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1.0 INTRODUCTION

Barnes Engineering Company, Stamford, Connecticut, performed a study
of an Advanced Multispeciral Scanner for NASA, Lyndon B. Johnson Space Center,
Houston, Texas. The study was made under Contract NAS 9-15323, of one year
nominal duration, to be completed April 14, 1978.

This final report, MA 183T, is submitied in compliance with the data
reporting réquirements of DRL T-1377. The report includes the anclyses and
studies performed by Barnes, and presents the required data, preliminary design
specifications, and recommendations. It complies with the Statement of Work
(SOW) for Advanced Multispectral Scanner, daied September 30, 1976, and
with directions from the Technical Monitor at NASA, Houston,

The Table of Contents provides a clear picture of the organization of the
report. To facilitate location of the specific task items called for by the
Statement of Work, the SOW paragraphs are indicated in parentheses in the
table.
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2.0 THE MULTISPECTRAL SCANNER PERFORMANCE OBJECTIVE

To provide a buaseline for this discussion of the study objectives,
Seation 1.0, Scope, of the SOW is transcribed here.

1.0 SCOPE

This effort is for a study and a preliminary design specification
for an advanced multispectral scanner for use ih an aircraft for
remote sensing data collection in the 1980 time frame. The contractor
shall provide concepiual sketches, data and supporting information
to describe the subject instrument. The study shall address state of
the art instrumentation in the technology common to aircraft multi-
speciral scanners. The product of the study shall be o comprehensive
report and specifications which will fully define the instrument.
All areas of interest to scanner design shall be detailed as portions of
the study. For each area an approcach is to be selected hased on
supportable arguments (charts, data, narative discussions, per-

formance record or other information).

In discussing this statement of scope in a meeting at NASA Houston,
the point was emphasized that the approach was not to be "blue sky," that
the "state of the art” was to be manufacturable and not ¢ one-of-a-kind '
success in a research program. This clarification‘wczs important to the
subsequent study. It provided g set of guidelines that encourcged concen-
tration on the details and difficulties of the surely achievable, rather than a
diffusion of effort into the broud area of the possible.

e e e
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The problem of clearly défining the performance objective in quantitative
térms proved to have some difficulties. For example, the atiempt to iie down
the optimum spectral regions of the entire multispeciral scanner did not succeed
because of there being no clear agreement among the users in the remote sensing
field. Therefore, the approach was token that, as long as the optics, detectors,
and generdl systems configurations considered would tolerate éimple changes
in speciral bandpass, it was unnecessary to define the particular intervals
during the study.

The performance objective then becomes more tractable to definition.
In Table Z2-1, the performance objeciives are summarized. These objectives

also represent the general final system specifications.
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TABLE 2-1. AMS PERFORMANGCE OBJECTIVES

Angular Coverage %60° from nadir, perpendicular to line of flight

Element Angular Resolution 1 % 1 milliradian nominal, 0.4 - 1 pm

2 x 2 milliradian nominal, 1.8 - 14pm

Sensitivity 3.5% or better contrast” at J\c = 0.4pm

0.3% or better contrast* at hc = 0.8um

1°K or better NET*¥ at }Lc = 3.8mum

1°K or better NET** qt A, = l0pm
Spectral Coverage 0.41m to l4pm in selectable intervals
V/H Rate Range 0.025 to 0.25 rads/sec.
Automatic Roll Correction +8,7°
Environmental Operation -22°F to 110°F
High Reliability, Maintainability
*  Under Typical Scene Conditions: Sun Angle 45°
Average Earth Reflectance 20%

Average Atmospheric Transmissions 80%

% A 300°K Limited by Bockground Subirgction

. hanime s s balomia Rl oo
B UL T RN}
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3.0 SELECTION OF THE SCANNER PRINCIPLE

 Inthe past, selection of g scanner principle always involved extensive

“and detailed considerations of whirling mirrors, motors, bearings, lubricants

and shock and vibration analyses. This was because, after careful evaluation

. of the state—-of-the-art of detector arrays ., it was correcily decided that such

arrays were not really available for inclusion in operational hardware, relegating
electronic scanning to the future. Therefore, the swrvey of mechanical scanners

would he undertaken,

Now, however, the large scale detector array {s available as an off-the-

shelf commercial component from the silicon technology industry and grea:

prograss has been made in the devices for longer wavelengths., Also, large
and continuing government support has appeared for the infrared detector
arcays, greatly increasing the probability of the availability of flighfworthy
devices by the 1980 era.

The argumeni for the superiority of the pushbroom concept over the
single-element mechanical scanner is a simple one. In the present case, we
would compare two thousand individual detectors in an arrty, each scanning
an instantaneous field of one by one milliradian, with single one-milliradian
detector scanning the same two thousand field elements consecutively. The
minimum theoretical advaniage of the array elemental sensitivity would be

(2000)1/ 2 = 45, This is an enormous increase in sensitivity in o technology

|

that pays large premiums to gain factors of two (by autireflection coating all
optical surfaces, for example).

It might be thought thot the fuctor of 45 could be regained by increasing
the optical collector areqa by that factor. This is not so when we consider

optimum optical design, however. When the optical system is sealed up, the
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detector must increase in size to subtend the same field of view. This increases
its noise as the square root of area, so the required increase of factor 45 is to
the dictméter, not the area. If we assume that the volume (ond mass) of an
optical system increases as o power somewhat greater than two of its diacmeter,
the mass advantage is of the order of 104. This is overwhelming and shows
clearly why so mudh effort has been put into the development of large-scale

linear {and areal) detector crrays.

Before closing the door on mechanical scanner systems, the possible
advantages of intermediate schemes, mechanically scanning small-scale
arrays of, say, 100 detectors was investigated. While no formal scanning

system was employed, an extended discussion of the pros and cons, consider-

. ing sensitivity, size, data handling, roll compensation, image rotation, V/H

compensation and/or speed control, eic., led to the conclusion that a 'hg brid
system combined the worst, rather than the best, of each system and the
static pushbroom system was the method of choice.

This decision eliminated the necessity of making an extensive study of
mechanical sconning systems. I-Iowéver, o new task immediately appeared.
The detector array technolcay was restricted to planar arrays, usually for
very high angular resolution over small to mederate field angles. Fields of
60° to 120° can hardly be called moderate. The problem is to transfer the
energy from « 120° field of view to a flat focal plane, using o fust optical
syétém with resolution of the order of one milliradian. Apparently consider-
crblebi,ngenuity and effort would be required, since to our knowledge no such

opticol system exists.
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Also considered were the advantages of using an area array, €.g.,
1000 elements wide and 10 deep with a signal processing technigue commonly
referred to as TDI. This approuach is particularly useful in military applications
where extremely high sensitivities are required, since the S/N is improved by
the Nn, which for the above example would be 3.2 times. However, for the
AMS application such an improvement is of marginal value when the data
processing complexity is considered. As discussed in Section 4.4, with only
1000 elements, the internal data rate is on the order of 10 MHz; increasing
the number of detector elements by n also must increase the data rate by n.
In addition, the ground data reduction process becomes enormous when effects
of aircraft yaw must now be calibrated out of the data. Consequently, the AMS

system was bused on the use of linear arrays.

In summary, the availability of large-scale linear detector arrays makes
the pushbroom static scanner principle the clear choice. The task then beccines
one of determining the best method of employing these arrays, rather than
whether or not to employ them.

T g
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4.0 DF'TAILS os THE AMS DESIGN

, In this sectlon we ciis cuss in detcn.l the desmn con&derohons crnd

' ""-_-_tmdeoffs quulred to estabhsh a. cundidote desug'n for the AMS. As chsoussed in
Section 2 D 'I:he demgn pres ented 1s modulcxr in constructlon o.nd c:llows for

' operc:tionel ﬂexibillty Two Opt}.C{Il sensor modu_les hcrve been studied* one

- covers the short Wavelength reglon cmd the other the long wavelength reg:.on

41 Deteotors and, AMS Sy_rs-cem Des-:gn Gons1derat10n

4.11 H"Detector Types

' "'_'-Short chvelength Detectors

_.At the present tlme there ctre three types of sho*t wavelength detector

: 'CIrrcry's usmo chcrrge transfer technology Two of ’chese are COD devices and

_ CID devmes . Both technologies are monolithic, that is, the photon detection

' and the charge readout processes are fabricated on the same silicon chip. A
third type of array is composed of an array of silicon diodes coupled to a silicon

' CCD. Shﬁt register. This latter de‘vice is called a hybrid. 'Either area or

" linear cxrrcrys are commercially available.

' A CCD is basieally a metal-oxide- ~semiconductor structure which can
detect cxnd store minority cczrrler charge pockets 1n localized potentml wells at
the Si&SlOZ interface. The GCD can transfer charge packets in discrete time
increments vix the controlled movement of potential wells. The change is
detected at an output nod-e via capacity coupling. (See Ref. 3).

A CID is quite similar to the CCD with regard to the detector and
integration processes. The major difference between the two is -in the transfer
or readout process. Whereas the CCD is a serial readout device, the CID is a
random access device. It reads out the charge stored in a potential well by
i njecting it into the bulk at the end of an integration time. These carriers
recombine at the substrctte contact and genercﬁ:e a current flow in the external

civeuit which is read out in an x+y fashion.
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- Fairchild is presently offenng seveml types of buned chcmnel monolithic

_'_,'.'__devmes for sale cemmercmlly. E=P O’GDlSl whereas Reticon is offering at
L presen*s a hybrid device, e.g. OGPD3.024, which uses a surfrice chctnnel CCD
U _rshlft register. v See Appendix G qnd reference 21, General Electric is presently

. effenng' for aCIle a series -of GID’S .

»Long Wcrveleng;‘h Det‘egtor '

‘Long wavelength datector arrdys also can be clas sified in two distinct

-

‘I‘here is apparently at the present iime only one type of monolithic

© ' device bemg SEI‘I.OU.S].Y developed Extrmsw Silicon CGD'e. However, other mono-
"".-":"hthm devices ems.. in ’che laborcntory. See Ref 23, The extrinsic silicon CCD
. . hczs been popular beccuse 11: borrows ‘heavily from the mr.tture silicon CCD fechnol-
: ogy associated with short wavelength ccb detectors. Its meajor drawback from an
'_ . operc:tlon sense is -its requlred low operation temperature. 'I‘hese devices usually
- opemte between 25 °K and 40°K, With §5°K a sought-after gaal. As shown in
}reference 18 ' using a single stccge Stirling Cooler, with a one watt heat lead,
100W of power ctre required to reach a 40°K operating temperature with the power
| .increcrsing quite Z‘dpldlY the lower the desired temperature.

There is c:lso a good dea] of work gcn.ng mto hybrz.d devices using conven-

";.‘tioncrl long- wavelength detectors c:md opemtmg at 77°K or greater. Table 4- -1 was
| prepcrred to iden’afy the vctrious detector types, their developers, and some of
T “l:hEH‘ salient perfermcmce chctrctcteristics » including cooling requirements.

For the most part, the work being done in this area is either proprietary

“or clc:ssified Gonsequently no spec sheets exist for these detectors and

per_fo;mance is deduced from published literature, pr:l.vcxte communications, and

. specific knowledge of IR detectors used in hybrid configurations .

PRty N - - . — e b s e e e R I e e
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TABLE 4~1. SBSUMMARY OF LONG WAVELENGTH CTD DETECTOR ARRAY TECHNOLOGY

Developer Technology Under Spectral Operating Array Size| Detector Remarks
Bevelopment Region Temp. Element i
fum) Size
General Electric { Hybrid 3-5 77°K 32 x 32 | 4 mils Devices availgble now,
CIiD, InSh : 2 mils smalier detectors probably
under development
"Honeywell Hybrid: pV MCT/S{ CCD | 3 -5 140°K 270x 8 Several | Linear array dnd mosalcs; )
: 8~ 12 77°K mils fabrication due Fall 1979
Hughes Classified
) T"

Rockwell Exirinsic Si Most work is in area arrays
5i:Ga 3-5 25°K
Si:In 8 - 14

SBRC Inds Sh 3~-5 77°K 32 x 32 4 mils 135°K operation predicted

In Ga Sb in future. 200 el x 16 el
Hybrid { yior (PW) 8-12 arrays available soon.
MCT (PC) D* 5 x 1012 achieved

TI Hybrid MCT

Westinghouse Exirinsic Si 3-8 40°K 3 -4 mils| Linear array under develop-
Si:n ment, smalier detecior

element sizes too.
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4, lj; 2. Detector Ncns e S

A1l of the detector types discussed in Section 4.1.1 have a number of

' noise sources in common, regardless of whether we are considering o short

'wavelength or a long wavelength detector array. Rather than c:ttemﬁt to delve

deeply into this subject which has :‘béén-_exi;ens.ively _inveSfigated 1n the _1iterc:—-
ture, we will restrict the discussion in this section to the most signiﬁcdnt noise

sources and their effect on system performance.

Many references discuss this topic. Reference 3 has a particularly
good summary of GCD noise sources in tabular form; Figure 4-1 reproduces

that table. All noise sources in CCD's can be divided into three categories:

input, mtegrcttlon and iransier, and ouiput Before discussmg the table,

however, it Would be mformcttlve to 1den’cify the relationshlp ‘between noise
equivalent power (NEP) and noise equivalent signal charge (NES) since we use
the former in subsequent discussions. It can be shown that
%
NER, = NES(DZ) (L)L

c TN

A= hc
where o
J};:Q. = lﬁ%ﬂ = photon energy [:IE_h—c;i.—o—n] ot 'c[p'm]
o ¢
n = | quanfﬁm efficiency [electrons/photon] at h-c

ty = integration time [sec]

For example, using the conditions listed in Figure 4~1 with 7= 0.1 at
1 pm and assuming correlated double sompling to eliminate reset noise (see
section 4,1.3) is employed, then

NEP (\_=1lpm) = L.lx10 18 N

which is quite rectsonable for th:,s 1 ES 10 -6 cmz detector element.
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Figure 4-1 Summary of CCD Noise Sources (after Reference 3)
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Referring again to Figure 4-1 , we see listed the magnitudes and
_expressions for the components of thé noiSe equivalent charge for two CCD
process technoldgies: surfuce channel end buried channel. Reticon uses the
former in their CCPD 1024 device and Fairchild uses the latter in their CCD 131
device. For the situation analyzed in the figure, it is apparent that the buried
channel device's major noise source is the dark current charge accumulated
over the integration time when correlated double sampling is used to eliminate
the reset noise. Consequently, as the figure shows, cooling the device is
quite effective, since it reduces the current and therefore the noise equivalent

charge associated with this process.

Now suppose we reduce, in the above example, the integration time
from 130 sec. to 880 psec; increase the bandwidth from 4 MHz to 7.5 MHz;
and reduce the off-chip noise equivalent current from lpa/~NHz to 0.33pa/NHz.
Then the resulting noise equivalent signal charge using the equations in Figure
4-1 decreases from 100 electrons to 21 electrons, as follows:

2 %
- o (880us, . 4. 7.5 7.5 =33
NES “33ms”° +(4 )7’0+(4)(1 250 ]

%
= [ 264 + 131 + 511 = 21 electrons
due to: dark current on chip  off~chip
preamp amp

ORIGINAL PAGE IS
OF POOR QUALITY

This result indicates thot the predominant noise source under these partic-

nlar conditions is the dark current noisé. Since the signal charge build~up is

directly proportional to the integration time and the noise equivalent charge, NES,
is essentially proportional to the square root of this time, then the 8/N is
- proportional to the square root of the integration time. This fact is exploited and
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discussed in detail in section 4,4.1.3. The conditions used for this calculation
were specifically selected since they correspond to the worst case situation for

the AMS as discussed in section 4.1.4.

Another type of noise tho:f is prevalent in a CCD is pattern noise. This
noise manifests itself as a non—uniform‘ spatial pattern “riding” on the output of
each video sample from the array. It has a fixed portion usually produced by
clock feed-through and bias charge variations; it also has a variable portion
produced by dark cwrent non-uniformity. The effects of this noise source on the
processed video signals are minimized through the choice of appropriate sampling
times ar_ld through direct removal in the ground data reduction process which is

discussed in Section 6.2.

Although the above discussion concerned itself with CCD's, CID's also
exhibit similar noise properties because of the similar process by which signal
charge is detected. However, the output capacitance of a CID is the capacitance
of the row and one column if gll other columns are ﬁoated during the readout
process. The output capacitance of a CCD, on the other hand, is only the capaci-
tunce of a reversed biased dicde. Therefore, for a similar on-chip preamplifier
configuration, the CID readout is noisier than that for ¢ CCD and is probably
preamplifier noise limited. Correlated double sampling, as discussed in section

4.1.3, may also be used for CID's to eliminate “Igl' noise and 1/f noise.

Unlike the short wavelength detector arrays, which see no background
generated photon noise, the long wavelength detector arrays, whether monolithic
or hvbrid, are sensitive to this background radiation and generate significant
photon noise. In such cases it is the goal of the detector and system design to
cchieve background limited performance (BLIP)., For an Sitln extrinsic silicon
CCD detector, for example reported in reference 18, BLIP was nearly atiained in
a 16-element time delay integration (TDI) mode. For a linedar crray, it is expected

that this early array design would be a factor of 4 away from BLIP behavior.

