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A FILTER SPECTROMETER CONCEPT FOR FACSIMILE CAMERAS

By Daniel J. Jobson, W. Lane Kelly IV, and Stephen D. Wall -
Langley Research Center

SUMMARY

A concept which utilizes interference filters and photodetector arrays to integrate
spectrometry with the basic imagery function of a facsimile camera is described and
analyzed. The analysis considers spectral resolution, instantaneous field of view, spec-
tral range, and signal-to-noise ratio. Specific performance predictions for the Martian
environment, the Viking facsimile camera design parameters, and a signal-to-noise ratio
for each spectral band equal to or greater than 256 indicate the feasibility of obtaining a
spectral resoclution of 0.01 um with an instantaneous field of view of about 0.1° in the
0.425- to 1.025-m range using silicon photodetectors and a spectral resolution of
0.05 um with an instantaneous field of view of about 0.6° in the 1.0~ to 2,7-um range
using lead sulfide photodetectors.

INTRODUCTION

Imagery from flyby, orbiter, and lander spacecraft provides important information
about the planet's structure, active processes, and (to a much lesser extent) composition.
Further data on composition from flybys and orbiters are generally provided by optical .
spectrometers and from landers by direct molecular analyses. Nonetheless, spectro-
metric measurements from a lander could provide valuable data on surface composition
beyond the reach of a soil sampler and could provide a spectral link between local lander
investigations and planet-wide orbiter investigations in the same way as the lander imag-
ing system provides a spatial link. Spectrometric measurements from a roving vehicle
could also aid in locating features of scientific interest for further investigation. Finally,
optical spectrometer techniques may prove particularly valuable for lander missions
which cannot support the weight and complexity of equipment required for direct molecu-
lar analysis.

The facsimile camera is an attractive candidate as an imaging device for planetary
landers and has been selected for the Viking missions for Mars because of its small size,
low weight, and low power requirements, Other advantages are that it can provide accurate
radiometric and photogrammetric data because a single photodetector scans a complete



field of view and can provide buffer-free operation because scan rates can be synchro-
nized with low data transmission rates. In addition to spatially characterizing a scene,
this device also has the potential capability to provide spectral characterization,

This paper introduces a concept which utilizes interference filters and photodetector
arrays to achieve a spectrometry capability without adding significant optical or mechani-
cal complexity to the facsimile camera or interfering with its imagery function, A first-
order performance analysis of this concept is presented to predict its potential spectral
and spatial resclution, spectral range, and signal-to-noise ratio. Pertinent Martian
environment data and Viking lander camera characteristics are used to demonstrate the
feasibility of implementing this concept.

SYMBOLS
A photodetector active area, cm2
D objective aperture diameter, cm
D; spectral detectivity of photodetector, cm-Hz1/ 2/ W
d diameter of the on-axis photodetector element, cm
f focal length of camera optics, cm
k number of photodetector elements in an array
L dummy variable for range of in-focus object distance, cm
L far distance of depth of field, cm
L, near distance of depth of field, cm
L, in-focus object distance from camera optics, cm
AL depth of field, cm
A dummy variable for range of in-focus image distance, cm
It image plane distance from camera optics in focus for object distance L¢, cm

{see fig. 4(c))



i image plane distance from camera optics in focus for object distance Ly, cm
(see fig. 4(b))

o disEance from camera optics to on-axis photodetector aperture, cm

o distance from camera optics to off-axis photodetector aperture, cm

Al depth of focus, cm

n number of repetitive samples per spectral band

8/N ratio of signal to rms noise

Sx solar spectral irradiance above a planetary atmosphere, W/cmz—,um

s distance from mirror rotation axis to principal point of the optics, cm

L' electronic bandwidth, hertz

v position of a picture element assuming mirror rotation axis is on the principal

point of the optics

y' position of a picture element assuming mirror rotation axis is separated from
the principal point of the optics by a distance s

o3 angular subtense of edge-to-edge photodetector spacing, deg or rad

B instantaneous field of view, deg or rad

Be constant instantaneous field of view, deg or rad

€ angle determining position of picture element (see fig. 2)

