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SECTION 1

INTRODUCTION

1.1 INTRODUCTION

This report describes all of the technical work accomplished by RAI Corporation
and its two subcontractors, Barnes Engineering Company and Astro Consuliants,
Inc., in a feasibility study, preliminary design, breadboard construction and
testing relating to the development of a satellite yaw sensor that will measure

satellite yaw with respect to the surface of the earth or the moon, in either
daylight or darkness.

This program can be thought of as seeking to answer four major questions:

(1) Are there thermal gradients that are adequate for sensor operation under

worst case conditions (in earth orbit over the oceans and in lunar orbit
at the end of the lunar night) ?

(2) What are the rec'{uirements for the IR detector; can the feasibility of
such a detector be demonstrated?

(3) What are the consequences of the roll rate; can methods be established
for eliminating the effect of roll rate on yaw output?

(4) Can a breadboard front end operating in the visible domain be designed,
built, and tested in order to establish the efficacy of basic system con-

cepts and demonstrate the ability to achieve the required 1/4° yaw
sensitivity ? ' .

The success of the program can be measured by the fact that the answer to all
four questions has been shown to be an unqualified ves.

" The approaches and results of the.program justifying this answer are summarized
below;

The infrared yaw sensor operates by sensing transverse movements of thermally
contrasting objects across the instrument’s image plane. To obtain such
thermal contrast of objects, these objects must have a temperature or emissivity
difference relative to their backgrounds. - To determine whether such thermal
gradients would be significant enough to be detectable, two investigations

were performed covering the worst casees to be expected on the lunar surface
and on earth. On the earth, the worst case occurs when viewing a cloudless
expanse of ocean, where thermal gradients are minimized because of the



fluidity of the water. On the moon, the worst case occurs just prior to lunar
dawn when the lunar terrain is coldest and temperature is lowest.

Studies by Bames complemented by BAI studies, indicate that on the lunar’ )

surface:

*

(1) All illuminated surfaces of the moon, including the region near the

(2)

(3)

(4).

terminator, have adequate gradients for satisfactory functioning of
the yaw sensor.

Results of direct measurements as well as theoretical analyses show
that rocks and discontinuities on the lunar surface cool more slowly
than the surface itself, and therefore present measurable thermal
gradients even at the end of the lunar night. ({(This conclusion is
further supported by BAI analysis that suggests a cosmological basis
for a thermodynamic mechanism by which such gradients can exist at
the end of the lunar night.)

Successful operation of the yaw sensor at lunar orbit altitudes of as
low as 50 miles is expected, due to both the quantity and distribution
of the rocks and discontinuities which will provide thermal gradients.

No quantitative data is available regardim:j the presence of thermal
gradients at temperatures below 1209K. It is suggested that high-
resolution infrared scanners, if used aboard lunar orbiting vehicles in
the Apollo program, would provide valuable design information for the
Yaw SEensor as Well as lunar horizon sensors.

Similarly, Barnes' studies indicate that on the earth's surface:

(1)

(2)

The worst problem expected in orEiting the earth will occur at low
altitudes over extended ocean surfaces and under cloudles’s conditions.
Available data indicate that the yaw sensor can function satisfactorily
when the 5° x 5° pyroelectrlc detector array field of view spans a
thermal gradient &f about 0.1 °c.

Data obtained from TIROS satellites was evaluated to determine the
probability of obtaining the above postulated cloudless conditions over
an extended ocean surface. This was done to establish effectiveness
of yaw sensor operation in cases where ocean thermal gradients are
less than 0.1°C. For earth latitudes from 30° north to 25 south,
averaged over a monthly basis, the TIROS data indicate that there is no
area where an essentially cloudless condition exists. The isolated

-instances where the yaw sensor will view cloudless skies over an

extended ocean surface are expected to persist for less than 1/10 of



an orbit. (Private communication between BAI and ESSA and several
recent unpublished analyses suggest that even this conclusion of
Barnes may be thought of as unduly pessimistic. For example, analysis
of MRIR and HRIR data suggests that the likelihood of finding cloudless

areas- of sufficient magnitude as to create a yaw measurement problem
is extremely low.)