ORIGINAY, PAGE IS
OF POOR QUALITY
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4.1.3‘ C _'ated Dd e_Sc:‘ 1in

: Figure 4-2 shows’ the typical output circuit for a CCD array. After the

-' voltage chcmge c:ssoc:.ated with each signal charge in read, the gate node is reset

to some voltage V through the MOSPET switch. Since the switch has resistance,
the Iohnson noise produce_d by it appears dcross the capacitonce associcted with
the node. When the switch is opened, « sample of this noise is siored on the

capacitor. - This noise voltage has been shown to be equal to (Ref. 3 )

-Zt/RG %

B ) ]

Ve = [—G"‘(l -e

where K = Boltzmann'’s constant
T = absolute temperature
C = node capacitance

R

= resistance associated with node, with switch open.

Typically, RC is on the ordaf of 100 ms. If resétting the output node is
performed at a 5 MHz rate, i.e. every 200 ns, then

= J xr
C
which is essentially constant over this pericd. This reset noise is sometimes

referred to as KI/C noise.

Therefore, to eliminate this reset noise from the next signal sample, that
is, level B in Figure 4-2 , all we must do is measure level A and subtract it from

level B. This procedure is referred to as comrelated double sampling (CDS).

To implement CDS the circuit shown in Pigure 419 is used. The clamp
switch is closed during‘ the period that the output node is being reset, and its
capacitor charges to a voltage corresponding to the noise. When the next signal
sample, B, appears at the output of the video buffer, the stored clamp voliage, A,




RESET SWITCH

' GATE NODE B
. . hﬂk\\\\\\\“\ﬁah {rj
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Figure 4-2 CORRELATED DOUBLE SAMPLING
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subtracts from it, removing the KT/C noise. The resulting difference voltage is

‘then sampled by a sample/hold cireuit prior to A/D conversion. Since CDS takes

the differen_cé between two signals very close together in time, it also eliminates

any 1/% noise present at the output of the array and buffer amplifier.

R L g
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4,1.4 AMS System Design for the Short Wavelength Sensors

In order to study the tradeoffs between the various optical and electronic
system parameters and system performance for the short wavelength sensors,

Figure 4-3 was prepared.

Two CCD devices were investigated as part of this phase of the study;
one is manufactured by Fairchild and the other by Reticon. The Fairchild
CCD 121E detector array was used as the basis upon which Figure 4-3 was
developed because of the completeness of the specifications associated with
that device. Butthat device has 1728 detector elements s compared to the
selected CCD 131 which is a 1024 element device. Since both devices are
made by the same manufacturer and use the same technology, we have assumed
that the detector parameters derived for one apply equaliy to the other.e.g..,
NEP (121 H) = NEP (131).

Although data provided by Reticon for their CCPD 1024 detector array
indicates that its performance is superior to that of the Fairchild device
especially ot short wavelengths , there is reason to doubt the validity of some
of the verbally provided daia. Consequently, a conservative approach was
taken and the AMS short wavelength sensor was developed about the CCD 131
with adequate system performance being achieved as discussed bejow.
Nevertheless, one of the first tasks during the next phasé is to evaluate the
performance of both the Fairchild and Reticon devices in a "side-by-side"

test in a conirolled laboratory environment.

Referring again to Figure 4-3 , the major sensitivity parameter is

2
AD @ : where AO

is iis resolution. This parameter is plotted along the X axis in the figure.

is the effective collecting arec of the optical system and @

e wes
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o Alsq_id?nfifiéd on this axis and plotted against AO 92 is a range of optical

- “T/nos. as discussed in Section 4.3.1.1. The T/no. is a calculated function

of the detector area and optical system efficiency., That is:

1/2

T 42/ o
0 = |4 0
(OPT EFF)

The detector arec, dz,. for the CCD 131 is 13pm x 13 pm; as discussed in

Section 4.3.4 the optical efficiency is expected to be approximately 50%.

Using the daia on the CCD 131 provided by Fairchild, see Appendix C
the performance parameters shown in Table 4-2 were generated. These, in
twen, were used to calculate the minimum signal-to-noise ratio for the sensor

as a function of, AO 92, see Figure 4-3, The S/N ratio is given by

S/N 5/2

NEP &/ V/H 0

The minimum signal-to-noise ratio occurs when the V/H rate is moximum, the
detector NEP is maximum and the scene brighiness B is minimum. This
equation is plotted for two specircl baﬁds s i.e., hc = (0.42pm and

)“c = 0.8pm in Figure 43, ' These bands were selecied since they
correspond to the minimum and maximum detector sensitivities under worst
case conditions. See Table 4-2. In order to evaluate the ability of the
system to measure a 1% contrast, B was set at 0.01 x B'tYp and the resulting
S/N plotted vs A 92 . However, before we use these results, the maximum

Q0
integrator time, tye for each detector element in the array must be considered.

1:I is given by:
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where' IV | ES 1s the scztumtiop exposure c:ssoc:.ated with the particular CCD

2
dew.ce selected qnd d is the area of each of its detector elements.

In cxddition, it is a function of the mcrximum scene brightness B S
Using Table 4-2 tI was plotted vs A{] 92 for the worst case B -
which accurs in Band 9 (_kc = 0.8pm).

Note too, that the integration time and the number of CCD photosites
esfcrblish the A/D conversion rate. This is beccuse the charge stored in all
of the array elements must be transferred and read out in a time which must

not exceed t.. Therefore for an N element array the maximum allowed &/D

I.
conversion time, tc : is given by:

where: N = 1024 for the CCD 131. This parameter is also plotted in
Figure 4-3.

Now in order to muximize a sensor's signal-to-noise ratio, we would
want the fastest optical system, i.e., lowest possible T/no. However,
without "stopping down" the system, mcking the optics faster requires that
the detector element integration time be muade shorter. This, in turn, requires

a faster uigitiza tion rate and a faster CCD clocking rate.

The optical system developed in Section 4.3 for the short wavelength
sensor hag a T/no. of 1.1, which is as fast as is optically prdcticcrl. Referring
again to Figure 4-3 , we see thai for this T/no., the signal-to-noise ratic
is 3.5:1 for the most sensitivie band, hc = 0.8pumand 0.28:1 for the least

sensitive band, ;\c = 0.42pem. Since making the optics fuster is not possible,

e Y e,
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we can only improve the short wavelength signal-to-noise ratio by reducing

- the detector's NEP, all other things being equal. As indicated above, this

'_m'c:y' be a realistic possibility, if the Reticon CCPD 1024 array is as sensitive

as the informaily provided data indicates. However, until the laboratory
tests comparing the performance of the two devices, as mentioned above,

is complete we will assume the use of the Fairchild device.

C’onsequently, under the worst case brightness condition and at
A, = 0.4pm, the minimum resolvable contrast (S/N = 1) expected for the

- AMS is 3.5%. However, as the center of the spectral band moves toward

0.81tm, the conirast improves and is approximately 0.3% at, lc = (0.8um.

As was mentioned agbove, each photosite can accumulate only a
certain amount of charge before saturation occurs. The charge buildup in

the photosite is « direct function of the integration time, t.. sScene brightness,

B, and the temperature of the array. I

For the T/1.1 optical system selected, the maximum allowable
integration time, tI' for the maximum scene brightness, Brnax' is 100us.
Correspondlingly, for a scene of typical brightness, Btyp' the integration
time may be as long as 880us. As a result of these short integration times,
the ‘femperature of the array has negligible affect on the amount of charge
accumulated due to photosite leckage cuirent.

At the end of the integration time, the charge accumulated in the
photosites is dumped into a serial transfer register on the chip. As mentioned
qbove;, this charge must be read out in a time less than or equal o tI
Since tI varies with wavelength, in order to have a constant readout rate

for all sensors in the AMS system, we have used the shortest tI (which

“occurs at 0.4pm). Therefore, referring to Figure 4~3 , we see that for

P T UV VT VU S U SR VR YLU N SO R
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 the T/1 .1 system _fhe' readbﬁt rate corres‘bcnds&to, 10M1‘-Ivz.f; or each video

: _sample occurs in 100 ns. Smce "this ancrlog video data is uli:imatnly _ _
-dlglt:.zed crs described in Section 4 4, 2 the A/D cenverter must crlso converi: S
- each sample qt a 10 MHz rate '

ﬁ > '- '_ o As i'micctted above, the Fairchild CCD 131 must be read. out at o
| 1’\ MH? rate in this ctpplz.cau.on. Referring to Tcxble 4..2 we see that for

S 'the Reﬁwon deva,ce the mcrmmum m\:egrqtlon tlme 15 czpprommately thfee tlmes

i _ longer thr.m for the Fczirchild demce cd: the sc:me center wavelength, ThlS

E | . dlfference 1s due in pcxrt te the fact that the scﬁ:uratmn exposure qucted for
- _ﬂl'ie_ CCPD 1024 device is approximately two ’c_im_e_a- larger than that for the

CCD 131 dé'vice and the area of the Reticon deﬁée is 1.5 times larger. If

we assume that ‘f:hlS faci:or of 3 holds for the worst case spectral band, i.e..

0.4pm, then the read out rate would be czppmmmate}.y 3. 3 MI-Iz for the

o Reticon device. ThlS read out rcrte is approachmg the mcnumum ccllowczble rate
_ g ~ forthe device which is § MHz. This situation will also have to be locked at

cczrefully when cons:.denng' the performqnce of the two dev:r.ces 111 ..he next

phage.

_. - The signgl-to-noise information plotted in Figure 4=3  was derived
L from the data in Table 4-2. As indicated in Table 4—2 'the S1gna1-to-
noise ratio is the ratio of the mimimum signal power to the detector NEP at
a pdrtidular wavelength. The NEP is derived from detecter information
" given on its spec sheet, e.qg., the -noiée equivaiént exposure, NEE, the
area of the detector, and the integration time used in the measurement of
the noiSe equivglent exposure. In addition, there is « tera that is r‘efei"red
to as the noise bc'mdwldth (NBW) ‘he noise bandwidth is equal to

-2 1:_ o
' -'This equivctlency stems t‘rom the fc:c‘c that the data output from ectch phot031te
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©* ie sempled by the A/D converter once every t; seconds and stored 1n memary.

fiihzs process 1s eqmvcxlent to ‘that of an ancrlog actmple crnd hold ClI‘Clllt which

:15 updcrted every t[ second The transfer functz.on of thlS type of cn:cmt is

i : equivcslent to that: of c: _““"}‘c' fllter which has an equwulent noxse bctndwidth
NBW; equql to. i o

B ST

As dlSCI..SSQd in Sectmn 4 4. 1 3., crvero:g:.ng the output of each detector

elemeni: over the dwel‘i time T, a resu]j;s ina S/N w}nch is equ:.vcrlent to that

' -'which would hcxve been produced if the array mtegrahon tzme, I were o:llowed

o to extend te T 4 Therefore, the S/N calc;ulcrtlons whwh are presented in

7 -':Tcrble 4-2 k: use an equxvcrlent noise bcmdmdth of -

L Since T, is equal
. 2T d d
to —Q"V /T where 6 is the pixzel resolution and V/H is the V/H rate of the
aircraft, then the expression for the S8/N in Table 4~2 equates to that in

N . . . .
T .. GO 7 T e Dear e s . . miadtiheid Ny n it K e Ak skl o et e mmk B AE s & - Am o v mamd A awmAt dekn o e MM mmmeas L e
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TABLE 4-2

SHORT WAVELENGTH SENSCR - 5/N PERFORMANGE PARAMETERS FOR FAIRCHILD CCD 121H/CCD 131

g2 @y 4) (s) -~ &) - : {7} {a) {0
.Center | . Rel. Nolse Equiv, | Noise Equiv. Power Min. Sig. Pwr. 8/Nmin. for I’LOG\2 = | Sat. Exp. Max, &
Wavelength | Responslvity | Exposure . _ B lpw for A f=l 1 x10 % -at-cm? 8p
L {nm} NEE (n]/cm®) | NEP 6 1073w 121078 st-em® & V/H=0.251/5 (n]/em®)
L 0.42 | 617 | 5.9 4.3 1.19 0.25 g4 1.5l ms lzfl
2 .47 0.30 3.3 2.4 1.61 0.60 ' u;
E 3 8.51 0.45 | 2.2 1.6 1.98 1.11 ' I
4 0.55 0.6 1.67 1.2 1.0 . 1.34 § ]
5 0.59 0.73 1.37 _ 1.0 1.73 1.55 219 242 ps :
& 0.63 . 0.82 1.22 0.89 1,65 1.66 i
7 0.67 0.9 : 1.1 " p.e 1.55 1.73 |
g, 8 0.72 1.0 S0 T R £ 1.44 1.76 i
_ g p.B1 | -1 R Y 0.73 2,77 3.4 160 110 ps :
16 0.99. | 0.43 2.3 o167 1.34 8.72
FOR RETIGON GGPD 1024 .
E 5 0.9 | 0,85 ©0.17 . 0.062 ' 1.68 25 420 | 703%¢s
P
NOTES ON COLUMN (N) s
M W & - e
. min
{3) Rel, Responsivity = : _ .
: - ok : fgw = —— = i
_ _ 2t; 2T
. __NEE ' R d
(4 (5) MNEP = - A : o 2.
e t; NHBW °D o __ T, * v
NEP = Noisé Equivalent Power (w/NHEZ) , | JIEW = [
NEE = Notse Eyuivalent Exposure in NBW {nj/em”, mms) ¢ 20

1 ni/em®. Tms in 280 Hz for COD121H for - 6=1mr, V/H = 0.251/3
Detector Photosite Araa = 2,2 % 107° om” for COD121H NBW = 125Hz *

Ap
t = Integration Time = 1.78 ms for COD121H _ R
i S (8) Sp = =% 8
_ 7 3 v
NEW = Hoise Bundwldth = 51;;- = 2080 Hz for COD121H \
o I 8, = 160 nJ/em"” for CCD 121H
2. - Bk
) 3 « 8 (& &") . .
smln min G SE
B = 0,008 (see Table 4-4.) (9 t = —mln a2
min we ' o— Poax D
Ay = Collecting Area = 1 cmz-_ P - B A &)
2 Lo mae max * 0 i
) = Instantafiacus FOV iy i
= (1 mod)® = lpester Ay = 1,69 % 1675 for GOD 131 ’
2 -G 2
- Let Aoa = 1%10 "-ster-acm 5 - & & = 0.8)
E E o]
’ ' min v

i

TN S L i s e e i




4 -14 o Project 2738

-4.1.5 AMS System Design for the Tong Wavelength Sensor

The .o_p'l:ical design of the long wavelength sensor module, which is
descri'beci in Section 4.3.9, achieves thé same 60° field of view as had been
achieved for the short wavelength sensor. The long wavelength design is
based on the cvailability of a detector array with 512 elements, 4 mils by
4 mils in arec and on 4 mil centers. This geomelry comresponds to an optical

- reéolUticn of 2 mrad for each element in the aray. The optical design in

Figure 4~12 just achieves this resolution and consequently linedar detector

arrays, if available, with larger numbers of elements would not result in any

l E higher optical resolution.
f E Based upon the information available at this time on long wavelength
| detector arrays, see Table 4-1, we believe that the 4 mil, 512, element array
; " ) _r_epresents a realistic size that certainly will be available in 1980 era.
| . The major difference between detector arrays operating in the long and
% __ short wavelength spectral regions is the level of background radiation present.
; - If we assume that most objects and natural scenes that the AMS will view
7 have an average temperature of 300°K, then a black body at this temperature
. will emit radiation equivalent to that of the background. Consequently, the
1 background radiation emitted in the short wavelength region below, say, lpm
- will be quite negligible; but increases rapidly as the speciral handpuass of the
: sensor moves toward longer wavelengths. For example, the radiant emittance
ﬂ of a 300°K background at 10pm is over 106 greater thun ot 1pum.

This long wavelength background radiction generates signal charge
in the detector array which for these long wavelengths and large fields of view
may totally mask the dark current in each detector element. As was shown in
Section 4.1.4, it was this detector dark cwrrent which produced the predominant

e s ‘,‘7 S— > X g — e e T - - 5 o = . TR s ""‘“““"“'ﬂi--lﬁ;‘
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system noise. In'the case of the long wavelengik detectors, it is the back-
ground current which coniributes to sysitem noise and as ¢ design goal
predominates it producing BLIP behavior.

One other gspect of the large background genercted signal is that its

chcorge adds directly to the leckage current charge and consequently may limit

the maximum integration time, ty. of the detector array. Since most of the
Hierature on long wavelength devices is sketchy to say the least, probably

due io its prasent developmental nature coupled with its confidential status,
the sotwrotion charge capacity or crltermtely the maximum exposure time is
barely mentioned. ©Of the literature listed in Section 9.0, only one reference
(23) cites this parameter. It is stated for several monolithic devices; one being

Kl
|
an In 8h device operated at 77°K, over ¢ speciral band of 3.5 ~4.2pm, with a g
30° FOV, Under these conditions tI is 5.8 msec. as determined by the back- é

ground level.

Since the integration time is directly proporiional io the elemental

detector's field of view (solid angle), then for a 2 7 steradian field of view,

the moximum intagretion time would hecome:

2 {1l — ans 15°)
27

5.8 ms

it

¢ 197 ng

I

For this porticular device, the leakage current generaied charge would
saturate the device in 2.1 sec. Consequently as expected, the background
radiation determines the maximuin inteération time.