] angle of a photodetector element from the optical axis, deg or rad

fA half-angle of image field subtended by photodetector array, rad or deg

' half-angle of image field subtended by photodetector array assuming o= %9,
rad or deg



A wavelength, pm

A center wavelength of inte_rference filter, pm

A lower limit of spectral range, um

A9 upper limit of spectral range, um

AX spectral bandwidth of an ideal square band-pass interference filter, pm
Py average albedo of planetary surface

TF transmissivity of ideal square band-pass interference filter

Ty spectral transmissivity of planetary atmosphere

™ spectral transmissivity of interference filter

W spectral transmissivity of camera optics

o illumination scattering function of planetary surface

DESCRIPTION OF CONCEPT

A basic configuration of the facsimile camera as an imager is shown in figure 1(a).
Figure 1(b} shows the same mechanical structure and optics arranged for spectrometric
measurements, Radiation from the scene is reflected by the scanning mirror, captured
by the objective optics, and preojected onto a plane which contains either a single detector
(fig. 1(a)) or an array of interference filters and photodetectors (fig. 1(b)).

For the imaging mode, the output of a photodetector is monitored continuously as the
scan mirror moves the image across the plane containing the photodetector. This image
motion permits the photodetector to scan a vertical strip of the scene. The camera is
rotated slowly in azimuth so that an entire scene is imaged as a sequence of vertical lines,
As a result of this process, the spatial distribution of radiance levels is measured while

the wavelenasth range of the imeasurement is held constant.

By contrast, the spectrometer mode of operation holds the spatial position constant
while varying the wavelength range of the measurement as the mirror rotates. The spa-
tial position is held constant by the use of tracking electronics which sequence down the
detector array synchronous with image motion. Wavelength variation is provided by inter-
ference filters mounted over the photodetector elements.
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The integration of the imaging and spectrometry functions within a facsimile camera
is accomplished by incorporating both the imaging detector and the spectrometry array
with their associated electronics into a single instrument. A major conflict in require-
ments for the two functions occurs when the objective optics aperture size is chosen,
Since the imaging function requires a large depth of field, a small aperture is necessary
for this mode. In contrast, the spectrometry mode requires more energy and therefore
a larger aperture, For this analysis, the aperture size is chosen to fit the imaging func-
tion requirements, since the imaging function is the more basic one. The disadvantage of
using the small aperture for the spectrometry function is compensated for by (1) repeated
sampling of the same line, (2) increasing the picture element size, and (3) decreased elec-
tronic bandwidth,

A performance analysis of the imagery mode is presented in reference 1 and will not
be repeated here. In that analysis, the important performance parameters were instan-
taneous field of view, signal-to-noise ratio, depth of field, and scanning rate. It was found
that these parameters were so closely interrelated that any improvement in one could be
accomplished only at the expense of others, or at the expense of design simplicity.

For the spectrometry mode, the most important performance parameters are spec-
tral resolution, spectral range, instantaneous field of view, and signal-to-noise ratio. In
addition, the total image field required by the photodetector array leads to important
optics design requirements,

ANALYSIS OF THE SPECTROMETRY MODE

While the analysis of the facsimile camera imagery mode in reference 1 was con-
cerned with a single broad spectral band (the spectral range of the photodetector) and on-
axis optics, the spectrometry mode is concerned with narrow spectral bandwidths ranging
over the spectral response of the photodetectors and off-axis opt'ics. As a result, the
spectroradiometric and optical performance of the spectrometer concept must be
investigated.

