDD and a 
commercial In- IR detector were procured in the hopes 
of simulating the sampling and pixel size of a MISR-2 focal 
plane. The CCD was made to work, luld image data was 
acquired by the EGSE. 6 is one of the images of an 
optical test p a m .  The CCD is oriented updown and was 
scanned sideways. An apparent MTF problem (blurring in the 
image) that appears to be related to the CCD itself was not 
resolved dm w lack of time. Likewise, the IR d-tnr proved 
to be very difficult to integrate and omtion was bscoped 
d w  to schedule and funding constraints. 

A. Filter Rquiremnts 
The optical-perfwmance requirements of  the MlSR fiIters 

have not changed in the IIP camera system design. However, 
given the reductions in c a m  size and detector pixel pitch, 
the filters art requid to shrink from 160-pm specrral band 
line spacing to 80-pm spectral band line spacing. The 
following are the requiremntlgoals used in our IIP effort. 

Barr Associates, Inc. provided thew array filters for the 
MISR instrument with 160 pn line spacing. The MISR-1 
filters werc constructad through mimfabrication of all oxide 
ion aided deposition coatings. The liltem had qmturc 
defiling masks both above and M o w  the filter coatings to 
d u c e  scatted light and optical crosstalk betwmn W s .  
JFL installed the filters into thc focal planes with a 40.p air 
space between the filter and the CCD. 

Based on previous work with Ban h i m  on t h ~  MISR 
instrument, a study contract with them was initiated to 
develop the techniqm for producing the narrow filter 
s- band spacing d w l  for MISR-2. Addirionally, the 
contract asked Ban to investigate polarizer materials that 
could be used to develop a sat of polarizing MISR-2 film. 
B. Demomtrati0)1~ 

A simplified fdter design bas hem developad that 
eliminates the need for a second set of qmhm masks on the 
bottom surface of the f i l m  by use of an opaque qmxy in tht 
v d c a l  bond lim between bands, which will eliminate 
optical mcrtalk between the bands. B m  Amciami also 
developed a revised assembly @ure that dec- the 
fabrication tolerances by a factor of two. Barr pmduccd a set 
of five filter mockups, which demomtratd ability to meet the 
tighter fabrication requirements. The combination of these 
two factors results in a reduction of the achievable line 
spacing from 160-pm to 100-pn, Figwe 7 shows one of the 
demonstration filter mockups. 

Corning Polarcor has h e n  identified as a polarizing 
rnatcrial that could be used to @uce plarizing filter arrays 
for waveIengths between 600 nm and 1600 MI. The makrial 
is durable enough to survive its fabrication into a 100-pn 
may  and has wrcellcnt optical performam with contrast 
ratios in excew of 10,000:l. 

Eg. 6. Image taken ofqW tvd tar@ with MISR-2 Esmera d 
mmmmhl CCD 

a) The spectral band line space will be 80 p~ 
b) The f i l m  will be bonded d i y  to the detector 



Figure 8 shows the existing MISR instmwM side by d& 
with r coaeeptual MSR-2. W g n  studha performed in tbis 
IIP have indicated that it is m b l e  to mya the above M g n  
gods in a MXSR-2 iashment. 

IX. SUMMARY AND C O N ~ ~ S I O N S  

Fig. 7.1Wmm spectraI baad @ngdmmsimtim fib moelop. 

Became of resource Iimitations, the task of developing a 
technique for bonding the fdters to the CCD m not 
campletad The task utilizes the same highly sophisticated 
and unique hi#-@don, mimsmpehased positioning 
system tbat was used to assemble tbe MISR focal plaaea The 
failure to complcite tbis task will Taqirire an up-hnt 
dcvclopmmt effort in the flight phase of this project. 

The purpose of the MTSR-2 IIP is to demonstrate critical 
technologiag ta mpport enhanced measurement capability and 
reduced mission-resource requirements for future MISR 
missions. The MISR-2 flight imhmmt design offers new 
scientific measurement capability (as discussed above} while 
~ g t h e ~ T w n r m R ~ n t ~ T h i s i S t 0  
be achieved in a siNficantly r e d u d  size and mas 
compared to tht MBR insbwnent ta facilitate 
implementation into smaller spacexaft on future missions. 
These primary objectives are achieved in ths MISR-2 
instnunefit c- as follows: 

~0~~ H o o r ~  
3 x M a s o b h t i m  --and Blecboah 
hVdu~lwRcduttim SmalltrCameraaDdEkcbonies 
2AddldaoalSWIRBands rn I n G a A s U ~ I R ~ a l  

137wmd 1mpm 
~ 0 1 1 ~  M i l w l m o n - P P A ~ W  
CapnbilirV - ~ ~ ~ C a l i b r a t i o a  ~imbaIed(3~ICPmas(l@ 

The MI=-2 lastnunent Incubator Program has 
succasfuIly bigned and developed a miniature optical 
spstem slnd electronic signal-processing chain that d t s  in a 
projected 6% reduction in instmmefic volume and a 3x. 
reduction in instrument mass from the prior MISR 
instrument. Additionally, the system is capable of imaging 
two additional SWIR bands and polarization sensing. The 
aad-to-and was tested, and it &mumstrated the 
pwformance expted Eor his class of e x p k e n t .  The 
reduction in size and mass achieved h~ this IIF opens up 
-ties for new multi-angle measmmnts while 
allowing easier a m m m w b b n  on the m d k  spacecraft 
expectsd for furure NASA Earth Scietl~e miuions. 
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. ig. 8: M S R  insbumat (left ) cornpad with MISR-2 woctpt (right) 