L
b |
lk
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Altemately let us consider a hybrid device. We will assume operation

in the 8 - 14pm window region using a photovoltaic Hg Cd Te detector array

coupled to a silicon CCD. This is o common arrangement,

If we assume that the active area of each element in the CCD array

is 50% of its total area, than for a 25 um square element its active area is
3.13 x 10—6 cmz . The maximum charge density of ¢ CCD is set by the

dielectric strength of the 8i 0, gate insulator and is 1013 el/cmz. Con-

sequently, the resulting scxtur?:tion charge of the CCD array is 3.13 x 107
electrons. If euch element of the Hg Cd Te detector is 4 mils square, then
the total area of each element is 10-4 c:,m2 . As indicated in Reference 12,
¢ similar device had o background current of 200 nA for g 180° FOV., Now

-7
20008 = 2x107 -~ = —2xl0 €L - 1.3 x 10?8l

sec 1.63 % 10—19 sec sec

Therefore, the maximum integration time for this device is:

7
_ sa3x10"

1.23 % 10

If the area of each element in the CCD were increased, thus increasing
its charge capacity, or if the leakage current of each Hg Cd Te detector is

reduced, then 1‘:1. would increase proportionately.

In any event, the maximum integration time here is not too different

than the 100ps used for the short wavelength sensors, see Section 4.1.4.

3
i
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However, wherecrs.th.e maximum brighiness Bmax in the short wave-
length scene set the maximum iniegration time, it is the buackground radiation
that sets it in the case of the long wavelength sensors. Therefore in order
tO process th_é scene variations in the 2 mrad field of view of the long wave-
length sensor riding on this background level, signal subtraction must be
lﬁerformed. But care must be taken in this process beccuse the usual non-
uniformity between detector elements in the array may produce artifacts in the

processed signal that are laorger than the scene variations.

For a 0.1°K change in scene temperature at 300°K in g speciral region
from 3.5¢m - 4.2pm, the signal produced at the detector with an £/1.5 optic
will be 0.1% of the bockground radiction in the same spectral region. Similarly
for the 8um - 14pm region, the signal is only 0.02% of the background radiation.

Therefore, if the signal processing is to measure these signal variations,
a level must be subtracted from the signal ouiput of each detector element,
which resulis in g signal difference, wherein the signal variation is made
larger than 0.4% (comresponding to one LSB of the 8 bit A/D which follows).

This subiraction process will be done digitally by storing the required
levels to be subtracted in g ROM {read only memory) and using a high precision
DAC (igital to analog converter) to perform the aciual subiraction at the buffer
amplifier input, see Sections 4.4.1.2 and 4.4.2.2,

In order to quantitaiively determine long waveleﬁgth sensor system
performance, we shall caleulate the noise equivalent temperatare difference,
NET, for detector arrays in the 3.5 -4.2um and 8 -~ 14pum regicns. The NET
will use those sensor parameters established in Section 4.3.9 a5 follows:

BT T R T P PRSP TR TSI FARUEY YL P TS T SRR TP P RRTE  E TEE L E [P




g RN _ 4 - 18 Project 2738
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*.
B8 P
g  where:
AD = Effective areda of collecting optics = 7.9 cm2
)
o = TFOV = 4 x 10" ° ster
] = QOptical efficiency including obscuration = (0.5) (0.95)6 = 0,37
AT .
ey = Slope of 300°K blackbody
AN
. [-]
= 1x 105 £ ; 3.0-4.2pm
w/cem” -ster
= 5}1'.103_‘“"—“'215"—_ , 8 =14um
w/cm -ster
D* = 1 x l(llG cm2 Hzl/z W-l {(Typical both regions)
A = Ay — 2 — -4 2
d = ea of elemental detector = (4 mil)” = 10 “com
NBW 2 Td‘ 3 ms 125 Hz

Note that the noise bandwidih is the sane as that in the short wavelength
sensor case beccause the predominant noise source is the detector noise and

digital averaging will clso be performed, see Section 4,1.4. Hence:

NET = 0.1°K , 3.5 -4.2pm
3

5% 10 “°K , 8- 1dum

These NETs are quite low eveh though o conserveative D* was used in
the culculation. This result points out why elecironically scanned CCD detector
arrgys are superior to their electro~mechanical counterparts. It is due to the fact

that the NBW for the array approach is much lower than for the mechanical approdach.
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4.2 Metheods of Spectral Isolcxt_ion

The study of spectral isclation metheds could be a very extensive one
if cqmpl-e_te:_‘and in~depth coverage were attempted (Ref. 10.25). Conseqaently
in this sécﬁibn.' we will examine only those methods which apply to the AMS
application with a view toward determining their advantages and compcr!:ibili'ty

with linear detector arrays covering large fisld angles.

In general, opticul spectral isolation can be divided into dispersive
and non—disbersive metheds. In dispersive methods an optical element
deviates the path of a beam of polychromaiic radiation through an angle
which is « function both of the wavelength of the components of the beam,
and the angle of incidence of the original beam. The laiter fuct means that

the original beam must have small divergence, which in turn means the object

spdce must be h_nc:ged onto a smcll field stop, such as o slit, before dispersion.

This possibility was pursued, with the thougl. in mind that the scanner
collecting optic could image o swath on a slit in the focal plane, and then
the slit would be reimaged on « number of detector arrays. In principie,
this would permit the use of many detector arrays with only one, or a few,
collectors and dispersion elemenis. In fact, it turned out that, after passing
through the slit, the diverqgence of the rays behind the focal plane made the
scheme impmcticdl except for very small arrays, of the order of ten elements.
Thus, to cover 120° across the flight path, very large numbers of collector
optics and/or dispersion elements would be required. Also the secondary
optics required behind each focal plane to redirect the dispersed energy to the
detector arrays became prohibitively complex. The conclusion is that
dispersion elements, as « meons of using common collector optics and
niult_iépectrcri detector arrays is not practicol in other than namrow field- |
angle systems.

!
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Non-dispersive speciral isolators include absorption filters and multi-
layer interference filters. Absorption filters are relatively low resolution
devices, transmitting comparatively broad regions of the spectrum and
agbsorbing the unwanted remainder. They depend on the intrinsic ahsorption
properties of the bulk material of which the filter is made. While some
flexibility of bandpuss, wavelength and shape can be achieved by stacking
and/or varying thicknesses, in general sharp cutoff narrow-band filtering at
specified wavelengths cannot be achieved with absorption filters. Interference
filters, on the oi:her hand, can be manufactured to meet exacting requirements
of passbuand and transmission, far superior to those obtained by absorption

filters. Multilayer filters with high transmission. narrow pass-band, shurp

cutoffs and wide regions of rejection get quite expensive. However, for

applications such as the AMS, which requires only moderate resolution,
these filters are quite practical. Combinations of interference filiers and
absorpiion filters can be employed, where the out-of-band rejeciion is
accomplished by the inexpensive agbsorption filter. This tends to simplify

the design and complexity of the interference filter, reducing costs.

Absorption type filters are also subject to changes in fransmission
when exposed to sirong ultra-violet radiation. Xodck Wratten filters, for
example, are less stable than color glass filters such as the common Schott
and Corning types. The tendency of the filters is to increuse in opacity
with exposure. Filters of this type have been in use for many years and
information about the susceptibility to "solarization” is available from the
manufaciurers .
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Both absorption and interference filters are also subject to changes
in fransmittance with changes in temperature. For certain Schott filters
(Ref, 10),the shift is of the order of 1 2 per kelvin toward longer wavelengths
with increasing temperature, between 10° and 90°C. Interference filter
passbands are also shifted to longer wavelengths as temperaiure increases.
The displacement is smaller than for color glass filters, of the order of
5 x 10"5 1\0 per kelvin, where 3\0 is the nominql, or pecrk-thnsmission wave-
length. In both types of filters when the bandpass is moderate to wide, the
effect is slight and a first~order correction with temperature should be

adeguate.

The shape and position of the filter bandpass also changes with angle
of incidence in both types of filiers. Again, however, the effect is small
for filters of moderate pussband and when the angle is less than 5° from
normal, it is negligible. Thus as described in Section 4.3.8.3, the optical
- surface was selected for the interference filter coating with the need to

minimize the incident angles in mind.

Other methods of speciral isolation were also considered. These
included polarization filters, Christignsen filters, reststzahlen reflection
plates, scatter plates, conductive screens, interferometers, and spectrally-
selective detectors.

The first five of these ars similar in funciion to the absorption and
interference filters already discussed, in that they transmit a desired speciral

interval of radiation while rejecting the rest. The mechanism of rejection is

different, but there is no advantage in cost or performance in the AMS

appliccttion. (Reference 10 gives succinct,pmctj_cal descriptions of the
principle and performance of these filters.)
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Interferometers and specirglly-selective detectors are different in
kind from the other spectral isolation methods discussed. Since these are
conceptually aitractive, some time was spent in considering their

practicality.

The prineiple of the use of an interferometer in multispectral scanning
can be described as follows: Suppose that a Michelson interferometer with

a large colleciing optic and a detector with wide spectral sensitivity were

aimed at nadir from an circraft. If the Michelson was scanned in path-
difference) rapidly, a series of interferograms would be generated at the
detector output. The Fourler Transform of each of these interferograms would
be the specirum of the ground area that the detector was poinied at during
each scan interval. From these specitra a number of sitrip maps one detector
field~of~view wide could be made. The number of maps would depend on the
interferometer spectral resolution and the region of speciral sensitivity of

the detector. Now, if ¢ number of additional detectors were lined up in a

Hnear array in the focal plane of the interferometer, we would have a push-
broom interferometric scanner, capable of producing a complete set of flight

strips in all of the resolved speciral regions simalianecusly.

This is the ideal, but examination of the practicality shows that the
optical problems of heamsplitting, path changing, recombining and then
introducing the radiation to an array of detectors covering, say, 30° to 60°

is prohibitive. Second, the data rate and sampling requirement becomes
impossible with today's technology. And finally, it appears that unless
essentially all the speciral information is needed, interferometry is not

worth while. That is, if only a small number, say 10 or 20, spectral channels
are required, the interferometer has liﬁle or no sensitivity advantage and o
great number of optical-mechanical difficulties. Therefore, the interferometer
concept was abandoned.
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As for spectrally-selective detectors, the attraction there would be to

E avoid the expense, installation, and losses due to ffl‘ters . There are several
mechanisms possible in produqing specirally-selective detectors. One is

E the ugse of materials with different hand-gups as the junctions of a dicde. va*
Es-senﬁally, long wave radiation is transmitted, producing no signal; short ﬁ :

g wave radiation is absorbed before it reaches the junction, producing no |
signal, but intermediaie wavelength radiation is absorbed in the junction

producing hole~election pairs and thus « useful signal. Ideully then, having

produced such detectors, they would be assembled (or produced) in arrays 1
and the band-gaps would be "turned" either elecirically, thermally, or y o

ﬂ """ll - I

magnetically, to produce speciral sensitivity in the desired region,

As of 1978, it is unrealistic to expect the useful production and
availability of such detector arrays in the near future. While on a laboratory
basis, these detectors have been produced in single units, no demand has

materialized to encourdage manufacture,

Therefore, our conclusion is that conventional broad~spectrum detector f

arrays used with interference filters for speciral isolation is the preferred, '

practically available, state-of-the-art choice.
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: --ffcmd design consideratmns pc:rticulcrr to these deSIgns are discussed and

. 4,3.2 Discussion of De51gn Trcrdeoffs .
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43 @ticdl Desjcrri

Tne candidate opticcxl des:.gns Lor both the shori: wavelength cmd long

_ woveleng-:h sensor modules czre shown in Flgure 4-—10 cmd Pigure 4-12

- _respeotively. In the following seciions ihe various i:mdeoffs problem areas,

'ratloncrle given for theil choice._ ‘I'crble 4-3 summcrnzes theae designs, -

4.3.1 -Genercl S_Qecﬁlccztions for _Shor’c‘ Wavelen:gth"sens or Modu‘les

Sp‘éci:rcrl '.C}ovérc':r"-ge’_. o ) 0.4 to 1.0pm

Total Field of View Desired  120° (achieved in two 60° sensor modules)
Resolution *~ . 1 milliradian

f/nO‘.. o _. /0.8

The basic opﬁocrl element W‘hlch c:llows both large fie d angles crnd '
high reso ution at low f numbers is the sphericcrl reﬂector. The recrs on for :
thls property is that the sphere has no pctrticulcu' opticai axis as shown in
Figure 4-4 , GConseguently, spherical crbermuon is the only cherration
which occurs for directions-A and B in the figure; this aberration is independent
of field angle . | |

Fortunately, spherical aberration can be highly correcied while main~

taining 1ndependence from field angle by using refrthimg shells whxoh are
~ concentric with the spherical reflector as shown in Figure 4-5 . The shell
_1ntrod_uoes vez_'y litile nego_tive power into the system. whil_e the negative

' Eurface of the shell introduces spherical obet:rcrtion opposite to that caused

by the spherical reflector. As a result, such o system can easily be corrected o |

" foail ‘mlliradwn resolution for an f/U 8 opticcrl Speed This was 1n fc:ct |
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o doﬁe‘ chd'tﬁe 'resultin@'Spot diagrams appear in Appendix B.
: Becczuse a spherlcc:l reflector introduces less sphericcxl aberration than an
‘equlvalent refrcch:ing element, no sys ..ems ‘which used refractors. only were

o considered in this study

‘ Although o 120° field of view wc:s desired and is possible, the system
:stop W111 cause consnleranle vignetting (5 0%) at the. fleld-exiremes as shown
"_""-':‘in P1gure 4= 6 . Consequently’, it was decidéd to limit the total feld of
'.-‘m ew of ecrch sensor to 60 wlth an q‘tendant 13% wignetting ot the field
extremes Which wcrs considered quite tolerable Therefore, two sensor
modules would be required to cover the full 120° field of view.
S .4;_3.3 GDg Qgtigs Intezfc:ce
- 1 If c curved c:rrcry of detecting elemem:s could be found and used at the .
imcrge suxfc:ce the basic optical system demgn concept would now be complete.
""However, silicon wafer technology does not presently lend itself to fcxbnccting'
non—-planar geomeu'leu. In faet, presently available CCD 1mczge devices, like
_:-_:the Fairchild CCD 131 and the Reticon GGPD 1024, are available only in
,Vstctndcrd "dual in line" (DTP) packages . As a result, eqch CCD array is
= s__trc:_tight, flat and is surro_unded by an obscurqtmn-producmg subsirate, lead
Pi _ | ‘ot's.'sex'nblies + etc., which makes it unsuitable for mounting directly in the
a 1_:;1-qge: surface as shown in Figure 4-5 . Thus a means of field flattening
| must:h'e implemented Three field flattening techniques were considered:
.(cs) refractors ; (b) reflectors, and (c) fiber optics.

| , The reffcctor czpprooch qulckly fails due to the very low f number
: ,'des:u:ed. ‘I'hms c;pprocrch works well for highly corrected multi-elemem

| photogmoh objectives where ec:oh element con?:ribukes a little to field
B ’ﬂcrttening.. -
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The reflector approach easily flattens the field but difficulty is
experienced in secondc:i:y mirror obscuration. A reflector flattener system
could be developed, but with somewhat slower optical speed, power, and
rezsolution thcrn' the fiber optic approach which is described subsequently. .
I-IqWever,. as discussed in Section 4.3.6, the reflector apprdcrch is the

only practical ccpprbcrch for the long wavelength sensors.

434 Flber Optics Field Flattening Approach

'I'he. basics of the fiber optics approach are shown in Figure 4-7 -..

' Since the fiber optics bundle is « thin blade in the plane of the paper, very

._little light is blocked out of the entrance pupil by the fibers. The blade

‘could. be supported by thin stalks perpendicular to the plane of the paper. If
'_'.-'fiber optlcs were availcrble for the entire required spectral coverage (0.4pm-14pm),
- ._"Vi:hen this field flc:ttening technique could be used for both the long and short

" wavelength sensors. However, at present, only short wavelength coverage

can be accomplished with the above fiber coptigs system. In the near future,

it 1s expectad that IR fiber optics will become generally available. In the
B meantime, an alternate and pro:ctical optical design approach for the long

wavelength sehsore is necessary and this approach is described in Section 4.3.6.

" Figure 4-8 is a sketch of the fiber optics array required as part
of the focal plane assembly for the short wavelength sensors. Two fabrication
proBieﬂis are anticipated. |

’.L'he first is ‘the cm'cmgenent of the fibers With their axes 1ying along
radicrl lines in the focal surface while maintctining an adequate packing dnd
mating fuctor; the significance of this problem is as follows:
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The f/o 8 op‘blcal speed represents an acceptance angle of 72°. K

_ ' 'che enas of: 1ndiviductl fibers could be squure to the optical axis, all of the
o 'f/ 0. 8 bundle 15 easily accepted A‘ the end'-' of the field the fibers will
hcxve to be :.umed somewhcxt to che ’che f/O .8 bundle or else the cxcceptcmce

7 ,c:ngle Wlll be exceeded wi'i:h 1c:ss of light in the clczddmg as shown in _
I-’:Lgure 4-g Wedging the edges of a fihe:.' reduces the qc"eptance czngle .
for ane side of the f/O 8 bundle. AL e o -

The second problem wcs the mec:hcmical interface between the CCD

’ fdetector an'ay and the fiber optics bundle. Since the opiical rays leave the

bundle at a divergent angle, th‘e _fiber ends must be situated closer than 1/2
the elemental detector width (6-_.5;4,#1 for the CCD 131) to the detector surface
50 qs' not to result in significcmt energy spillover o:nd sensitivity degradation.