Spectroradiometric Performance Parameters

The basic equation which governs the electro-optical performance of the facsimile
camera is given by reference 1 as

I 2p2 .
S _ 7wf*D *
N 1/2 S‘O SAT}l.plTl,lT)l,fDldh (1)
W
IB(A .ﬁ-)

The major performance parameters for the spectrometry mode are the ratio of sig-
nal to rms noise S/N, instantaneous field of view 2 (in radians), spectral resolution



determined by the shape of the filter transmissivity curve Ty {» and total spectral range
¥
which is determined by the remaining parameters in the integral.

The camera design parameters are the optics aperture diameter D, the transmis-
sivity of the optics WL the photodetector spectral detectivity D;, the photodetector
active area A, the electronic bandwidth W, and the number of samples per picture ele-
ment in each spectral band n.

The environmental parameters are the surface illumination scattering function ¢
(a function of lighting and viewing geometry), the albedo Py the solar spectral irradi-
ance Sy, and the atmospheric transmissivity Ty-

Since the evaluation of equation (1) is of interest only for narrow spectral bandwidths,
the wavelength integration is not required for a firsi-order analysis. Consequently, the
spectral transmissivity ™, of the filter may be approximated by an ideal square band-
pass with a constant transmissivity value 7y and spectral bandwidth 4. Using these
approximations, equation (1) can be rewritten as

2
S/N 2) __™%Tg¢ +
(Al B A = 172 S}L'Tl'pR'Th',ZDPL' (2)
a2

where A' is the center wavelength of the spectral filter, The performance parameters
of special interest are grouped on the left side of the equation.

Optical Analysis

In order to properly track the moving image of the scene down the spectrometer
array, it is necessary to establish the relationship between a given mirror angle and the
position of the image of a certain picture element in the scene. In addition, the instanta-
neous field of view must be considered, along with the total angular image field required
by the photodetector array and the allowable depth of focus. Finally, the impact of those
values on the imaging optics must be considered,

Position of a picture element,- If the axis of rotation of the mirror coincided with
both nodal points of the optics, then the position of a picture element would be given by

y=Ilgtan § (3)

where ¢ is twice the angle of rotation of the mirror and y =0 (8 = 0°) corresponds to
an on-axis ray. {See fig. 2.)
However, since the axis of rotation of the mirror is displaced a distance from the

first nodal point of the optics, the position of a picture element becomes

y' =stan ¢ + [, tane (4a)



Since
_(f - s)tan 8
f
equation {4a) can also be written as

y' = [S +—-—£0(ff- S)]tan 8 (4b)

The error incurred by assuming the mirror axis and both nodal points of the optics to be

tan ¢

identical is then
Ay =y -y = fﬁ(zo - f)tan ¢ | (5)

This error can be minimized, if it is sizable, by designing the photodetector element posi-
tions according to equation (4b).

Instantaneous field of view.- The instantaneous field of view for an on-axis photo-
detector element is given by

= 2 tan_l d— 6

B 2o (6)

For a detector at an arbitrary off-axis point (fig. 3) the instantaneous field of view becomes
B=2tan~1 dcosf {tor d.<<2i (7a)

22,/cos 6 ( 0)
9 .
g = &‘_953_5__@ (for small f) (Tb)
0 ,

To avoid variations in instantaneous field of view, which in turn result in variations
in spectral data not directly proportional to scene spectral reflectance, a constant instan-
taneous field of view can be obtained by varying the aperture diameters of photodetector
elements so that

2
B = d(8)cos<o @)
o
where
da(e) = —4
cosg
50 that
_d
Bo =&
° %

Otherwise, the resulting signal variations with spatial rather than spectral origin must be
taken into account,



The angular spacing (edge to edge) of detector elements « also possesses a
cos20 dependency which can be corrected if necessary by varying the spacing between
photodetector elements or by properly controlling the sampling intervals by an electronic
function generator.