>

The Barnes Engineering Company has generated a design for an infrared front end
whose calculated Noise Equivalent Temperature Difference (NEAT). is 0. 119C
RMS {(using a pyroelectric detector array), which is nine times better than:

the NE AT calculated forthe.original proposal. Further, they have fabricated
samples of some of the more critical components.

Analytic .studies by Mr. Sam Pines of Astro Consultants, Inc., including computer
simulation, have established that the natural roll rate of the satellite under or-
bital conditions has a negligible effect on yaw sensor output. Only during the
execution of a satellite roll correction is there a potential influence of roll rate
on yaw sensor performance. {Even this effect may well be too small to influence
vaw sensor performance.) In view of the comparative infrequence and short
duration of such correction, blanking of the yaw sensor during such a maneuver
would be the simplest technique for eliminating any potential roll rate effect.

BAI has designed and built a breadboard front end operating in the visible domain
that has demonstrated 1/8-degree sensitivity (compared to the required 1/4
degree) .* In addition, BAI has designed, built, and tested breadboard versions
of an improved solid-state correlator and a solid-state memory, which when
incorporated in the processing electronics should further improve sensitivity.

1.2 . STATEMEMENT OF WORK °
1.2.1 BAI Corporation Effort
) {1) Analytical Study

i)

a. Study total system parameters including optical angular coverage,
sweep rate, and-total system resolution. )

b. Study the effects of crosstalk . due to roll rate and study methods
for minimizing these effects. Produce block diagrams for a
system in which roll rate effects are removed.

*Further tesling, with more refined equipment, is expected to demonstrate that
the actual sensitivity is significantly better than 1/8 degree. (The results of
this additional testing will be the 'subject of a supplement to this report.)

-3-



' (2) 'Exper_imental Phase

a. Design and build a visible light version of multiplexed front
end using parameters determined from above study.

' . - -
.

b. Operate the above designed front end on test stand to determine:

1) Static resolution of crosstrack displacement

.-

2} Minimum yaw resolution under simulated orbital-velocity
conditions '

3) Effect of forward motion rate and signal-to-noise ratio on
system resolution and accuracy ) .

4} System response time to step inputs as a function of
signal-to~noise ratio, forward motion, etc.

{3) Engineering Summary and Analysis
a. Establish preliminary block diagram and layout.

b. Establish preliminary size, weight, reliability, and power
requirements,

c. Establish the parameters to define the electrical and mechanical .
interfaces between the Bames and BAI equipment.

d. Prepare a final report including work done by Barnes Engineering.

1.2.2 Barnes Engineering Co. Effort .

(1} Investigate radiance variations on lunar and earth surface for both
’ day and night, Review data from NASA Goddard (TIROS), ESSA, and
Lowell Observatory, Flagstaff, Arizona.

{2) Produce preliminary design of optical head including layout and
block diagrams . Evaluate fabrication problems of wedge-optic
and detector array.

(3) Using characteristics of above design, generate sensitivity )
calculation to.show: that instrument is capable of sensingthermalc: .
gradients obtained. )

- (4) Establish size, weight, and power consumption of optical head.



(5) Define the Barnes-BAI interface specifying signal voltage and
current output of the 20 element sequential sampler.

(6) Indicate trade-off of weight and aperture size vs. sensitivity.

-

1.3 SCOPE OF REPORT

This report is divided into four major sections: Section 1 is an introduction,
summarizing the problems to be considered in this feasibility study and
_ summarizing the results obtained. Section 2 describes the basic operation of
the vaw sensor. As background, the BAI True Area Correlator (BAI-TAC),
which forms the basis of the vaw sensgor design, is described. This section
then describes the operation of the yaw sensor and the derivation of its major
parameter values. BSection 3 is a detailed discussion of the major tasks of the
program, including the tasks assigned to our two subcontractors, Barnes Engineering
and Asiro Consultants. Section 4 summarizes the results obtained during the
program, contains a preliminary sysiem block diagram, provides egtimates of ex-
pected system performance, reliability, and configuration, and summarizes the
conclusions suggested by the results and work on this program.