As the letter in Appenchx c reveals we have contczcted Galileo, Inc.

-of Sturbridge., Mc:ss .r manufc:cturerlv of fiber optics to review the above

reauirements cmcl obtain a quomtion for this fiber opt;.c array. As indicated,

positive response crs to the array's manufacturability was obtained uging

13 B square: fibers c:rranged in a line array. (Their response crpplies to 16 pm

fibers as well.), The above-stated requirement for fibers lying along radicl
lines will be achieved by slitting one edge of the fiber bundle into a discrete
number of flut elements as shown in Figure 4~8 . The end of each flat
ele_'merit--is then ground into a cylindricol radius of 1.3 cm. Each element is

- then epoxied parallel to a radial direction with the bundles overlapping as
- ,required to allow claarunce for the converging bundles. With this approach,

the end fibers in euch elementol bundle will only be a few degrees from the:

-radical orientation, thereby minimizing the loss of aperiure in the converging
} bpﬂccrl beam, due to rays escaping through the cladding in the fiber.




AT PR G VIR LN L TEETTR B SR IR Pes WG W LNl ISl i S ey B et B e g s L S & y s 1 . bl = s

4 - 28 Project 2738

Reguarding the interface between the fiber bundle and the CGD array:
In diécussions that we have had with Galileo, they have suggested that the ?‘
fibers could physically touch the CCD elements and/or be optically coupled
to ".ihe'elemenfs (.e., "Immersed”) by using a transparent epoxy. The final :&

- approach will be decided upon in the detailed design phase.

In view of the achove discussion, we believe the fiber optic focgl

surface transfer element is g practical component for incorporation into the
candidate short wavelength sensor medule. It is further noted that as o result
of the fibers being the same size as each photosite in the CCD array, that the
MTF of the sysiem will not be influenced by the fiber optic transfer element.

In addition, it is conservatively estimated that the optical efficiency of the
fiber optic will be 50%. Consequently, the effective f number or the equivalent
T number of the system, given £/0.8, will be at worst:

_ 0.80 _ .
T/ = e = L.

4.3.5 General Specifications for Long Wavelengih Sensor Modules

Spectral Coverage 1.0pm to 14pm
Total Field of View 60°

Resolution 2 milliradicn

F Number £/1.5

4.3 .6 Discussion of Degign Tradeoffs

As mentioned before, long wavelength infrared transmitting fibers are
not currently available. However, it is worth noting that Hughes Alrcraft
Company is presently working on classified research programs on IR trans-
mitiing fibers which use polycrystalline ¢ors technigques and which cover




-
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the visible through 35 pm Specti'otl regions. Since these fibers are pushing
the siate~of-the-art at present, we have elected to present the more
conservative reflective fleld flaitening approach for the long wavelength
sensor. When long wavelength fiber technology matures, then the sensor
approuch defined for the short wavelength sensors may be directly utilized
with its ‘cxdvuntqges of higher resolution and lower £/no.

Of the sewveral possible cirangements which use a reflecting field -
flattener, the approach shown in Figure 4-11 nresently appears most

promising.

The flat first surface reduces the input field angle presented to the
second surfoce without intreducing any aberrations to o collimated input
bundle. The second surfuce then acts as a spherical reflector in the same
manner as discussed for the short wavelength design. The bundle reflecied
from the szcond surfc:cé is again reflected from a fleld flattener coating
imbedded in the refracting medium. A narrow slot in the refiecting coating
of the second surface allows an exit bundle to form « flattened image plane
with a lower £ number than that reflected from the field flattener coating.

In this manner, aberrations are held to @ minimum without resorting
to correction surfaces. The negative cwrvature of the field flattener does
. remove some Spherical aberration caused by the second surface but at the
Iarger field angles it introduces off-axis aberrations which con only be
reduced by means of quxiliary correction surfaces not shown in the figure.
As shown in Appendix B ., this system has a 2 milliradian blur circle for
an £/1.5 exit bundle.
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If the field flattening coating is a 50 - 50 beamsplitter, 75% of the
input energy is lost. As shown in Figure 4-12; o more efficient method

uses a 100% reflecting strip which cuts a slot in the entrance pupil. This

50 =50 and 100% reflecting sirips can reduce the loss to 50%. The effective

f/no. or I/no. is then:

T/no., = = 2,1

Other tradeoifs are f.;ossible which could produce approximately T/2.5 at 1.5
milliradian resclution. This system would require correction surfaces which
produce off~axis aberrations opposite to those caused by the field flattener

in order to reduce the blur circle for 60° input field angles. There is evidence

that combinations of various refracting media would be needed to achieve

this end. In addition, there is not a wide variety of material available in the

long wavelength regions for all-wecather, easily fabricated systems.

An elaborate multi-element corrector on the style of a low f/nho. wide
angle photograph objective is considered to be unsuiiable for purposes of this
study. Thus different types of optical corrections produce different types of
point spread functions which might have "needle-nose" tops with wide skirts,
etc. These point spread functions are more satisfactory for photographic
purposes than for long wavelength sensors. The wide skirt of such a point
spread function presensitizes the film in photograph systems, while in the
long wavelength cuase, it produces noise. Choice of the fingl correction

configuration will be selected during the detail design phase.

4,3.7 Opto~Mechunical Considerations

In this section we address the practical mechanical and materical
aspects in implementing the optical design into a realizable sensor for both

the short and long wavelength regions.
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4,3.8 Short Wavelenath Sensor DQSiClIl

Figure 4-10 shows the constrﬁction of the candidate short wave-
length sensor. It shows a feasible mechanical packaging of the fiber optics
and the conceniric corrector shell approach which was discussed in the
previous sections. The diagrams of the basic elements which were referred
to those discussions closely parallel the final design shown in Figure 4-10
For this sensor module, the optical material will be Pyrex glass for the mirror
and a suitable high index glass such as Schott SF 15 for the Bouwers corrector
shell. Since all surfaces are spherical and the opiics dimensions are relatively
small as shown in the figure, no significant fabrication problems relative to

the gluss elements are enticipated.

The spherical reflector and corrector shell are mounted in « lens cell
forming a complete subassembly which moves as a unit when aligning the

optical System to the fiber optics input end. The spherical reflector and

' 's'_he_lllqre qiigned to each other by shimming these optiéal elemenis in the

lens cell. This "hard adjust” is much more stable and permanent than

ad;ustlng screws especially in a shock and vibration filled environment

such as would be experienced in an czircrc:ft. A special set of alignment
procedures is not offered at this time. However, Section 5.3.1 discusses

general concepts on various alignment methods and procedures.

Interference filters are used to select a narrow band in each spectral
region. Singe these filters have a s:qic:l.'_l acceptance angle, they should he
deposited on one of the curved surfades of the candidate optiéczl system
instead of using o separate plane surface window. This will c:llow these
filters to operate efficiently at large field crngles . To avoid unwantea
speciral wavelengths from filling the optical interior, it is best to use one
of the corrector swfaces for the interference filter (see Figure 4-5 .

The interibr (negdtive) surface is best for abrasion protection and minimum

handling considerations .,
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A flexible boot or an epoxy seal may be used between the output end
of the fiber optics and the corrector lens cell so that all optical surfoces
except the first (which acts as a window) would be sealed from moisture and

dust. This seal could be made flexible enough to accommodate changes in

' barometric pressure without the need for breathers and driers. ' Alternatively,

the entire sensor could be installed in a separately sealed container with a

window to include electronics in’'a sealed environment.

-Except for the long wavelength regions where fiber optics are not

pfesently feasible, the system shown in Figure 4-10 is the best approach

for a "push broom" multispectral scanner. Any application of this system
would involve routine developments which do not border on state-of-the-art
techniques. There is not, however, a specific mechanical packaging which

would be idecl for all wavelengths. Most sysfems would be based upon the |

~ design shown in Figure 4-10 but consideration of fine details would lead the

final configuration to differ slightly for different wavelengths, - Consequently,

the ameunt of detail presenied in Figure 4-10 is sufficient for purposes of
this study.

4.3.9 Long Wavelenath Sensor Design

Figure 4-~12 shows & practical mechanical implementation of the
long Waveleﬁgth sensor modules incorporating the reflecting field flattener
approcch discussed in Section 4.3.6 , In general, many of the mechanical
crspécts and alignment adjustments are similar to those discussed for the
short wcxvélength module. Two notable excepiions are the selection of long
wavelength matericls because of the thickness of the optics and the' need for
ceryogenic cooling of the CCD detector array. |




4 - 33 ‘ Project 2738

The "solid reflector” optical design shown in Figure 4-11 for the long
wavelength sensor modules is composed of relatively thick elements. In order
to minimize attenuation of the long wavelength energy by the relatively thick
~optics, an optical mccteficrl with low bulk gbsorption inthe 3 ~5pm and 8 ~14um

- regions is requured, The des:.gn showu in Figure 4-12 has bheen ray iraced
~ for a refrcrctive index of l 7. which is representative of various long wavelength

trcznsmissive, low qbsorption optical materials. See Appendix B,

~ In the 3 - 5um wavelength region, severcxl materials can be used: sapphire,

calcium flucride, or barium fluoride. All of these have low bulk absorption in
this wavelength region and have goed optical fabrication characteristics and
good e’nviromneﬁtal'durability. in the 8 - 14pm region, the choice of materials
with low bulk absorptivity is more limited and unfortunately, many of these
materials, such as NaCl, KC1, KBr, Cel and KI are hygroscopic. The only
other materials exhibiting low absorption in the 8 - 14um region which are not

* hygroscopic are germanium, ZnSe (IRTRAN 4) and Cd Te (IRTRAN 6). However,
germanium is relatively expensive and must be antireflection coated to
maximize its optical throughput; 2nSe and Cd Te are even more expensive and
have an index of 2.4. Purthermore, an optical system using the "solid
reflector” concept shown in Figure 4-13 when implemented in germanium
[index = 4), becomes very thick, which makes it both expensive and heavy,
in addition to which, the long optical paih theough the germanium will resuli

in some attenuction of the l4pm radiant energy.

o In the event that any of the hygroscopic matericls are used, the
evczcucttlon seal will be placed at the entrance aperture of the system, where
c rel,cz_tively thin germanium or ZnSe window can be located to define the
vechium-ctir inférfczce for the dewar. Alternatively, if gei'mariium or ZnSe is
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used for the optics, the vacuum=-air interface will be situated just ahead of

the detectorurray so that the germanium or Zn Se optics will act as the dewar
window. The final choice of material for the optics will depend upon a detail
fradeoff study to be conducted in the design phase for the instrument using

such considerations as: ray-trace-determined optical resolution, manufacturing
‘colércznces ; vaocuum sealing interfrce characteristics, relative coating difficulties,

and overall optical throughput.
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OPTO-MECHANICAL CHARACTERISTICS OF SELECTED
SINGLE WAVELENGTH MULTISPECTRAL SCANNER DESIGN

Short Wavelength
Sensor Moedule

Long Wavelength

B Sensor Module

Characteristics

- Speciral Coverage

No. of Spectral Bands per Sensor
Means of Speciral Sorting

Field of View Width per Sensor
Max. Blur Circle Diameter

T/

Equivalent Focol Length

cCD Détectorhrmy

- Weight of Complete Assy.

Housing Material

‘Field Distortlon (9 Map)

Dewar led. Time

0.4 to 1pm
1
Interference Filter
60°
1 milliradion
1.5
13 .3 mm

1024, 13pm
square elements

1.2 ibs.
al, Aly.

2% max.

en -

lp to l4pm
1
Interference Filier
50°
2 milliradians
2.2
52.0mm

512, 0.004"_
squars elements

6.0 lbs.
Al, Aly.
2% max,

12 Hrs.
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4.4 El_ectr-onics

In this section, we will describe the electronics design which is
required to support each sensor module in the AMS system. A key feature of
this design_ is its modularity which permits up to 24 sensor modules to be
utilized c:t' any one time. This artificial limit is set by the data handling
capc ilities of the selected tape recorder; of course more than one tape

system could be employed to provide additional capability.

The purpose of this section is not to present a final electronics design
for the AMS, but to provide «a detailed systems description of the required
elecironics, along with system considerations, which may be used as «

design guide in the next phase.

Figure 4~14 is a block diagram of the overall AMS system. With regard
to the electronics, it shows the relationship between each of the independent
sensor modules and its post elecironics and the portions of the AMS system
that are common to qll. Unless otherwise noted, we shall refer to a sensor
module and lis corresponding post elecironics as if it were one unit called a
sensor module. With very few exceptions, the elecironics design associated
with ¢ short wavelength sensor module is identical with ﬁat of a long wave-
length sensor module. However, these differences will be identified, as

appropriate, in the sections which follow.

As shown in Figure 4-15 each sensor module consists of a set of
collecting optics, an in-flight calibration source. ¢ CCD linear image array,
a clock interface and temperature monitors. In the case of the long wave-

length sensors, cryogenic cooling of the CCD array is also provided. The
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o if-...}c::arrespondmg post eIectronics consists of an analog video signal processing

- 1 _:chczln, a dlgitctl sn_:;nal processing chain with roll and V/H rate compensation

: and @ blocl* which formats the deta prior to recording on tape. In addition,

EE there 1s a timmg and contro‘ block which provides g1l of the timing for the
module in sync:hronism with. commands and clocks sent from the common.

'system controller, Housekzeepmg and BIJ. (built-m—-test) da’ccz are multiplexed

. with radiometric data from the CCD array during the periodic in-flight calibration

sequence. Each sensor medule receives iis do power from the system power

supply crnd lOC'C[llY regulates 1’c.

' Again refarrmg to Figure 4-14 the formatied serial data output of each

: . .sensor module is fed to its umquely allocated track on the system's mulfi~

o chcmnel tape 1ecorder In additmn o the 24 dcz’cu channel inputs, the recorder
stores IRIG time c:ode informottion and the tape speed clock on two of its four
R c;vailable quxiiliczry channels. Other aircraft information relevant to data

reduction may be stored on the other two channels. The recorder's iape speed
is varied by the. systém‘ controller in accordance with the aircraft's V/H rate
to achieve constant duta pucking density. The data stored on tape is sub-
sequently reduced and cmc:lyzed in a ground~-based computer focility. It is

at this facility that the ccrlibrcmon daia taken during the ground calibration

of the system is crpplied to the data recorded during flight.

In order to synchronize the operuuon of ull of the sensor modules in

o -the system, a common Microprocessor based system controller is utilized.

:—.-Ii_:s clack is u_sed as the sysi.em_ master clock. This controller qocepts roll

angle,. IRiG time c:orle and V/ " rate data from the aircraft data interface., It
uses this dam to ultimutely provide roll compensation and V/ H rate correction

- for ’she datct outputted from each sensor module,

A T
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One of the mct.-,n tasks of the system controller is to support the user
interfctce function shown in Fa.gure 4-l4 Although this function is no:. fully

defmed at thxs time, some oF its 1mportcm'i: featureb are: :
| ._(1) Allows monﬁ:oring go—no go etcztus 'of tczpe recorder chcmnels
(2) Permﬂ:s mcrr.mu { c:ctwcxtion of an 1n-flight culibrcﬁ:lon sequence
{3) 'Allows s e_-le_c;i;i‘on of 1n—f11ght 'cahbrcz‘a:zon duration and frequency

CY A;iows a health check of each sensor module in the system to

be made

(5) Displays various temperature monitor poinis, e.g., detector

By .CIrrCLy temperqtures or reference source temperatures . ete.

Pe;:iochccrlly, the system controller places the system in an in-flight
-calibration mode., ThlS is done either autometicctlly or manually as meni.ioned
above. In this calibration mode a "zero! ro:diance reference is placed in

front of ecteh sensor module. This reference may tc:ke the form of either the

proteotive aperture covers on the system pod or a reference “flczg on the
sensor m.odule it_self. In addition, the system controller activates the in—flight
calibraiion source in each sensor module and commands each module to

multiplex in with the radiomeiric data housekeeping, BIT and temperature daid.

The eleetronie system oonsiderdtion's‘ 'detdiled operaiion and inter-
relationship between. the various blocks mentioned above are described in
the following sections.