Angular image field,- The angular image field required by the spectrometer photo-

detector array is expressed here as a function of constant instantaneous field of view,
spectral bandwidth, and spectral range. From figure 3, the half-angle 64 of the
required image field may be written as

8a = 2[k6e + (k - 1)a] (9a)

where the angular subtense « of the edge-to-edge detector spacing is assumed constant
and the number of spectral channels (filtered detectors) k equals E?A:fu rounded to
an integer,

For this analysis a constant angular subtense o= % is chosen as an example so

that equation (9a) becomes
oy = %(31; - )8, (9h)

Depth of focus.- When an object in the scene is in focus for the photodetector array,
then the picture element, defined by the instantaneous field of view 3, has an unambigu-

ous meaning since all the light emitted from this area and captured by the optics is also, -
according to first-order geometrical optics, incident on the detector aperture. However,
as soon as the picture element is no longer in focus, its meaning becomes ambiguous
since not all the light emitted from this area and captured by the optics is incident on the
detector aperture and some light not emitted from this area is incident on the detector
aperture. Ranges of distances over which defocus degradation is generally acceptable
are illustrated in figure 4(a) and are called the depth of focus of the image field and depth
of field on the object field. From the geometry shown in figure 4(a), the on-axis range of
acceptable focus in image space may be expressed as

b Sl (1Ga)
or
b -, to (10b)
1 +El-9- 1- B—lo
D D



The corresponding range of acceptable focus in object space is

LpsL =Lt (11a)
or
D/ _1 ._D/B (11b)
D . D
BLo BLo

where 1-1 4 l, and f 1is the focal length of the lens.
I Ly

The off-axis depth of focus (figs. 4{b) and 4(c)) reduces to the same form as equa-
tion (10b). However, if B is kept constant off-axis for photodetectors by varying d
according to equation (8), then the range of acceptable focus for image space is given by

fo 2l lo (12)
Belo Belo
14— 1 - —=
D cosze D 00529

J r
The corresponding range of acceptablé focus for object space is
|

D cos2g D cos2g
lo .y Ffe (13)
D cos2g i. 1 D cos2g -1
BeLlo Belio

PERFORMANCE TRADE-OFF ANALYSIS

Certain assumptions were made in using equation (2) to analyze the spectroradio-
metric performance of the spectrometer concept. Results of the foregoing analysis are
now used to evaluate the potential performance capability of the spectrometer concept as
applied to a mission to Mars. Emphasis is placed on the major performance param-
eters — spectral résolution, spectral range, instantaneous field of view, and signal-to-
noise ratio — but optical design parameters such as angular image field and depth of
focus are also considered.

Assumptions and Constraints

Pertinent properties on the Martian environment {fig. 5) are taken from a '"Mars
Engineering Model" for the 0.3- to 1,1-pm wavelength range. For the 1.1- to 3.0-pm
range, solar spectral irradiance data are taken from reference 2 and adjusted for the



1.52 astronomical unit mean distance of Mars from the Sun, and the atmospheric trans-
missivity and surface albedo are extrapolated as constants from their 1.1-pum values
taken from a "Mars Engineering Model.” This extrapolation was necessary because of
the lack of accepted engineering data.

This analysis will be restricted to the existing optical design parameters of the
Viking lander camera since the spectrometry mode must be compatible with an imagery
mode and must utilize the same optics. It is assumed, however, that the optics are capa-
ble of transmitting radiation out to 3.0 um. This can be accomplished by the use of
reflecting optics or an appropriate infrared transmitting lens m:iterial.