SECTION 2

'BASIC SYSTEM OPERATION

2.1  BAI TRUE AREA CORRELATOR

The core of the yaw senscr is an adaptatlon of the ba51c BAI True Area Correla-
tor (BAI-TAC), an electro-optical pattern matching or correlating device in
which an optical scanner and an electronic correlator are married to develop the
capability of "memorizing” a scene using either visible light or infrared. By
means of the correlator, the memorized information can be compared to scenes
that are viewed at a later time. This comparison vields the degree of correla-
tion and.also relative orientation of the new scene with respect to the one that
was memorized.

In its standard instrumentation, the BAI-TAC consists of three basic elements:

(1) A scanner assembly that scans an area on the ground and converts
the viewed_scene into an electrical analog. This analog can be
considered the "signature" of the viewed area. The scanner
assembly consists of imaging optlcs a scanner, a detector, and
associated processing circuitry . )

(2) A memory system that can store one or more such “"gignatures"

(3) A correlator that compares two such "signatures" for degree of
similarity. The output of the correlator is an error signal that
indicates the magnitude and relative phase of any mismatch between
the two "signatures". This is directly convertible into displace-
ment inférmation normally resolved into three components: X, ¥,
and 8 {yaw}. - -

The basic elements of the BAI system (when instrumented to provide an annular
scan, which is its most fypical configuration) are shown in Figure 2.1. The
moving aperture of the scanner passes a portion of the energy (flux} of the image
formed by the imaging optics. ‘The energy passing through the slit is collected
and focused on a detecting element. As the image varies in intensity, the flux
passing through the aperture varies proportionally; this variation is sensed by
the detector, producing a video rate elecirical analog of the energy variations
in the area of the image scanned. This video signal, when processed, is a
quantized modulated pulse train called a scene analog whose pulse spacing

and duration depend upon the characteristics of the original video signal.

When . two scene analogs are compared by the correlator, the correlator output
is normally presented in the form of voltages that are proportional to the

-6-
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displacements between the two scenes. If there is no displacement between
the two scenes, that is, if they coincide perfectly, the output of the correlator
will be zero.. Displacements of as little as one micron {40 microinches) in the
image plane will generate error signals that can be used to control a closed
loop servo. : . :

2.2 USE OF THE BAI-TAC TO MEASURE ANGULAR RATE OF MOTION

The BRI-TAC output signal is a time-varying signal representing the direction

and magnitude of image displacement in the scanner plane. By phase detecting
this output signal with respect to some arbitrary axes, we can resolve it into

two orthogonal components that we may call X and Y displacements. In V/H
applications one of the axes is chosen so that it is parallel to the vehicle heading
(providing forward displacement), and the other axis is parallel to the vehicle

pitch axis (providing lateral displacement or crab angle).

2.3 BASIC YAW SENSOR CPERATION
2.3.1 Introduction

Since only one of the above mentioned diéplaceme}lt components is required

for the yaw sensor, it is possible to design a variation of the standard BAT
scanner such that the desired output is isolated in the video as it is

originally generated. This requires @ scan that is effectively linear in the
direction of the displacement to be measured. BAI had previously developed
such a scanner for operation with a photomultiplier in the visible domain. The
yaw sensor scanner is based on this concept, but modified in implementation to
allow use of uncooled infrared detectors.

-

2.3.2 Scanner-Detector

" The requirement that the yaw sensor operate on both the light and dark side of
the moon and earth predicates the use of an infrared detector. Since uncooled
IR detector elements are quite slow, a mechanical scanner used with a single
detector would have too slow a response to be of use in a practical V/H or vaw
measuring system. If, however, an array of detectors is allowed to look out
at the world continuously, and the outputs are then sampled by means of a
multiplexer, a relatively high speed scan can be used even with quite slow

- speed detectors. )

Therefore, the yaw sensor system uses a scan technique that conceptually is
almost identical to linear scanners built by BAI as a variation of the BAI



standard annular scanner, but modified in mechanization to take advantage of

the basic differences {particularly in response time) between IR detectors and .
- visible light photomultipliers. We have used an array of IR detectors-electronically
multiplexed : thus ~providing . the concomitant advantage of eliminating
mechanical motion, motors, bearings, lubrication problems, etc-.