=88 ... . . . Project 2738

Sop

R "4 4 l L’leg;tronjgs System Gonmderatlons

| 441 1 Dvncxmic ch"iqre Con51derm:10ns for Short Wc:ve]ena_m Sensors

As shown in 'Iczble 4—4 o the r:mge of dlffuse reflectcznce vcxries

| ;cspproximcztely 2 3 1 over the short Wavelength bands being 1nvest1gc:ted. The
g largest cznd worst ccrse sensor irradmnce B &‘x, from a CGD qrrocy saturatwn '
pm‘nt of mew, occurs in bc:nd 9 ( }\. = 0.81pm) when the sun is normal to
':the scene (qS = 90 ) cmd mth 100% crtmosphenc transmission ('r =1)and
.whlle “look.ing at a near perfect diffuse reflectance (p= = 1). If moximum

| integmtmn time t. 18 selected based upon. 'thlS irradiance, then in order to
I

just resolve a 1% contrc:st chcmge ina typical scene B YP (l.e., sun angle

2 '_-q5:" 45°, cn‘:mospheric tmnemmsmn ™= 0. 8 averuge ‘scene reflectance o
p =10.2) the dynenic rcrnge requ:;red is 884 1. Sinc:e it would be deslrable .
. to digﬁ::.ze the data from both cx s-;gnc:l processmg cmd dcttcz hcmdhng poma. DT

of view, o 10 bit A/D would be: required. However as Figure 4-3 ShOWS, -
the maximum crllowuble 1:1 for ﬂns worst case B cr:é condition 1s 100 BS.
This, m turn, requires that the s:.gnczl output correSpondmg to ecrch pixel

in the 1024 element array be digitized at a 10 MHz rate. Unfortuncrtely,

10 bit A/D converters with 100 ns conversion times to not exist at prese-x’c,

hcwever, 8 b1t converters do. See Section 4.4.2 1. i

Therefore, i.n order to accommodc:te thls large dync:mlc rcmge whz.le _

- at the scxme time not scz..umting the GCD qrray photouaites nor compromlsing

. the 1% (of typical scene) contrast reso;vmg‘ capabﬂlty of ’che system the
following approach is suggested:s i : :
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Each GCD cxn-czy will be operc:ted in an automatic exposure conirol mode.

'Th1s mode of operation is realized by cxdjustmg the integration time tI of the
‘array in propertion to the average brightness of the scene, while keeping the

vvvr'eadout rc:te’c*Onstant-. Naturcrlly, provision could also be made for manual

adjus*tment. This fcrm of control is possible since the signal output of each

photosfce is directly proportional to tI‘
_ Suppose thczt tI is set near 880 psec..so that under the typical scene
. _COnditionS BtYp . (¢ = 45°, 7= 0.8, p = 0.2) the signal output of each

pixel is near saturation. Then by digitizing each pixel output into an 8-bit
word,, mecrsurements with contrasts of at least 1% may be realized. Now

suppose thcrt the gverage bnghtness of the scene increases to the worst case

- condition B_ (¢ = 90°, 7= p = 1), then the integration time must be

"reduced to 100us to prevent pixel saturation as indicated in Figure 4-3.

To CEdJUS’t the integration time, the pixel outputs of each line scan

Cwill be digitally compared to a threshold value. When the number of threshold

“exceedances goes above a given value, the integration time will be made

‘s}hdrter. .A;similar process will be gone through to increase the integration

‘time for less bright scenes. See Section 4,4,2.1. Due to the unpredictable

nature of a scene, only two integration times are recommended, e.g., 100ps

and, 8780 ué . Manual selection is d¢lso possible.

In order to allow data reduction to be performed with variations in the

1ntegrcri.ion time, each data word stored on tape will contain an integration time

tug as explalned in Section 4,4, 1 7. |

oY Buc 2 wrimiwbe L omitiade s A e Yol 2 i s 4e o b s - enra— o

R



The dynamlc rcnge requ;u:ed to be hcmdled by the s:.gnal processmg for

_‘the 1ong Wavelength sensors is du'ectly propor‘t:.oncxl 1:0 the mtlo of the magimum

bc:ckgmund radiation, Bmcxx" to the ncnse equwulent rada.ccnce, NEAN (Note: :

tHe NEA\I is related to the NET discussed in Section 4.1, 5 by the slope of

’che blc:ckbody curve ﬁN .) For the 3.5pm ~4.2um band, the dynamic range is
1000 1 for a.0.1°K change, as indicated in Section 4.1.5. Similarly for the

z '__xs p.m 14}.1.111 band, the dynamic range is 5000:1.

Thus m order to achieve ¢ NET of 0.1°K or better using an 8 bit /D

| converter, the buckground level must be subtrczcted to reduce the dynamic range
-to at least 256 1.

" Since the 8 bit A/D converter which ultimately follows has an accuracy
of 0.4%, the level subtracted, VSU‘B' and the subsequent gain, G, in the video

buffers must have the following relationship with the background, VBKG and

.the signal AV:

G (VBKG + AV - VSUB) = 0.004

This defipes the gain G required provided the subtraction error is small. If
" ) ! _— * J : —§-—u

the subtraction error (Vo VSUB) is €, then if we want 7y~ to be

smaller than 10%, then the background level must be matched to within one

partin 5 x 104' ‘in the worst case (8 - 14pm). That is:

-.4)

e = 0.1 AV = (0.1) (2 % 10 VB_K.G
e = VBKG
5 % 1()4
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This result for qn NET of 0.1°K is not practically realizable because:

1) The adjustment cannot be done with 512 analog voltage divider

bicas networks for each detector array.

(3) The speed requirements allow only « 12 bit resolution {one part

in 4096) digital to analog converter to be used (see Section 4.4.2.2)

and {3) The hackground temperature will change that much even with a

temperature controlled background.

Therefore, it appears at present that only a 1°K NET may be realized even
though the detector array per se is capable of more precision. However, this

., should be adequate for the AMS application.

Note in passing that gc coupling, clthough inviiing to consider and easy
to implement, introduces o difficulty in that the true value of the sighal is lost

in the process.
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- -¢4 1 3 Imnact of CCD Nozse Meghctn;:sm on Short Wuvelength Signczl Processmg

Itis estczblished in. Sectzon 4.1, 2 that the signal to noise ratio at the |
output of the CCDh array for each photosite is proportional to the square root ”
of the integrdtion time, :\?'{; . It is further shown that this ratio is not
degraded by subsequent wide bandwidth amplificoiion since the major noise
source is dark current noise. Conseguently, one would be témpted to c‘rilbw |
the integration time to inc_rease to the full resobution element dwell time, T

. . ] dl .
in corder to maximize the 5/N, See Table 4~5. However, as is shown in '

Figure 4-3, pixel safuration occurs much sconer. For the candidate
- T/1.1 system and the brightest scene expected By in the short wavelength
band (kc = 0,81lum), the maximum allowable integration time is only 100ps.

= 880ps max., see Table 4-5.

Even for the typical scene Btyp ' tI

Fortunately, as o result of the nature of the CCD noise, these short

infégfcztion times are not a limitation oh sjrStem sensitivity provided that we

o i

integrate or average the signals in each photosite over the entire dwell time.

As o consequence, the integration time of the CCD may be made independent

| g

of the V/H rate dependent dwell time. This is quite an imporiant result. We
- will, however, vary the CCD integration time with scene brightness to achieve
a form of aqutomertic exposure control as sxplained in Section 4.4.1.2.

This important ohservation can be seen os follows: If the signal at
the end of an integration pericd is SI and the noise is I . where S = q tI
and N, = b Nt., then the S/N at the end of the integration time is:

8y . a
(%), = 5=

If we now define m as the ratio of the dwell time, T ' to the integration

"time,"tI, 'i.e. .
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'_-'Td'
m =

—

1

‘ fhen,'.averctéihg"m signal samples and m no;Se____a-,s.'q::ﬁibles, gives:

=

T I m = m 4
since the signals add linearly, and
N, = Nm oNpo= [ 5%m NE < BT
m m. - oom T

' since the nolse increases as the square root of the number of samples.
~ Therefore, the signal to noise of the average is:
JEN L a
= = = NT
( N) b Y
av ,

which is the same result as hc:d euach pixel been mtegmted over the entire

R rovse S v B s i -eon SR~ S —— T - R B R
Qm
b
It
gis
Il

~dwell time mthout the p_hot_osite saturation restriction.

As Table 4-3 shows, the number of averages, m vories with both

‘V/H rate and scene bnghtness . Since we cannot average fractions of a sample,

~ the numbers in parenthesis represent practical values.

The required averaging is implemented digitally as described in

Seciion 4.4.2.1. Ba.éiccrlly, the averager consists of gn dccumulator and «
memory. 8 bit words from the A/D converter, which represent the signal
outputs of each photosite in the CCD array, are added to the corresponding

_— .
) mww,. - v - Y T R i il .
Ay S . o vk e L s J T VO LY - . -
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- :'.pixels from the last line whmh was previously stored in memory; the result of
', 'zectch ctddztion is then returned to its corresponding memory location. After m
_. ) cycles the memory- contqins in each location the sum of the outputs for that
B piyel over the dwe]l time. | |

The moximum bit length of the adder and the memory location is a

* direction function of m. The maximum number each memory location will

" contain is o8 X m. Therefore as Table 4-5 shows, a 17 bit word is

N 'reqmred to handle the ICITQ'GSL gase. Although the averaging process requires
»the,sum in each memory location to be ':livxded by m, this is done on the

| ground to reduce the burden on the sensor electironics. However; the word

 length associated with the final data in each memory location will be divided

by 2 to shorten the word length to a convenient 16 bits, Before outputting the

contents of this memary to the tape formatter, roll compensation as explained
in Section 4,4.1.5 is applied.

If should be mentioned that anclog techniques for averaging were
considered and discarded. First, classic analog averaging cannot be
practically done becquse 1024 storage elements (integrators) would be
required. Second, CCD shift registers similar to the CCD 3214 hy Fairchild,
although having more than sufficient anclog storage elements, cannot be
used since they cannot, by themselves, cccummulate over the required

'.Signct'l dyrit:mic range. Use of external attenuction, ;n; . to implement the

averaging algorithm:

3
i

a oy a, a
= o 2 L3 ~n.
i m m m.‘.i

m

2 o«
L=1]

is not practical for large m because of S/N degradation. Thus digital

averaging or actually, accumulation, is racommended,

e e e Ak AR e T~
R e s R B e B T A T T e T TN DCHRENT S 8]
- : e ROt T : - S S SN LT
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| REIATIONSHIP BETWEENT,, t'and V/H RATE

i A

CRESSSy MESTA PR R AR

. For Short Wavelength Serisors, € = 1 mrad, T/1.1

V/I-IRate e

. |Parameter . . ..

0.25 red./sec.

_0.0_25. rad./sec.

| Dwell Time T,

4 mé

40 ms

| Max Alloirabi;a integr;t;i"on sze,tI

B o
max

B

o tYp

100ps

880 p.‘s.»

100 p.s

880 s

d

- [Number of‘Aiferages inT,, m

B
max
- B
t¥yp

for

40

4.55
(4)

400

45 .5
{45)

Required Max. Bit Size of Accumulator

B. .
for merx
' B
typ

14

- (10)

17

(14)

TR
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4.4,1.4 Impoot of CCD Noise Mechanism and Bgekground Radiation on

Long Wavelenath Siangl Progessing

The subject of this section is adequately covered in Sections 4.1.5
and 4.4.1.2 respectively, with specific design recommendations described
in Section 4.4.2.2. In addition, many of the discussions pertinent to the
short Waveleﬁgth sensor signal processing apply equally well to the long

wavelength sensors too.
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.'._4 4 1 5 Roll Gomgensa’cmn Oons;demt\.ons .

Each sensor module, as shown in P:Lgure 4-16 , 1is desvgned to cover
Q nommc:l 6Qg° (5 8.7°} f1eld of view, this is true for e1’cher the short or the
long wavelength sensors. In order to cover o 100" I—'OV two modules must

be employed

~In the short wavelength sensors the 100° FOV correSponds to 1744
plxels out of a ma::umum of 2048 Sl_'_n_z.lquy fo_r the long wctvr_-;leng_th sensors,
the 100° FOV corresponds to 872 pixels out of a maximum of 1024. T_hus for

~ aircraft roll angles of less than or equual to #8.7°, roll dompenScfion can be

realized by simply deleting from the final daia outputted from each sensor,
as explained below, those pixels which lie ouiside the 100° FOV. Figure 4-17
depicts this situation.

As described in Section 4.4.2.1, the digital accumulator in each
short wavelength (long wavelength) sensor contains in its memory 1024 (512}
numbers each of which represents the sum of the signal ocutputs, over the ‘
dwell time, of a given pixel in the sensor's CCD array. Since the pixel
lecations to be deleted in the outputted dota are a linear function of roll
angle, then only the location in memory at which data outpuiting should end
need be kept track of to implement roll compensation. For example, if the roll
angle were 1°, then data in memory locations 855 through 1024 would be
deleted in one of the two short wavelength sensors covering the 100° FOV,
while locations 889 through 1024 would be deleted in the other. Thus «
simple "look up" table stored in ROM, whose pointer updated once every
dwell time, would contain the last addresses to be outputted from memory
for a given roll angle., For the chove example, these addresses would he
854 and 888,

S A T R o e T L Ay - SR
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s L ...4 l B Outgut Dcrtcr Rcttes
_ _ | As indlcuted in Section 4 4 l 3 a dlg:.tctl averctger is requlred to
preserve the S/N inherent in the GGD dr:ttct collected over a sccm“ dwell
‘time. Although the ctccumulcd:or processes the dcﬁ:c: from an en‘.:ire riy, 1.8.,

 over the 60° Fov

1

vt,.only outputs data correSpondmg to cx 50° FOV in accordcmce-

: With 4'he roll cmgle compensation dz.scus sion of Sectxon 4 i.1.5. Gonsequently,
" 872 da’cq_ gvo_rds ; grg outputted from the crc_cumu_lcttp_r for the short wavelength
: se'nsér and ‘436 dcttc: vﬁbrds, are oﬁtputted for the long wuvel.ength sensor over
the scan dwell time T L Singe T 4 varies. with the V/H rate, so will the
) '-ouuput daia mte. ‘Table 4—-6 lists the data rates expecied for the short and
'1ong wctvelength Sensors. We have as sumed for the purposes of tape recorder
' 'fermutting, ,whmh is d:.scussed subsequently, and for common digital accumulator

| __design, thcxt the output dc:tct word length is fixed at 16 bu.s .

e R DG ER kS DN B8 £ £0 B S5 G mwmmmm .
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" AVERAGER OUTPUT DATA RATES

- Project 2738

2: mrad

1 mrad

2 mrad

_ 1mrad

1 0.25 rad/sec

0. 025 rad./sec _ |

Data Rate (K WO_ITCIS_({S-‘?G._--_)" e 7

218 .

109

22

11

Magimum bit ._L'e.ngtﬁ in Memory -+ 2

16

16

16

Maximum bit Rate (M bits/sec.)

3,49

1,74

0.8

0,176

NOTE: 1 16 bit Word =

2 Bytes,, eg, 218K words/sec. = 436 K Bytes/sec.
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r.-‘-ljr l 7 Tcrge Recorder Conmderm:;ons |

_ As shown m F:Lgure 4-14 We have assumed that the pmmary- means ‘
yf:of stori ng rhe datcr collected from ecrch sensor module dunng a ﬂrght wrll

o i;he vict an on~bocxrd tc:pe recorder sysrem. Alterncrtlvely, the dc:icx could be

- ,-:;telemetered to ear?h over a rczd:.o link. Hewever, this cxl'i:ernc:twe would also

| ‘-"‘-._‘:'reqt_lre a tcxpe system, :D‘ the recerving stotions Were not alwczys in rcmge

I '_of the mrcraft during 1ts mrseion run.

The types of tc:pe systems thoct are genercrlly c:vallable ctre. drgrml

data. recorders mstrumentatron recorders and wdeo recorders .

Digr’cal ’ccme recorders have the advantage that they are d:rrect Iy oo

_ '::computer computrble Thcst is, the a.crpe mcry be recrd mto ct computer wﬁ:hom: o
: 'kj",::‘uny preproces smg m IBM format The Pertec TlODO t.ape driver W1th FB 450 |

-.tape formqtter is qn exc:mple of such o eystem, Bee crppendix. At 125 ips cmd

| c "_;_a data. dens:.ty‘ of 6250 Bytes/sec.; it is cc:pcrble of 781K Bytes/sec.‘ The .

e .mc:xlmum data rate requrred by a sensor module is 43 6K Bytes/sec (ses

Z'_'Table 4-6 ). At this trctnsfer rate, a “scan” of the scene corresponds toa

o '4 ms dwell time. If the tape 1s 2400 ft. 1ong, then the maximum record time is:

| Recf'ord»’r_ime = (2400 . )(12 ) (ezso -ﬁ-eﬂ —-—-———Lé-—-;g
o . 436K —1‘5———5, .

= ¢ 9 mmutes

If start/stop and formcﬁ:ting is tcsken m’co account thrs tune reduces
o cmprex:.mately 3. 5 minutes. This'is only for one 50° FOV spectrctl bcsnd' ‘

B Gonsequent]y, this type of recorder system is 1mprctctrcal

L em ey
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As a prc:ctmccl alternmve, the Ampe? AR~1700 alrborne high density

'V'-".k‘dlg]_tql record]_ng system, mth Mlller dlgltal recorder elec’cronics for excrmple,
qppecsrs to be czppropnute, see appendl,x. This system can record image data
i-t:f'on up to 24 trcxcks, one irack hemg c:lloted to each sensor module. In addition,
3 }. qnglllqry data may be recorded on any one of 4 additional tracks, e.g., IRIG

' time code and the data clock whz.ch varies with V/H rate. This latter clock is

cxlso used to vary the tape sPeed in order to achieve a constomt bit packing

'» denswty. As chble 4-6 sbows a mczmmum transfer rccte of 3.49M bits/sec.

- is required m the worst case. ThlS recorder system is capuble of 4 M bits/sec.