The photodetectors considered here are silicon (Si) and lead sulfide (PbS). The
spectral detectivity of these photodetectors is shown in figure 6. The value of W/n in
equation {2) is assumed to be unity since the number of samples per spectral band n ecan
be used to compensate for the electronic bandwidth W imposed on the spectrometer by
the imaging system. For example, the bandwidth for the slow scan rate of the Viking
facsimile camera is 25 Hz; therefore, 25 samples per spectral band can be used to achieve

% =1, All other assumptions are included in table I,

Results

Spectroradiometriec performance.- The variation of signal-to-noise ratio with wave-
length is given for various values of instantaneous field of view and spectral bandwidth in

figure 7 for Si and in figure 8 for PbS. From these curves, it is observed that minimum
signal-to-noise ratio occurs at the upper and lower extremes of wavelength for Si and at
the upper extreme of wavelength limit for PbS. Of particular importance is the upper
wavelength limit of the Si detector for overlap with the PbS detector spectral range and
the lower limit of Si and upper limit of PbS for the total spectral range.

Using %= 256 as minimum acceptable signal-to-noise ratio (64 detectable digital

encoding levels), the trade-off between instantaneous field of view and spectral bandwidth
is examined in figure 9 at A = 0.900, 0.950, 1,000, 1,025, 1.050, and 1.075 um for Si and
at A =2.5,2.6,2.7,2.8,2.9,and 3.0 ym for PbS. The lower wavelength limit of Si is
then determined by the selection of the upper wavelength limit by using figure 7{a).

The curves in figure 9 indicate a lower limit on spectral bandwidth as a function of
the instantaneous field of view, For Si and PbS, respectively, these limits are about
0.01 um and 0.05 um for the selected signal-to-noise eriterion and reagonahle values of .
spectral range. For cases other than these specific ones, instantaneous field of view can
be traded for improved spectral resolution, but only up to the point where large sacrifices
in instantaneous field of view yield slight improvement in spectral resolution.

10



The selection of spectral range limits is based on figure 10. These results show no
sharp cutoff with increasing BAX. Although the information in figure 10 does not define
the actual wavelength limits of the spectral range, it illustrates the diminishing returns of
continually increasing SAX. '

A specific case is now examined for both Si and PbS. Using figure 9(a), for
A'> 1,025 um, the BAX curves are more widely spaced so that significantly higher
BAax values would be required., Also A'= 1,025 um is a good choice for the overlap
point between Si and PbS spectral ranges (see fig. 6). For this choise of ', it is noted
from figure 9(a) that below AX = 0.01 pm, much larger values of 3 are required to
maintain the minimum signal-to-noise ratio. Therefore, Ax =0.01 pm ' is chosen for
Sianda B=0.120 is required. From figure 10, xg - A1 = 0.6 pm resultmg ina
lower limit on ‘wavelength 2y of 0.425 pm.

For the PbS case, figure 9(b) is used to select A' =2.7 pm, Although the pBAX
curves become widely spaced for A'>2.8 ym, A'=2.Tum Iis selected as a more con-
servative value to minimize pBAX hecause of the lack of Mars engineering data in the
PbS spectral range and the difficult optical design requirements which result from large
valuesof 8. For X' =2.7Tum and AXx < 0,05 um, large increases in 3 are required.
Therefore, AX = 0.05 um is selected for spectral bandwidth and g = 0.63° is necessary
for minimum signal-to-noise ratio. From figure 10, X9 - A1 = 1.7 um resulting in a
lower limit on wavelength 3y of 1.0 pm.

Optical design considerations,- After spectral, spatial, and radiometric require-
ments are established for the spectrometer, their impact on the optics' requirements
must be examined, since both a wide image field and a wide spectral range are required.

The position of the picture element, depth of focus, and angular image field require-
ment can be calculated. Of these three, the angular image field is the most important
since the photodetector elements can be spaced to coincide with the position of the picture
element and depth of focus is usually greater than depth of focus for the camera's imaging
function due to larger values of instantaneous field of view, |

No attempt will be made here to trade off the optical design considerations, but there
are several] approaches which could be taken. The most obvious is to use reflecting optics
and to force a large image field with aspheric mirrors, Chromatic aberration would be
zero, and the primary spectrally independent aberrations introduced could be tolerated
because of the large instantaneous field of view,