-~

2.3.3 Correlator and Memory

The electronic processing used in the yaw sensor system is very similar to the
processing used so successfully in previous BAI area correlators. The block
diagram of the processor differs little from that of past correlators. One major
difference in design and instrumentation is in the memory technique. TFurther,
integrated circuits it place of discrete components enhance performance and
reliability. :

Previous BAI area scanner-correlators, typically the V/H sensor system used
with such conspicuous success on the Lunar Orbiter, used a magnetic memory
drum mounted on the same motor shaft as the mechanical scanner to obtain
phase coherence between the information being read from memory and the
real-time information being read by the scanner. -

Since the vaw sensor requires no rotating components, a solid-state memory
of suitable length and resolution to store the memorized scene analog without
loss in sensitivity or accuracy due to quantizing is used. Our past experience
has shown that when scanning through 360° with- an aperture of roughly 3°, we
must resolve approximately one part in 10,000. This comresponds to resolving
approximately 100 elements in the processing for each aperture width. '
Extrapolating from this, we have designed a memory system with 100 resolu-
tion elements in the processing ‘electronics for each aperture width in the
scanner, which means that for 20 elements in the scanning mosaic, we re-
quire approximately 2,000 resolution slements in the memory.

Thus, in terms of the block diagram, the system corresponds to the systems
built by BAI in the past with the exceptions noted above, that is, that the
phase-sensitive detectors required for resolving the error signal into its
orthogonal components have been eliminated,*the rotating drum memory is
replaced by a solid-state memory that has comparable resolution, and inte-
grated circuits replace discrete components.,

The design philosophy followed in this program has the advantage of in-
corporating a technology that has been proven in existing BAI area correlators
and scanners, but eliminating the need for any moving parts without re-
quiring a development of new components or new component technology. It
is an approach that salvages all of the known advantages of previous BAI

-

*Since only the component of the image motion showing yaw is required.

~G—



systems and adds to these the strong advantages of small, low power, high
reliability, all solid state, integrated circuit components. The .us€ of. high'
reliability integrated circuits in place of the previousiy used rotating drum memory and
the discrete component correlator has the additional advantage of enhancing
system performance by reducing the noise contribution of these two system
components. (This is discussed in more detail in Sections 3.3 ;3.7, and 3.8.)

2.4  OPERATING PARAMETERS

Basic operating parameters of the yaw .sensor were established in the original
BATI proposal. The underiying design philosophy for the yaw sensor involved
modeling it as far as possible upon standard BAl scanner-correlator designs,
particularly the Lunar Orbiter V/H sensor instrumentation. This allowed us to
make use of all the then extant BAI correlator technology and predict yaw
sensor performance by analogy to existing BAI systems. Thus, we could have
a high degree of confidence that the yaw sensor built on such design bases
would perform quite closely to that predicted; this indeed turned out to be the
case,

- The following paragraphs summarize the -development of basic coperating
_ parameters given in the proposal.

2.4,1 The IR Detector Array

The scanner upon which the IR detector ammay is modeled is equivalent to the
pertinent portion of a rotating disk that scans an annular region in the focal
plane of an optical system correspon‘ding to scanning an annular region on the
ground that has an included anglé of 15~ with an excluded center portion of
5°. (See Figure 2.2.) By noting that the two opposite quadrants of the
annulus centéred on the crogss~trackaxis provide the along-track motion (the
two quadrants being redundant) and the other two quadrants, the cross-track .
‘motion and further that both the information content of the signal generated
by the scan as well as the eror resolving circuitry are cosine functions, it
is seen that 90% of the cross-track motion is measured in the 459 sectors
centered on the line of flight. ' (The distribution of information is illustrated
in Figure 2.3.) Among the advantages obtained from using this small a
segment of the annulus is that ih this smaller sector, a roughly linear
relationship exists between the time displacement of the electrical signal
and the spatial displacement of the scanned image. This linearity
significantly reduces complexity in signal processing and allows the use of
simple shift registers or similarly simple systems for the memory functions.