'fcn’c a data densxty of 33. SK. ba.ts/m. Wlth 10,500 feet of tape available, the
. mcrximum record ‘ame Would be 17 .5 minutes. ThlS is reasonable when one

o 'considers thczt 12, 100° FOV sensor c:hcennels are being recorded simultaneously.

o deeo recorders presently avcﬁlc:ble, e.g., &rvin Echo NRR-421, see
:'appendm, have bandwidihs to § MHz which will handle the 3.49 M bit/sec.
| '_sensqr,dutc; rate. They al_sq have a channel available for timing information.
.'_Redérd V'ti"me is 60 min. These systems are not at present adequate for recording
-~ mul’n-sensor datq. However, work on 80 M bit/sec., 50 min. recorders is

- gomg on at Bell and Howell under classified contract., This type of recorder
- ' is of interest bec:ause_ it will be able to handle mulii~sensor data and provide

Iong recording times.

" In light of the above, we have assumed the use of a multi-track
instrumentation recorder like the AR1700. Figure 4-18 shows « possible

dat format for the serial data input on one track.
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4.4.2 Details of Electronics Design

4,4,2.1 Short Wavelength Sensor Module Electronics Design

Figﬁre 4-15 is a detailed block diagram of the AMS elecironics. I

is referred to in the discussion which follows.

As described in Seciion 4.1.4,each sensor module operating in the short
wavelength region will utilize a Fairchild CCD 131 linear image detector array.
In order to prevent photosite saturation, this 1024 element array is read out
at an effective 10 MHz rate. As discussed in Section 4.4.1.1, the aray's
photosite integration time is switched between 100us and 880us by the post
electronics depending upon the dynamic range of the scene. The CCD131
requires o number of clocks for operation, see Appendix C. The major
portion of these clocks are generated in the sensor module in a block called
clock interface in order to minimize cabling and potential EMI problems., The
input to the clock interface is from the timing and control (T/C) processor
loccted in the post elecironics. Besides outputting the required timing and
conirol signals for the analog and digital processing sections to be described
subsequently, the T/C processor outputs the integration and reset clocks for
the array. Since each sensor module's T/C processor operates from the system
coniroller's master clock, all clocking within a module is in synchronism with
all other modules in the AMS system. This latter feature permits easier EMI
control,

The analog video output from the CCD 131 array is actually read cut on
two lines at o § MHz rate; one line outputs all of the even photosites and the
other line outputs all of the odd photosites. Each output is fed to « separate
buffer amplifier and voltage clamp as shown in Figure 4~19, In order to
minimize crosscoupling between video samples in these amplifiers to less
than 1 LSB of the 8 bit A/D converter which follows, their bandwidth must be
at least 7.5 MHz.
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The voltage clamps operaiing in conjunction with the analog multiplexer
(MUX) and sample and hold generat;a a 10 MHz analog signal which is free
irom reset transients and reset (Eé.'l.’) noise. These circuits implement, in
practice, the correlated double sampling (CDS) technique described in
Section 4.1.3. This, of course, is in addition to their primary functions

which are described sulisequently.

During an in-flight calibration sequence, the various temperature
monitor outputs, e.g,, CCD array temperature, aperiure cover temperature,
ete. and other analog housekeeping and BIT (buili-in-test) functions are
multiplexed into the main data stream through the analog multiplexer (MUX).
The output of the MUX is fed to a sample and hold which is also clocked at
10 MHz, see timing diagram in Figure 4-19, The output of the sample and
hold circuit is then fed into an 8 bit A/D converter. Because of the high data
rates involved, a TRW monolithic video A/D converter Maodel TDC 10077 is
ui“.ilized, This device typically does a conversion at speeds to 30 megusamples/
second. Since the analog video is clocked at 10 MHz, the A/D will also be

clocked at this rate. See appendix for data shests.

The output of the A/D converter is fed into a digital MUX. During the
non radiometric portions of the calibration sequence, e.g., housekeeping, BIT,
etc., the data from the A/D converter is outputted directly to a data formatter
prior to magnetic tape recording. However, during the radiometric portions of
the calibration sequence and during @ normal data run of a natural scene, the
data from the A/D converter is outputted to a digital averager for further

processing.
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As described in Section 4.4.1.3, the purpose of this processing is to
restore the S/N of the data collected for each pixel to that which would be
measured if the integration time could be made as long as the "scan" dwell

time without saturation. To achieve this requirement the average must:

(1) Accumulate the sum of each detector element output over a
full "scan” dwell time, T q°

(2) Vary the number of partial sums, m, in accordance with the
aircraft's V/H rate.

(3) Output data corresponding to a 50° FOV; compensating for as

much as £8.7° of aircraft roll.

(4) Limit the size of output data word to 16 bits.

To perform these tasks in 100 ns, i.e., the time between video samples,
requires a "flip-flop" configuration which uses two accumulators, each with a
bit capacity of 17 bits and two memories each of which can store 1024, 17 bit
words, Figure 4-20 shows a possible implementation of this requirement.

Each memory is consiructed from 1024 x 1 RAM devices similar to the
Fairchild 93L425, Typical time for a read and write cycle is 60 ns. Although
faster memories exist in ECL technology, we have not chosen them because
their low temperature performance is limited to 0°C. Each 17 bit binary
accumulator uses 8 SN 545281, 4 bit parallel binary accumulators, and 3
SN 54182, lock-ahead carry generators or similar devices. Typical enter-store
and add time is 75 ns. Adding this to the memory read/write cycle time results
in 135 ns for adding a current output of the A/D converter from a particular
detector element, to the previously stored partial sum for that detector element
and then returning the new partial sum to its memory location. Since the A/D
converter is outputting data ot ¢ 10 MHz rate, i.e., every 100 ns, the




.
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above process is teo slow for one accumulator/memory. Therefore, in order
to provide more processing time using these devices, the dual accumulator/
memory configuration shown in Pigure 4=-20 is recommended. This

flip-flop urrangement, by operating on aliernate A/D converter outputs, reduces
the effective processing rate to 5 MHz and consequently allows 200 ns for

the data cecumuiation process. After m cycles as described above, the sum
in each memory location is divided by 2 {(shift right) in its corresponding
accumulator and each resulting 16 bit word is alternately ouiputted to the data
formatter; thereby reconstructing the 10 MHz data rate. The overall fiming
and conirol of the accumulaior as well as the sample and hold, A/D coaverter

and multiplexers are under the contirol of the timing and conirol processor.

The readout rate of the CCD array is maintained constant regardless of
the V/H rate. The only timing parameter thut is changed with respect to CCD
array operation is the integration time. As described in Section 4.4.1.1, the
integration time is varied between one of two levels (100ps and 880us) in
order to accommodate the maximum expected scene dynamic range, while
permitting contrasts of 1% to be measured. The decision as to which integration
time to choose is done automatically in the post electronics by counting the
number of exceedances that each digitized output from the array produces over
a given dwall time. Wh=n this number of exceedances reaches a given
number, then the integration time of the array is reduced from 880us to 100pks.
Conversely, when the number of exceedances falls below a given number,
then the integration time during the next dwell period is increased from 100 us
to 880us. The logic that controls the integration time glso generates a tag

on the formatted and recorded data so that ground data processing can take

the integration time change into account.




4 - 54 Project 2738

In order to conserve tape and to lessen the burden on the tape system
with respect to data transfer rate, roll compensation is performed in-flight on
the data before it is outputted to the tape recorder as described in Section
4.4.1.5. Roll compensation truncates the 60° of radiometric data contained
in the digital accamulator such that only data corresponding to 50° is outputted.
Roll compensation will be implemented using a ROM in which is stored the last
memory address at which data is to be outputted. The selection of this last
memory location is a function of the roll rate which addresses the ROM. The
roll data is obtained from the aircraft infterfuce and is preprocessed in the
system controller which contains the above-mentioned ROM. The system
controller, in turn, outputs the roll compensation address to each sensor

module's T/C processor.

The roll compensated 16 bit output of the digital accumulator is fed
into the data formatter. The purpose of the data formatter is to put the data
into a form which will allow subsequent unambiguous data reduction from

the recorded data. To do this, the formatter takes the digital data and

annotates it with the sync codes, integration time and calibration tags as
shown in Figure 4-18. |

The implementation of the data formatter, the integration time control
logic, as well as the T/C processor in each sensor module will utilize a
microprocessor where speed permits; otherwise discrete logic will be utilized,

As is shown in Figure 4-15 the sensor module and post electronics also.
contain ancillary electronics, e.g., an in-flight calibration source controller,

BIT, housekeeping and local voltage regulation.
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As described in Section 6.1, the source controller for both the short
wavelength and long wavelength sensor modules are essentially the same;
that is, it uses a conservation of charge technique to effect temperature
control; For the short wavelength sensor, the voltage applied to the source
controllerfs storage capacitor is fixed. Whereas in the long wavelength sensor,
if the aperture doors' approach is used as the radiation reference, this voltage
‘i3 a variable depending on the doors' absolute temperature. To produce a
variable wvoltage, the doors’ tempercaiure is measured pericdically. The
system coniroller generates a digital word corresponding to the voltage which
should be placed on each of the storage capacitors in this system. Aliernatively,
if the mirror/solenoid approach is used for the long wavelength reference source,
then as described in Section 6.1, the storage capacitors are operated with a

fixed voltage as in the short wavelength case.

The details of BIT, housekeeping, and local voltage regulation will
be worked out in the detailed design phase.
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4.4,2.2 Long Wavelength Sensor Module Electronic Design

The design of the electronics for the long wavelength sensor module is
nearly identical to that described in Section 4.4.2.1 for the short wavelength
sensors. The major difference is the need to perform background subtraction

to achieve the desired dynumic range capability as discussed in Section 4.1.5.

Background subtraction is realized in a combination of digital/analog
circuitry. Figure 4-21 shows one such implementation. The value to be
subtracted from each detector element output is stored in g read only memory
(ROM). The stored values ave determined during the calibration phase when
the sensor is looking at ¢ uniform 300°K blackbody. As a consequence, the
subtraciion not only subiracts the "de" background radiation preduced signal,
but also any fixed ottern noise associated with the detector element being

processed. The ROM is controlled by the timing and conirol logic.

The digital output of the ROM is fed to a high speed, 12 bit resolution
digital to analog converter similar to the Data Conversion Products DAC-8, The
analeg output of the ROM is then subtracted from the appropriate analog video

sample from the detector array.

The subtraction is performed at the input to the video buffer amplifiers.
Assuming an even/odd output arrangement for the CCDs as in the short wave-

length case, an analog MUX is, therefore, provided, see Figure 4-21.
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5.0 MECHANICAL DESIGN

The AMS System is designed to be modular in configuration thereby
allowing for maximum operational flexibility. It is designed io be easily

instglled in an aircraft using the standard mechanical and power interfuaces.

Figure 5-1 shows one possible mounting configuration.

This configuration mounts as many as 24 {12 pairs of) sensors in a
single pod. The final shape, mounting location and interface to the aircraft
will be worked out in the next phase., The configuration presented in

Figure 5-1 allows easy access to the sensor modules and electronics package

through two access panels permitting facility in system maintenance and
subsystem removal. Since «ll sensor modules are independent in operation,

all 24 need not be installed or operational to allow system operation of the

remainder. Sliding doors are also provided in the pod design to protect the

optics in general and especially during landings and takeoffs. In addition,
these doors provide a "zero" reference for the long wavelength sensor, see
Section 6.1.4.

Aircraft roll compensation of the data outpuited from the system is

provided for as described in Section 4.4.1.5. As a consequence of this

provision, the data recorded is independent of roll angle within £8.7°,

5.1 Environmental Considerations i

The AMS System is designed to operate in the vibration and shock

i
ﬁ environment usually experienced in any operational four engine prop-jet. i
Since the AMS has no moving parts, except perhaps for a calibration solenoid Ii

on the long wavelength sensor {see Section 6.1.4), and operates at low voltages, [1
1
i

it is therefore not expected to experience difficulties in high altitude applications. "

S S
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All materials and component parts are selected for high reliability and to
withstand storage temperatures of -22°F to 150°F. The cold temperature
limit being set by the short wavelength CCD (CCD 131). If -30°F is a firm

requirement, either the feasibility of special processing for the CCD 131 must
be undertaken or provision for heating the device made. The latier being

awkward in storage situations. Under operational conditions, the temperature

o T AT T L LA s
PateLEA e bt (20 apa 0 - . 5
et sttt fialnmds iy

-’ e B L = L R ., By s maealt I T

range of -30°F to 110°F is easily accommodated .

The AMS is designed to operate in a humidity environment ranging from

LR T

0 to 100% humidity. All components which are affected by moisture are located

in sealed environments within the sensor module, e.g., optical materials which

may be hygroscopic, see Section 4.3.9,

ST R e

As indicated above, condensation on the optics during aircraft descent
will not deteriorate the sensors. However, it may affect performance.

Provision is made in the sensor module design, see Figure 4-12, to heat the

exterior of each sensor mddule to above the dew point to prevent formation

of condensction on the optics.

5.2 Sensor Module Design

As stated in Section 5.0, the AMS System has been designed to be
modular. That is, for each 60° F.O.V. spectiral band being monitored, there i
is a corresponding sensor module (with its post electronics). To cover a roll

compensated 100° F.0.V., a pair of sensor modules are required. The AMS

PR o A

System can accommodate as many as 12 pairs of modules. All mcodules are
independent, optically and electronically. Thus a very flexible system results.
Sections 4.3,7, 4.3.8 and 4.3.92 describe the optical design aspects and 4.4.2.1

and 4.4.2.2 the electronic design aspects., : ‘,
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5.3 I Alignment Considerations

5.3.1 Short Wave Sensor Optical Alignment Considerations

In this section we will present some general optical alignment con-
sider&tions as they apply to the specific sensor design approach discussed
in Section 4.3.8. As stated earlier, it is not meant to be a procedure but

it is meant to support the design and show that it is practical.

The various optical properties of the optical elements themselves can
be used to act as indicators for the positioning of the elements. For example,
as shown in Figure 5-2 which shows the fiber optics removed, the pointer
and return image coincide only at the center of curvature of the spherical
reflector. The overall approach is building up the assembly one step at a time,
First, the spherical reflector is positioned alone and carefully checked with a
rotary table, alignment telescope, pointer, etc. The corrector shell element
is then iniroduced. If difficulties arise, the elements are reshimmed if
necessary, until a complete and checked system is obtained. For those sensor
modules which require filters which are opaque to the eve, a clear glass
corrector shell, manufactured to the same tight tolerances as the actual
corrector shell, will be substitued during this phase of the alignment. Upon

completion, the actual corrector shell to be used is introduced.

The complete lens cell subassembly is then assembled to the main
housing with all adjustments at mid position. The detector array and fiber
optics subassembly is then assembled through the slot at the top so that the
spherical end of the fiber optics bundle faces the spherical reflector.

The dstector array assembly must be hard mounted to the main housing
by means of pins or shoulder screws so that subsequent removal of the unit
does not upset the alignment of the fiher optics to the optical system. The

input end of the fiber optics and the image surface formed by the optical
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system must have the same spherical radius to within the size of one array
element, Optical measurement techniques can be used to determine the
radius of the optical image; then the fiber optics radius can be adjusted by

conirolled polishing procedures.

Since the input face of the fiber optics and the image surfuce are both
spheres of the same radius, it is only necessary to make their centers coincide
for proper alignment. Consequently, only three degrees of freedom are needed
between the two subassemblies. The three adjustments could be divided between
the two subassemblies but as Figure 4-10 shows, all three adjusiments are
on the lens cell. They are essentially X, Y, Z linear adjusts. As stated
previously, shim adjusts are always preferred over screw adjust wherever

it is convenient or possible.

Although a dummy detector array fiber optics subassembly might be
used to monitor the image with a microscope at the output end of the fiber
optics as shown in Figure 5~3, it is better to monitor the electrical output
of the detector array to verify overall performance of the completed assembly.
The general sefup shown in Figure 5-3  will be needed during the alignment
of the optical image to the fiber optics array. The rotary table eliminates the
need for a wide angle high resolution target projector but the entire field
cannot be tested simultaneocusly. Significant portions of the field can be

sampled at one time for alignment purposes.

When this adjustment is complete, the side supporting stalks for the
fiber optics are inserted and adjusted so that they are within a few thousandths
of the fiber optics. This can be monitored by watching the adjustment through
the front corrector with a jeweler's loop. The corrector has very little power
and acts more like a window. If optically opague narrow band pass filters are

used on the corrector, side looking holes in the main housing and lens cell
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will have to be used to watch the feet of these stalks. The electrical output
signals, the turns count on the stalk, plus the jeweler's loop would all be
used to bring the stalks into contact with the fiber optics without misaligning
the system.

Final boresighting of the sensor assemblies consists of aligning the
optical axis with g main housing flange. This can be accomplished by a pair
of wedged shims (not shown in Figure 4-10 ) and the general setup shown in
Figure 5-3. After the adjust, the shims are pinned to the flange to allow
interchangeable installation of any sensor which has a boresighted mounting
surface.

5.3.2 Long Wavelenath Sensor tical Alionment Considerations

The purpose of this section is to identify any particular alignment
consideration that pertain to the long wavelength sensor design shown in
Figure 4-12. Again, it is not meant to be a procedure but to support the
design and show that it is practical. Many of the general techniques for
aligning long wavelength optical systems apply here, as do some of the

considerations discussed in Section 5.3.1.