An alternate approach would be to ignore the field curvature and balance chromatic
aberration with refracting optics and to tilt the photodetector array to bring it into accept-
able focus, At any rate the design problem is solvable, if difficult, and, as long as 04
does not exceed about 259, the difficulty is not extreme,

11



Figure 11 shows the half-angle of total image field BA as a function of instanta-
neous field of view for S = 256 at the spectral ranges of 0.425 to 1.025 yum for Si and
1.0 to 2,7 um for PbS, The hali-angle of total image field increases approximately as a
function of 32 for the minimum signal-to-noise ratio case. For the previous examples
(Ax = 0.01 um, Ay -2ag=1,025- 0425 um, and 8=0.12° for Si; and AX = 0,05 um,
Ag - 11 =2.7-1.0pum,and 8=0,63° for PbS), the half-angles of image field are 5.4°
and 16°, respectively.

CONCLUDING REMARKS

A filter spectrometer concept for the facsimile camera was described. This con-
cept neither interferes with the existing imagery function of the facsimile camera nor
adds significant optical or mechanical complexity, Since the spectrometer concept uti-
lizes the imaging optics of the facsimile camera, the performance of this spectrometer
is generally restricted by the limited objective aperture dictated by the depth of field
requirements of the imaging function.

Analysis of spectral resolution, instantaneous field of view, spectral range, and
signal-to-noise ratio revealed that for a minimum acceptable ratio of signal to noise in
each spectral band and for a fixed spectral range, spectral resolution and instantaneous
field of view are inversely related and may be traded against each other. Because of the
nature of this relationship, there exists a limit on spectral resolution which is reached
when a significant sacrifice in spatial resolution produces only a small improvement in
spectral resolution. In contrast to the other performance parameters which are closely
interrelated, spectral range depends primarily on the transmission of the optics and
photosensor detectivity characteristics,

Using the Martian environment and the optical design parameters of the Viking
lander camera as a specific example, a preliminary trade-off analysis was made between
the major spectrometer performance parameters. It was found that for a ratio of signal
to rms noise of 256, a spectral range extending from 0.425 to 2.7 um can be covered using
silicon photodetectors below 1.025 pm and lead sulfide photodetectors above that wave-
length. Spectral bandwidths of §.01 um {60 spectral channels) for the silicon range and
of 0.05 pm (34 spectral channels) for the lead sulfide range could be obtained with instan-
taneous fields of view of 0.12° and 0.63°, respectively. The silicon photodetector array

subtends a 10.89 totat image field while the lead sulfide array subtends a 32° total image
field.

Langley Research Center,
National Aeronautics and Space Administration,
Hampton, Va., February 27, 1974,
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TABLE I,- ASSUMPTIONS FOR PERFORMANCE TRADE-OFF ANALYSIS
[Valiles for eq. (2]

Objective aperture diameter, D, cm . . . . . . . . . v i it vt bt e e 1.0
Filter transmissivity, 7o . ... .. .. e e e e e e e e e e e e e e e e e e e e 0.5
Hlumination secattering function, ¢ . . . . . . . . .« . . . . i o v v 1
Photodetector activearea, A .. ... ... . ... 0000 0oL, x nﬁzloz/ 4
Distance from camera optics to on-axis photodetector aperture, Z,,cm .. ... .. 5.4
Ratio of electronic bandwidth to number of repetitive samples, W/n . . . ... ... 1
Solar spectral irradiance above Martian atmosphere, 8y, . ...... ... Figure 5(a)
Transmissivity of Martian atmosphere, LR L Figure 5(b)
Average albedo of Martian surface, Pyr mm e e e e e e e Figure 5(c)
Transmissivity of camera optics, TATL v v e b e e e e e 0.9
Detectivity of photodetector element, D;, e e e e e e e e e e e Figure 6
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(b) Image f{ield for nearest in-focus object field.

Figure 4.- Continued.
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Figure 4.- Concluded.
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