As shown in the proposal, the 45° sector corresponds to an included angle of
view of 59 while the along~track dimension of the sector is the same as for

-10-
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the basic annulus, namely, an included angle of 59, Hence, we arrive at a
basic scanner configuration with a subtended angle of 5° x 5°, 'If we divide the-
scanner into.20 static elements, eachelementhaving 1/4° subtended angle, we
then have a reasonable :synthesis ... of the type of scanning aperture used
typically on the Lunar Orbiter system, substituting 20 separate detectors that
are multiplexed for a single, continuously moving aperture (see Figure 2.4).%

The choice of a 5° length for the individual detector elements is based on the
amount of forward vehicle motion that can bé allowed before decorrelation
between the new and the memorized information becomes too great to generate
a usable correlation signal. Correlation can be maintained with an image dis-
placement in excess of 10 percent of the image area, so we can easily track
an image while it moves 0 .5° in the along-track direction.. It is during this
period of tracking that cross-track motion can be measured.

2.4.2 BScanning Rate

The scanning rate of the yaw sensor system is selected to be the same as the
Lunar Orbiter system. In Lunar Orbiter, a 10-millisecond scan was used. In
the vaw sensor system, the IR detector mosaic is multiplexed at a 2-kc rate.
Since the mosaic has 20 elements, each of its elements is also sampled every

10 milliseconds. This scanning rate represents ‘a.sound engineering compromise-
between signal-to-noise considerations, multiplexing problems, speed of

response of the detector elements, and required response time of the sensor
itself. : : :

2.4.3 System Sensitivity

Under worst case conditions (particularly in regard to the minimum temperature
differential that will be experienced and the tracking distance), the proposal
predicted a yaw sensitivity of 0.25°. (In actual operation under mostconditions

- L]

*A standard annular scanner of this sort as made by BAT would have a scanning

- aperture of about 3%, providing 15 resolution elements within the 45© portion of
the total scan. Using 20 separate detectors to coveracomparable area results in
a quantizing effect which, according to Shannon's Sampling Theorem, introduces
a loss of resolution of at least a factor of 2. If we wishtobevery conservative,
we can postulate a resolutionloss of as much as4. Therefore, if we consider
resolution elements to be equivalent to a discernible aperture displacementinthe
standard, continuouslymoving aperture version, we have 20/4 or5 resolution
elements. Thus, there is a difference in resolution of a factor of 15/5 or 3 in
favor of the standard BAI scanner. The effect of this on system performance is
considered below.

-13-
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significantly better sensitivity can be expected.) This sensitivity was ex-
trapolated from that of known systems, particularly the Iunar Orbiter wherein
1 micron displacernents were detectable in the image plane; laboratory testing
of the breadboard indicates that this prediction was quite conservative.
Parameter differences between the yaw sensor and Lunar Orbiter system affecting
resolution are signal-to-noise ratio and aperture resolution. The yaw sensor
S/N level at the output of the video preamplifieris 10 times' lower than that of ~
“the Lunar Orbiter, resulting in a 2.5 times loss in sensitivity as determined by
laboratory data. Aperture resolution is 3 times worse. Hence, the yaw sensor
is 2.5 x 3 = 7.5 times less sensitive than the Lunar Orbiter sensitivity of
" 1 micron, resulting in a yaw sensor sensitivity of 7.5 microns at the image
plane. With a lens system of 8-1,/2 inch focal length, and knowing that we
can track an image during an along-~track displacement of 0 .59 without de-
correlation, the proposal demonstrates that a 7 .5 micron resolution at the image
plane is equivalent to a yaw sensitivity of approximately 0.25°. Test resulis
with the breadboard visible-light system demonstrates a system sensitivity of
at least 1/8°. (More stringent testing using an improved memory is expected
to demonstrate that the sensitivity is a good deal better than this. Data re-
sulting from this testing will be submitted as a supplement to this report‘.')

5
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SECTION 3

DETAILED DISCUSSION OF PROGRAM

3.1 INVESTIGATION OF TARGET RADIATION CHARACTERISTICS#*

In evaluating the feasibility of developing an infrared vaw sensor that produces
informational outputs from sensed radiation gradients, the target characteristics
must be known or at least accurately estimated. In particular, it is the worst-
case radiation gradient in conjunction with the angular subtense of each of the
sensor's 20 elemental fields of view (0.25° x 5°) that set the criterion. In the
course of the program, the literature relating to the thermal characteristics of
both the-moon and earth was surveyed. In addition, consultations were held
with Dr. 7. Salisbury and Mr. G. R. Hunt of the Lunar and Planetary Research
Branch of the Space Physics Laboratory AFCRL, Bedford, Massachusetts.