The sensor is mounted on a back cover plate which can be adjusted for
aligning the sensor elements to the optical image plane. A shim is used for

axial adjustment. Side screws produce any X, Y adjustments required.

The fabrication of the optics could be treated in the same manner as
that used for a simple doublet with both elements of the same index. In case
there are cementing difficulties, a small air space between the element would
have little effect on the blur circle. Anti~reflection coatings would be needed

however,
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If separate elements are used, side screws could be used to adjust
them with respect to each other. In addition, the centers of the two spherical
surfuces determine an optical axis which must be perpendicular to the flat
first surface. General techniques similar to those discussed under the short

wavelength approach can be used in this case too,
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S.4 Power, Weight gnd Volume Budget for the AMS Svystem

The AMS System can be characterized as being comprised of four major
subsystems. These subsystems and the coniribution to the power, weight and

size of the total configuration is as follows with reference to Figure 4~15:

(1) Sensor Modules - One of these modules will be required for each
60° spectral band to be monitored. The CCD sensor, the clock interface,
and the calibration source will consume 2 watts maximum and require minimal
board space and weight. All power will be supplied externally.

(2) Post Elecironigs - One post electronics unit will be required for
each 60° spectral band to be monitored. Ecch one of these housed subsystems
will weigh approximately 15 lbs., consume 58.5 watts, and will be housed in
a7.5" x 10.5" x 12" enclosure. The greatest portion of the power consumption
in this system is due to the levels required by the data formatter and the
accumulator/memory blocks. Since the data rate to each bank of the dual
accumulator/memory is 5 M bytes per second, high speed logic devices were
essential in its implementation. High system power consumptions must result
when high system throughput rates are required. As the power and configuration
breakdown shows in Table 5-1., the wattage consumed by these two high-speed
digital subsystems is 41.5 watts which is 71% of the power consumed in the
post electronics package.

(3) System Coniroller ~ Only one 8080 microprocessor package is
required for up to 24 system monitoring channels; each channel, as stated,
previously, consisting of one sensor module and one post electironics module.
This controller will require 10 watts of power for itself and approximately 20
watts for the aperture door motor drive(s) in the system. This package will
reside in an enclosure with dimensions of 4" x 10.5" x 12", and it will
weigh 8 lbs.
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(4) Power Supnly - This package will supply power to each of the
three system elements listed previously. In the system's maximum con-
figurgtion, it will have to supply 1482 watts. A switching supply of this
magnitude will weigh approximately 100 lbs. ina 12" x 12" x 24" enclosure,
The A/C source supplying this power supply will have to deliver approximately
2.1 Kw to it, assuming a 70% power supply efficiency.

(5) Tgpe Recorder System. - The tc:pe system will also derive its power
diractly from the support vehicle. Only one unit will be required for 24 channels
of information. The Ampex Model AR-1700 will consume 490 watts maximum,
weigh 107 1bs., and will be packaged in two militarized enclosures. One
enclosure houses the tape system and is dimensionally 20" x 16-1/4" x 15",

The second enclosure houses the electronics package and is dimensionally
10" x 10" x 14",

A summary of the data presented above is listed in Table 5~1.
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TABLE 5-1
AMS SYSTEM POWER, WEIGHT AND VOLUME BUDGET

[ Sensor Module

(@} Power 2 watts
(b) Weight (electronics only) 2 lbs.
{c) Weight (short wavelength) 3.2 lbs,
(long wavelength) 8.0 lbs.
(@) Size (electronics only) 2-1/2" x 4.5" x 6"

1T, Post Electronics

@) Power 58.5 watts
(1) Datg Formatting 15 watts
(2) Dual 17 Bit Accumulator/Memory 26.5 watts
(3) Sample & Hold + Integration Time Logic  5.25 watts
{(4) Analog Multiplexer 1 watt
(5) CCD Timing Generator 3.25 watts
(6) Sources and Controllers 5 watts
(7) Assorted Interface IC's 2.5 watts
(b) Weight 15 ibs.,
(¢} Size 7.5" x 10,5" x 12"

I, Sysiem Controller

| {@) Power 30 watts
| (1) Electronic Control 10 watts
| {2) Motor Drives 20 watts
(b) Weight . 81bs.
i (€} Size 4" x 10.5" x 10"
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(@)
{b)
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(@)

kmmd et bmey
=

) (@)
E (o)
{c)

[ gkt RN JRchanrs TR Mieaks i |
5
L]

{@) Power 2600 watts
7] (b) Weight 690 lbs.
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WWW e T — i e NG R BV s el A N

TABLE 5-1

AMS SYSTEM POWER, WEIGHT AND VOLUME BUDGET

(Continued)

Sysiem Power Supply

Power Required from Vehicle (except tape system) 2.1 kw max.
Power Qutput in Max. Configuration (24 channels) 1482 watts

Weight
Size

Tgpe System

Power (from vehicle)
Weight
Size

M S Power and Wej S
(For 24 Channel System - 16 Short Wavelength Sensors
8 Long Wavelength Sensors)

Project 2738

100 lbs.
12" x 12" x 24"

490 watts maximum
107 1bs.

(1) 20" x 16-1/4" x 15"
(2) 10" x 10" 14"
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6.0 CALIBRATION

6.1 In-Flight Calibration
6.1.1 Calibration Philosophy

The purpose of the in-flight calibration source is not to provide an
absolute calibration of the system but only to check for gross variations in
CCD detector array responsivity and, in general, optical system throughput.
In this approach, the calibration source will serve as a transfer standard and
consequently will not be designed to be an absolute radiometric reference,
We may adopt this calibration philosophy hecause the in-flight calibration
source will be simultanecusly viewed by at least 5§12 CCD detector elements
in cach sensor module. As a direct result of these large numbers of simul-
taneous measurements and the monitoring of the temperature of the array as
well as that of the aperture cover (to be described subsequently), the state
of operation of the array and of the sensor module can be deduced with a high
degree of confidence, even if one or more elemental detectors were to faii.
This concept cannot be implemented in a single detector or small multi-detector
array hecause of the limited number of independent measurements which can

he made. This calibration approach is described as follows:

As part of the ground calibration sequence as explained in Section 6.2,
an in-flight calibration of each sensor module is performed and data collected.
By correlating the in-flight calibration performance data measured during a
normal flight with that data obtained as part of the ground calibration
sequence, the health of the sensor module under test can be determined.
Further correlations between the spectrally independent sensor modules in
the calibration environments can also be made in the same way to provide
additional information on which to evaluate sensor performance. [t is these
correlations taken over large independent numbers of detector elements that

permit the transfer standard approach to be utilized.
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6.1.2 General Considerations

In any in-flight calibration system, it is an inherent requirement that
the calibration be performed against a "zero" reference level. This reference
level usually requires the aperture to be covered or the sensor's FOV shifted
so that the viewed scene radiance is prevented from reaching the detectors.
This is usually achieved by placing a shutter vane in front of the aperture or

by moving the detector's FOV onto the reference.

However, in this case, where we would use multiple sensor modules
which contain no moving parts, the incorporation of multiple, solenoid-operated

shutters does not appear to be a desirable or an optimum solution.

Rather, we would envisage that the protective motorized aperture door
covers shown in Figure 5.1 be commanded closed during in-flight calibration.
With their inside surfaces insulated and painted black, this would place a
relatively constant temperature source at the entrance aperture of all the

optical modules; the temperature of the door would be monitored.

For the short wavelength sensors, since this cover will be at ambient
temperatures and will emit only in the long wavelengths, this will represent
a true. non varying, "zero" background radiance level. On the other hand,
the long wavelengii: sensors will output a d.c. signal proportional to the
radiance emitted by the black cover {which is a function of its absolute
temperature). However, because each cover's temperature will be relatively
constunt over the longest expected FOV dwell time {40 ms), due to its high
thermal mass, an adequate indication of the long wavelength detector array’s
uniformity of response can be obtained. This will be done by irradiating each
element in the array with a short pulse of radiant energy. The resulting pulse
will appear superimposed on this d.c. level at the array's output, so that

the absolute d.c. amplitude of this pulse will depend to some extent on
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the temperature of the door. (See Section 6.1.4.) The same technigue will
be utilized for the short wavelength sensors. However, the resulting pulse
will be outputted on essentially a zero d.c. level (dark current level) as

mentioned above. The implementation of these short radiant energy pulses

will be discussed subsequently for the short and long wavelength sensors.,

6.1.3 Short Wgvelength Sensors

Short wavelength in-flight calibration is achieved by passing a pulse
of current through a helical coil of platinum wire mounted inside the aperture
stop (see Figure 4-10 ) with the loop diameter being slightly larger than ‘the
aperture dimension. In this way, the entire fiber optic focal surface is flooded
equally with source energy and the reflectance of the mirror is chacked as well.
It is envisaged that the source will be pulsed by discharging a capacitor through
it as described below, thereby generating a pulse of "light" energy without
using mechanical shutters. The resistance of the calibration source will ba
set by using the appropriate wire thickness and coil length. The loop
resistance-storage capacitor RC time constant will determine the average
pulse width of the calibration pulse. The peak energy will he set to obtain
a calibration source radiance which will produce in each elemental detector,

a signal which lies approximately in the middle of its dynamic range.

The worst case requirement with respect to radiant power of the source
for the short wavelength calibration source occurs at 0.42um. At this wave-
length, the source must produce a radiant powser on the aperture of the corres-
ponding CCD array of 6.21 x 1[)-11 watts. This power corresponds to 50%
of the peak radiant power expected at 0.42pm and consequently exercises the
signal processing midway in its dynamic range for the typical scene, Bt o'
condition. This radiant power, PD‘ was calculated as follows:

. 2
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where:

DR = dynamic range factor = 0.5

= 1,2 x 10“4 w/cmz—ster (see Table 4-4 )}

£330
3
!

8 = elemental field of view = (1 mrcxcl)2 = lu ster

A = qrea of collecting aperture = 2.07 cm2

optical throughput = 0.5

0.5 [1.2x10 % x 1078 x 2.07 x 0.5] 6.21 x 107+ watts

g
il

O..:l
[}}

The calibration source could be constructed in a straightforward manner
using ¢ 2 cm diameter loop of helically coiled platinum wire with the helix coil
agnnulus having aq projected width of 2mm. The source, therefore, will have a

total areqof # ¥ Z2cm x G.2cm = 1.25 c:rn2 and is conservatively estimated
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to have an emissivity of 0.4, when the black body cavity astion of the wire i‘

coils is taken into account. '

Provided platinum wire can repeatedly reach a temperature of 190,°K

without degradation, this approach will be utilized; alternatives are discuss~d

below. Now, conservatively assuming an optical throughput of 0.5, the
radiant power of the source, P"s . Seen by each detzctor in the 0.42m CCD

array is calculated as follows:
P = ¢N AA 62 A 7 '
s S s 0 :

where:

= emissivity of source = (.4

=3
m
|

N = emitted radiance of 1900° black body source at 0.42um =

1.43 x 10-'2 w/cmz-ster—p

Ml
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AN = gpectral bandwidth = 0.0275um
92 = elemental FOV = lp ster
AS = sgource qrea = 1.25 cm2
™ = optical throughput = 0.5
P = 9.8 x 10”! watts

This power is 1,58 times the radiant power, PD’ required. Therefore,
a slightly lower source temperature than 1800°K can be used lor the in-flight

calibration of this sensor.

In the above, we have assumed that the in-flight calibration for each
sensor would be carried out at 50% of the expected maximum signhal level
corresponding to Btyp for that sensor. However, one could, in the interest of
lowering the source temperature, relax the in-flight source emission require-
ments on the shortest wavelength sensor by reducing the calibration level to
10% - 20% of its maximum signal value, This is possible since, as shown
in Figure 4~3 , the expected worst case noise level will be 3.6% of the

maximum signal expected.

Alternatively, we could have used instead of the platinum wire source,
a porallel array of "Pinlite"” tungsten lamps (see Appendix C) operating at
2400°K., Operating these lamps at temperatures higher than 2400°K greatly
reduces their life expectancy. This approach would allow a 45:1 reduction
in the surface area of the required source. However, due to the extremely
small size of the "Pinlite" lamp filaments, an array of from 50 to 100 'Piniite"
lamps would be required. This resulis in a difficult fabrication problem with
respect to packing this number of lamps in close proximity to the 13 mm diameter

aperture periphery.




6 -6 Project 2738

Two other source configurations under consideration are a specially
fabricated annular xenon flash tube or an annular evacuated tungsten lamp.

Both approaches require component development.

At the present time, because of its simplicity, we favor the use of
the platinum wire source at some reduced dynamic range factor, which

provides an adequate safeiy margin with respect to source degradation.

However, a problem that will have to be addressed in the detail design
phase regardless of which approach is finally selected, is the rapid change in
radiance at 0.42um as a function of source temperature. The cooler the source
temperature, the worse the problem. This occurs because this wavelength is
situated at the short wavelength edge of the Planck blackbody curve where the
spectral radiance varies as a high power of the absolute temperature {in °K) of
the source. (See Figure 6-=1. ) Regardless of the approach, the capacitive
discharge scheme for controlling source temperature looks quite attractive for

this application as discussed below.

Using this conservation of energy technique, a capacitor, C, is
charged slowly to voliage VO . The energy stored in the capacitor is then
cv

_E-Q . Since the peak temperature of the source is established by the

E energy delivered to it, then we can, by dissipating this energy in the source,
precisely control the temperature of the source as a function of time. This
i scheme has the added advantages of being simple to implement and less

demanding with respect to power supply cwrent capabilities.

It should be mentiorad before leaving this section that for all cther
short wavelengih sensors, the problems discussed above are eased because
] the scurce gsnerates much more spectral radiant energy (for a given source

temperature) as the wavelength increases. See Figure 6-1.




o
]
~

Project 2738

6.1.4 Long Wavelength Sensors

As was discussed in Section 6.1.1, the in-flight calibration source

for the long wavelength, as well as the short wavelength, sensors is intended

to check for gross variations in detector responsivity and optical system

throughput.

One possible implementation of this calibration source, see Figure 4-12

is quite similar to that shown for the short wavelength sensors. Here too,

a helical coil of platinum wire or nichrome surrounds the aperture stop and is

energized by the discharge of a capacitor through its resistance, thus
generating o single pulse of radiant energy. This radiant pulse emits rays in

all directions some of which lie parallel to the ray bundles focused by the

optics on the detector array. Hence, this source configuration checks the

throughput of the entire optical system except for the entrance window. As
‘ was the case for the short wavelength sensors, this configuration uses no

shutters or other moving parts. Again here too, the capacitor and coil

resistance values will be set to generate a radiance pulse which will generate

an elemental detector signal at some fixed level in its dynamic range.

Using this configuration, the main difference between the long wave-

length and the short wavelength source is the lower required source temperature.

For the long wavelengths, the maximum diffuse scene temperature expected is

only 330°K. Consequently, the source is operated near this temperature and

either the platinum wire source, which can be blackened with a high temperature

paint, or g nichrome wire source will work quite satisfactorily and reliably.

However, unlike the short wavelength source which operates against a "zero"

radiance reference buckground, the long wavelength sensor sees its in-flight

calibration source against a background radiance which is a function of the

=1 =
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aperture doors' temperature in this "closed position."” The tempercture of
these covers may vary and be as high as 40°C (110°F). Therefore in order to
make the in-flight calibration of the long wavelength sensors meaningful,
the peak source temperature will be adjusted in each sensor to produce a
signal whose level is fixed at 75% of the maximum signal expected for that

sensor.

Expressed in equation form for the long wavelength in-flight calibration

source:

. _ .
DR Nmax kag a Ns

where for a 9um senscr, for example:

DR = the dynamic range factor = 0,75 i
Nmax = 1,6 =% 1{)_3 w/cmz—ster—um at the maximum expected :

radiance of the scene (330°K) at about 9pum ;;t’
Nb}-g = the radiance of the aperture cover =

1x 10_3 w/cmz-ster-pm {300°K) at 9um

ANS = the required radiance produced by the long wavelength
in-flight source at about Sum
or ANS = DR chrx - kag
_ -3 -3 -3
ANS = {0.75) Q.6x 10 ") - 1 x 10 = 0.2 x 10

Consequently, the in-flight eclibration source must increase the
radiance of the aperture cover background at 9um by about 20%. In other
words, the source must make each elemental detector see a 307°K source

against a 300 °K background in order to achieve the required 75% calibration
level.
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The major advantage of the above implementation is that it is simple
and contains no moving parts. One possible disadvantage, however, is that
the background reference radiance is « function of the ambient temperature of
the covers. As a consequence, long term comparisons between sensor data
must always be corrected for the temperature of this background as well as
requiring the electronics to adjust the source capacitance voltage VO '
appropriately to achieve the 75% dynamic range factor.

Aside from insulating, as best as practical, the side of the covers
facing the sensors, the only other approach to providing a better conirolled
and/or closer to zere radiance reference is by using a front surfaced mirror
attached to a solenoid. This solenoid would have to be attached to the
sensor housing and "swing" the mirror into place for a calibration, With the
plane mirror in place at the effective center of curvature of the optic, the
cooled detector array sees itself or 77°K so that a cold reference is thereby
attained. Although straightforward to implement, it introduces @ moving part
intoa no moving parts system. But it does have the advantage of providing

a true long wavelength radiance reference close to zero,

Figure 4-~12 , which shows the design of the long wavelength sensor,
shows it without a solencid. Once the thermal interface definition of the
aperture doors on the AMS pod are firmed up during the design phase, then a

final decision as to which way to proceed may be made.

6.2 Ground Calibration

As discussed in Section 6.1, the purpose of the periodic in-flight
calibration is to determine the general health of the AMS system. That is,
its primary purpose is to check out each sensor module and the central data
acquisition portions of the system in order to determine whether ground
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maintenance or recalibration is requirad or is necessary. The purpose of

this section is not to present a detuiled calibration procedure but to identify
those general requirements which are ralevant to the ground calibration of the
AMS system.

The ground calibration provides the neecsssary calibration data which
will be used in interpreting the optimum performance from the system. CCD
based sensor systems such as this one, because of the large number of
detecters in any one aqrray and the number of arrays reqﬁired (one for each
speciral ragion}, require substantially more calibration measurements to be
processed than their single, double, or triple detector electro-mechanically
scanned predecessors. Fortunately, the built-in data ecquisition capability
inherent in the AMS system, coupled with the presumably readily accessible
ground-hased computer processing available, make the large gquantity of
calibration data needed for ground calibration quite manageable.

A typical calibration setup would contain a calibrated blackbody or
lamp source, an unobscured off-axis reflective collimator and a stepper
motor-driven single-axis rotary table, which will sequentially illuminate
each detector slement in the array under computer control. These calibrations
would be conducted at various ambient temperatures. The calibrated radiation
source used in conjunction with the off-axis collimator would he o 1000°C
black body similar to the Barnes Model 11-2017T for the near and far IR and
a xenon lomp for the sherter wavelengths .

Because of the large number of repetitive measurements required to
calibrate the system, a computer must be utilized both to control the
calibration sequence, as well as to acquire and reduce data, and output
instructions and results to calibration personne!l via peripherals.

Rt ST S 2 M X
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" Provision would be made in the sensor module design to accept a
specific set of calibration commands from the computer to cllow for a more
efficient calibration sequence. For example, it may be desircble to reduce
the number of accumulations, m , made during a test run to speed up the
ground calibration process. Normally, it is dictated by the V/H rate as

described in Section 4.4.1.3. In addition since the sensor modules normally
output only 50° of data, it will be necessary to vary the roll angle data input :
in order to calibrate the sensor over ¢ full 60°. The details of this interface '

would be worked out in the detailed design phase.

As in any imaging system, the key performance parameters are noise
equivalent contrast for the short wavelength sensors or glternatively noise
equivalent temperature for the longer wavelength sensors, dynamic range

and resolution.

Calibration would be carried out over the entire operational temperature

range (-35°C to 44°C) using the temperature monitor outputs from each sensor

module to correlate data runs. The calibration over temperature is particularly

important with regard to CCD array performance as discussed in Section
For each detector element in an array, the following parameters will be directly
or indirectly measured:

1. Dark current levels

2. Random detector noise

3. Pattern noise

4. Responsivity

5. Signal dynamic range

i B A
fh_.
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During the post flight duta reduction process, the data collected in-flight
will be corrected for Parameters 1 and 3 above, which offset the mecsured data
in each detector element; and fo. Parameter 4 which varies the gain of the
measured data in each detactor element. Parameter 2 directly affects the
NEAp and the NET of the particular sensor module and Parameter 5 is
measured indiractly,

In addition, the response of the sensors to the in-flight calibration
source will be recorded and correlated to the primary calibration described
above., This is done to aid in diagnosing gross changes in sensor performance
in~-flight.

o S e an e s 3 e
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7.0 LONG WAVELENGTH DETECTOR COCLING

As indicated in Section 4.1.1, the detector arrays which are sensitive in
the long wavelength speciral region all require cooling to at least 77°K, with
extrinsic silicon detectors requiring cooling to 25°K-50°K. Although varicus
refrigeration systems exist for achieving temperatures well below 77°K, e.g.,
Vuilleumier and Stirling, we believe these would prove to be unsatisfactory for
an airborne multi-sensor module system like the AMS because of their complexity.
Consequently, we have rejected further consideration of extrinsic silicon detectors
for the present and have concenirated our study of detector cooling techniques

to those which maintain detector temperatures at 77°K or above.

In this category are liquid nitrogen (LN,) and thermoeleciric coolers.
A four-stage thermoelectiric cooler will pmcticc;lly achieve a cold surface
temperature of 220°K with its base at about 60°C. This type of cooler is the
most satisfactory for the AMS application, since it requires no operational
maintenance. However, the sensitivity or D* of most detectors in the 3 -Spm
ard 8 - 14 pm regions falls off rapidly above 77°K. Although the NET calculations
made in Section 4.1.5 indicate that NETs less than 0.1°K may be realized at 77°K,
we hesitate to attempt to extrapolate the performance to higher temperaturss until
better long wavelength detector data is available. Consequently, we will

conservatively operate the AMS long wavelength detector arrays at 77°K.

To achieve this temperature several LN, cooling techniques are available:

manually filled dewars, demand cryostat coolinzg, constant feed cryostat cooling.
For the AMS application, we recommend the manually filled dewar technique.
Dewars with various hold times up to 12 hours are practical depending on detector
area and power dissipation. As indicated in Figure 4-12, a dewar similar to the
CA IR-13 type with a hold time of 12 hours was selected. Access to the dewars
for filling is provided by convenient access doors in the AMS mounting assembly,

see Figure 5-1. This type of cooling approach has been time-proven to be reliable

and with its long hold time should allow for operational flexibility.

Uk -
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The demand and consiant {eed cryostat systems were not recommended
since their operation depends directly on the purity of the gaseous nitrogen
used. Becguse of this and based upon our experience, this type of system is
not reliable for flight applications not to mention the “plumbing" required for

operation.
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8.0 CONCLUSIONS

The design of the AMS system as described in this study represents
a practical implementation of a state-of-the-art instrument concept that
if not totally manufacturable today will certainly be in the eqarly 1980s.

This design provides a no-moving-parts multispeciral scanning
capability through the exploitation of linear array charge-coupled device
technology and advanced electronic signal processing techniques., It
provides a system that has the following major advantages:

. 10:1 V/H Rate Capability

. 120° FOVat V/H = (.25 rad./sec.

+ 1=2 mrad Resolution

.  High Sensitivity

. Large Dynamic Range Capability

.  Geometric Fidelity

. Roll Compensation

. Modularity

. Long lLife

. 24 Channel Data Acquisition Capability

These key advantages stem from the AMS's superior optical design which
through its unique fisld flattening techniques allows wide field of view to be
achieved at fast £/nos. for both the short and long wavelength regions. In
addition, its electronic design allows, through its digital signal averaging
technique, maximization of signa! to noise performanee over the entire V/H
rate range.

Appendix A contains a detailed preliminary design specification for the
AMS System.
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1.0 SCOPE

This is a preliminary design specification for an advanced multispectral
sacnner dasigned for use on an aireraft for remote sensing purposes. It measures
arid gollects datx in o wide fleld of view, over a range of spectral regions
extending from 0.4pm through 14 um, using an glectronic scanning technique.
One sensor module is requirad for sach 60° gspectral region being monitored.

All dota collected in-flight is stored on magnetic tape for subsequent data
raduction purposes.

2.0 APPLICARLE DOGUMENTS

The AMS will be designed to meet the construction, relichility, and
quality assurance standards outlined in appropriate NASA and MIL type
documents which will be defined and established prior to entering the design
phase.

3.0 GENERAL CHARACTERISTICS
3.1 Seanning Mechanism..

The AMS uses a pushbroom scanning technique in which a linear array
of detegtor elements is orlented at right angles to the aircraft's line of flight.
The detector ortay is located in the focal plane of an optical system and the
ground below is imagad upon the detector array. As the aircraft moves, side
by side arsas on the ground are scanned in the cross track direction by
elactronically scanning the array. As o consequence of such an arrangement,
all areas on the ground are viewed for the full V/H rate dependent dwell time.
Sea Table 3.1.
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The AMS uses multiple sensor medules to ashieve mulil-hand spectyal
gaverage over the region from 0.4um through 14 wm. That is, one sensor
meclule 1s required per spectral band. Spectral selection is realized through
the use of an interferance type filter located in each sensor module,

Bach sensor module covers a nominal 60° field of view. Two identical
modules would then be required te cover 120°, See Table 3.1,

3.3 Rell Compensation

The AMS data output is roll compensated over %50° with rospect to
Nadir, assuming two modules are used per specgtral region, This arrangement
provides for up to £8.7° of aircraft roll and {s done entirely electronically.

3.4 DReotectors.

The AMS uses linear detector armays to achieve its performance. See
Table 3-1. In the short wavelength region, a 1024 element CCD linear armray
is utilized. Each eloment of the array ts 13 um by 13 pm on 13 um centers.
The qmray required no cealing.

In the long wavelength region a S12 element hybrid CCD linear array is
utilized, InSb is used for the detector elements in the 3 - §um region and
corragpondingly PbSnTeo or Hg Cd Te (PV) {n the 8 -« 14um region. Each element
of the array is 100um by 100km on 100 um centers, Performance 1s specifiod
in Table 3-1. Detector cooling is required and suppiied via a manually filled,
12 hour capacity dewar.
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3.5 Optics.

The AMS uses two types of optical designs to achieve its performance:
one design is for the short wavelength sensors and the other for the long wave-
length sensors. Both designs provide a nominal 60° field of view at a fast f/no.
Table 3-2 defines the opto-mechanical parameters for these two designs.

The short wavelength optic is basically reflective and uses a specially
designed fiber optic field flattener to interface the CCD array to the optic.
It also utilizes a refractive corrector shell to minimize spherical aberration.
This design provides an £/0.8 optical system.

The long wavelength optic is also reflective and uses a reflective fleld
flattener approach. This design provides an f/1.5 optical system.

3.6 Electronics.

The AMS electronics uses a combination of advanced but presently
available analog video and digital signal processing and control techniques.

LSI is used as much as possible; depending upon speed considerations either
discrete devices or microprocessors are employed.

The AMS electronics are designed to perform the least amount of data
processing in-flight, leaving this function to ground based facilities. It
dees, however, acquire data for as many as 24 sensor modules, formatting
and preprogessing the data se that it is suitable for tape recording on its
system recorder,

Roll compensation, dynamie range gain changing, background subtraction,
calibration sequences, and built-in test sequences are among the processes
which are sensed and conirolled under microprogessor control. V/H rate changes
are also accounted for in the elecironics.
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o Ci:érdﬁdn of the sysiem doss not require all sensor medules to be

- operative or present. But the design of each post electronics module is

identical to «ll others in the same wavelength region.

Teuble 3-3 identifies the salient performunce parameters ond charac-
teristios of each electronic subsystem. See Table 3-4 for power requirements.
3.7 Calibration,

The AMS gystem provides for an in~flight calibration to be performed.
The primary purpose of this calibration is jo serve as o transfer standard.

The data reduction process performed on the ground compares the in-flight
calibration data to that taken on the ground under similar conditions., If

fault is identified or culibration is recommended, then a full calibration is
performed on the ground using sources, ete. that are traceable to NBS,

3.8 Environmental Considergiions

The AMS i3 designed to operate in an operational aircraft environment |
similar to that experienced on a four engine prop-jet at altitudes up to
60,000 feet,

The AMS will survive storage and non-operational tempercture exiremes
from -30°F to 150°F. The AMS will perform in spec from =-22°F to 110°F,

The AMS will not be damaged by humidity in the range from 0 to 100% .
However, optical performance in certain spectral bands will be affected by
condensation of water on the opties. Prevision is made in the sensor module
design to prevent this condensation from forming by heating the elements
so affected .

The AMS will survive and operate in spec when shogk and vibration
levels are encountered similar to those experienced in a four engine prop-jet
airarait.
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3.9 Mechanjegl

The AMS is designed for easy installation in an aireraft utilizing
standard interfaces and power. Tgble 3=4 lists a breakdown of weight,
volume and power requirements for the AMS systemn.

The AMS is designed to bs modular, i.e., the system may be expanded
from 1 to 12 120° FOQV spectral bands by simply adding modules. It is designed
to be eusy to instuall, repair and maintain, Covers are provided to protect the
optical elements during landings and toke-offs .

K A N T e N ek A S AT L N S
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TABLE 3-1, AMS SYSTEM PARAMETERS/SENSOR MODULE

Ajrcraft V/H Rate 10.025 v/s to 0.25t/s
| Gptic:l Resolution: |
@ Short Wavelength 1 mr
Long Wavelength 2 mr

RPN e R S R R
T T S o I T . i Vot ke e gy L i
e ,'iw.ﬂ&&xh_\'.’:i‘i'ﬁxn:. ol O 3 w5 MLE

Short Wavelength 4 s - 40 ms
Long deelength 8 ms ~ 80 ms
Field of View (Ungompensated) 60°
Roll Compensation 8.7°

No. of Elements/Array

Short Wavelength 1024
Long Wavelength 512
. - ?
Spectral Region of Operation
Short Wavelength 0.4pm = 1.0pm
Long Wayélength 1.8pm~14pm
_ Performance
Short Wavelength 3.5%2at A_=0.4pm
c
(NEAp)
0.3% at ?\-c =0.8pm
Long Wavelength 1°K 3-5pm
(WNET) 1°K 8-1ldum

e
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TABLE 3-2

~ OPTO-MEGHANIGAL CHARAGTERISTIGS OF SELEGTED
'SINGLE WAVELENGTH MULTISPECTRAL SCANNER DESIGN

o L

Project 2738

: o Short Wavelength Long Wavelength
- Choraoteristics Sensor Mcdule Senscr Module
Spectral C:dverage 0.4 to lum 1p to 1dum
| Noﬂ of Spectral Bands per Sensor 1 1

S ? Mauns 'qf Spgctrql Sorting

| -I-':’...eld- of View Width per Sensor
Mcz:é. Blur Cirgle Diameter

T/

Equivclent Focal Length

CCD Detecter Array

Weight of Complete Assy.
Housing Material

Field Distortion {8 Map)
Dewar Hold Time

Interference Filter
60°
1 milliradian
1.5
13.3 mm

square elements

1.2 lbhs,
Al. Aly.

2% max.

Interferencs Filter

60°

2 milliradians o
52.0mm

512, 0.004"
square elements

§.0 lbs.
Al. Aly.
2% max.

12 Hrs.
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o | TABLE 3-3
ELECTRONICS: PERFORMANGE PARAMETERS AND CHARACTERISTICS

Eensor_ Module Blectronics Clock Interface
Temperature Monitors
Calibration Source

B e e e I

| Post Blectronics Module Video and digital signal processing
, and conirol
Effective Video Signal Bandwidih Function of V/H Rate: 12.5 Hz to 125 Hz
Video Gain Control Function of scene dynamic iunge.

two positions controlled by CCD
integration {ime

- Digital Progessing & bit 8/D conversion
S Sample Averaging
Digital outputs
tape recorder compatible

System Controller Synchronizes all module progessing
ard clocks, controls calibration
sequence, calibration source,

BIT, housekeeping

ictia R B

Tape System 24 channels of sensor data
4 channels 4/C and ancillary data
17 minutes record time

£

Calibration Source Capacitive discharge type:;
fixed voliage for short wavelength,
variable for long wavelength

User Interface Permits monitoring status of
itape system and sensor modules

8
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TABLE 3-4
AMS SYSIEM POWER, WEIGHT AND VOLUME BUL'GET

I, Sengor, Medule,

@) Power 2 watts
(b} Waeight (electronics only) 2 lbs.
e} Weight {shor: wavelength) 3.2 lbs.
{long wavelength) 8.0 lbs.
@) Size (electronics only) 2-1/2" » 4.53" x 6"
Ii. Pogt Elecironigs,
(@ Power 58.5 waits
(1} Data Formatting 15 watts
{2) Dual 17 Bit Accumulator/Memory 26.5 watts
3) Sample & Hold + Inteqration Time Logic  §.25 watts
(4} Analcg Multiplexer 1 watt
(5} CCD Timing Generator 3.25 watts
(6) Sources and Controllers 5 watts
(7) Assorted Interface IC's 2.5 watts
(h) Weight | 1§ lbs.
@ Size 7.5" x 10.5" x 12"
T,  Sygstem Gogizoller
) Power 30 watts
(1) Electronie Control 10 watts
(2) Motor Drives 20 watts
b} Weight 8 lbs.

{c) Size 4" x 10.5" x 10"



1V,

()
(h)
{e)
@)

()
(b)
)

@
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TABLE 3-4
AMS SYSIEM POW'ER WEIGHT AND VOLUME BUDGET

(Continued)
Svstem Power Sypply
Power Required from Vehicle (except tape system) 2.1 kw max.
Power Output in Max. Configuration (24 chennels) 1482 watts

Weight 100 1bs.

Size 12" x 12" x 24"
Tgne Svgtem

Fower (from vehicle) ' 490 watts maximum

Weight 107 1bs.

Size (1) 20" x 16-1/4" x 18"

) 10" 210" 14"
(For 24 Channei System - 16 Short Waveleng'th Sensors
8 Long Wavelength Sensors)
Power 2600 watts
Weight 690 lbs.
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