3.1.1 Lunar Thermal Grédients

The Space Physics Laboratory has conducted and mapped the results of high-
resolution scans made across the dark lunar surface from earth-based
telescopes. Although telescope resolution was only 8 miles as opposed to

the 0.218 mile subtense vielded by a 0.25° sensor element at a 50-mile
altitude, the measurements did indicate that, near the terminator, an extremely
wide dynamic temperature range exists that encompasses illuminated and
shadowed surfaces (Figure 3.1).

Near the terminator, in a linear distance of approximately 160 miles on the
lunar surface, the temperature increased from 154CK to 261°K, a range equiva-
lent to a signal ratio of 8:1. With the proposed sensor, this large change in
signal would, of course, only be significant at higher orbital altitudes where
the field of view covers surface dimensions of 160 or more miles.’ However,
near the terminator in a surface dimension of approximately 16 miles (the
spatial subtense of 5% for an orbit altitude of 100 miles), the signal ratio is
approximately 1.6:1. Néar the subpolar point a gradient of only 1°C occurs in
approximately 16 miles {see Figure 3.2}. If it'is assumed that this is a

linear gradient, a difference of only 0.05°C would appear between adjacent
0.25° elemental fields of view. However, these gradients occur for a back-
ground temperature near 40001{. At this targettemperature, the yvaw sensor has
a Noise Equivalent Temperature Difference (NEAT) of £ 0.001 (see Figure 3.3).

*The major portion of Section 3.1 was prepared by Barnes Engineering Co.
Complementary additional studies by BAI are descnbed in Sections 3.1.2
and 3.1.4.
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In regard to thermal gradients over lunar surface dimensions of less than 8 miles,
the only available data is that obtained by the Surveyor spacecraft series,

Thermal gradients in the vicinity of the Surveyor spacecraft landing site during

the lunar night were very coarsely estimated by calculating the radiant heat

exchange between the lunar surface and two thermal compartments located

within 120° about the spacecraft’'s vertical axis. The temperatures of these

thermal compartments were monitored through the lunar night, and the results

of these measurements are shown in Figures 3.4 and 3.5, which were obtained

from “Surveyor VI Mission Report, Part II: Science Results," JPL Technical

Report 32-1262, January 10, 1968. As discussed above, these telemetered

measurements do not represent exact quantitative data. IHowever, one of the

- conclusions that was drawn by the Surveyor experimenters has direct applicability
to the vaw sensor; i.e., there are rocks on the lunar surface that cool more
slowly than the surrounding surface.

Additicnal support for this conclusion is borne out experimentally by the lunar
thermograms taken by Salisbury and Hunt.* In their experiment, the crater was
scanned up to 97 hours after lunar sunset and showed a significant thermal
contrast io its background. See Figures 3.6, 3.7, and 3.8. A theoretical
analysis also supports this conclusion, as is shown in Figures 3.9 and 3.10.
In view of the above discussion, the following conclusions relative to the
presence of gradients on the lunar surface can be drawn.

(1} In the region near the terminator and on all the illuminated
surfaces of the moon, gradients adequate to allow the yaw
sensor to function satisfaciorily do exist.

(2) Although no direct lunar radiometric measurements with elemental
surface resolutions of less than 8 miles have been conducted,
results from the Surveyor VI spacecraft and other theoretical
analyses indicate that rocks and discontinuities on the lunar
surface cool more slowly than the surface after sunset and would
therefore present a thérmal gradient. (See Section 3,1.2 for a
cosmologically based discussion supporting this conclusion.)

.(3) The quantity and distribution of lunar rocks and small discontinui-
ties are sufficient to produce the spatial gradients and therefore
thermal gradients that will allow successful operation of the yaw
sensor at lunar orbit altitudesaslowas 50 miles. {See Figure 3.11.)}

-

*"Infrared Images of TYCHO on the Dark Moon, " 7. W, Salisbury and G. R,
Hunt, Science, Vol. 155, pp. 1098 - 1100, 13967.
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Figure

3.6,

Infrared images of Tycho (curved arrow) obtained on 8
October 1966. Image A was produced using conventional
radiometric techniques at 1003 U.T. Image B was pro-
duced using a thermal enhancement technique at 0946 U. T.

Tycho had not been illuminated for approximately 22 hours.

(From Salisbury and Hunt -  op. cit. )
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(4) No quantitative results are available regarding lunar thermal
gradienis for surface temperatures below 120°K, nor can these be
obtained from earth-based telescopes due to the sensitivity limi-
tation of detectors, optical resolution limit of telescopes and
interference effects from the earth atmosphere. Such data could
only be obtained by high-~resolution scanning IR radiometry from
lunar orbiting vehicles. S8uch instrumentation, if it is not now
aboard lunar orbiting missions in the Apollo program, would be a
desirable payload to provide design information for the vaw sensor
as well as any lunar horizcn sensors that are contemplated.

3.1.2 Lunar Thermal Gradients: Supplemental BAI Study .
3.1.2.1 Introduction

In the Barnes' report on lunar gradients (Section 3.1.1 above), the conclusion
is made that the rocks on the lunar surface will be warmer than their surrounding
area even at the end of the lunar night. Since the success of the instrument is
predicated on this temperature difference, BAI has made some preliminary cal-
culations to determine from a cosmological point of view a thermodynamic
mechanism by which such a variation in temperature could exist at the end of
the lunar night. The calculations are strictly first cut and have been made
entirely for the purpose of establishing the credibility of the required tempera-
ture difference under the specified circumstances. These calculations, repro-
duced below, show that if the moon is considered to be infinitely conductive,
the variations in temperature between lunar day and lunar night cannot affect
the surface for a depth any greater than about 2 meters. Therefore, under
practical conditions of finite conductivity, this skin depth could not be much
greater than 10 meters. Thus the entire phenomenon of heating and cooling
takes place in a very thin layver, and a rock that can be expected to have an
appreciable temperature difference from that of surrounding dust need only
extend into the lunar surface a distance of between 1 to 10 meters. In fact,
our calculations show that if a rock does indeed extend into the lunar surface
by this amount, then the temperature difference between the rock and sur-
rounding dust, etc., will of necessity be greater than the minimum reqguired
temperature difference for the yaw sensor even at the end of the lunar night.

These calculations are predicated upon a completely evenly illuminated lunar
surface, which is a pessimistic approximation since it ignores the temperature

"~ variations resulting from the shadowing effect of large lunar promontories.

This shadowing effect would of course produce an even more optimistic picture
than that resulting from calculations based simf:nly on a lunar surface that enters
the lunar night after having received equal solar radiation over its entire sur-
face during the lunar day.

Z 2'3_



3.1.2.2  Analysis

The moon's infrared radiance differences are generated by its basic radiative
mechanism, which is that of a relatively warm sphere of rock and dust radiating
into the cryogenic coldness of the stellar sphere. The rate at which a patch of
lunar surface radiates is proportional to two factors: the infrared emissivity of
the surface and the thermal conductivity of the substratum. Infrared data on
various dusts, sands, and rocks taken here on earth shows that their thermal
‘emissivity is rarely under 0.5: h‘ence', it is unlikel'y that the lunar sdrface
emissivity will vary by more than a factor of 2., On the other hand, the thermal
- conductivity of terrestrial dusts and sands is typically a factor of 10 lower than
" that of rocks. Thus it is likely that the infrared radiance gradients on the
surface of the moon are principally determined by local thermal conductivities
(bare rock should appear warm, and deep dust should appear cool) and that
radiance variations of the order of 10% exist over rocky areas.

Earth-based radiometric measurements* have shown that the lunar surface cools
about 300°K during the lunar night as the moon's surface loses heat by radiation
into space. We can develop a cosmological argument based on this fact that . -
indicates that relatively large local gradients in infrared radiance can be caused
entirely by variations in thermal conductivity in the topmost few feet of the
lunar crust.

We will first show the untenability of the concept that a large percentage of the
moon's mass acts as a thermal reservoir for providing energy to be radiated from
the surface. From the calculation establishing this, we will then approximate
the probable percentage of the moon's mass that is active in providing thermal
energy to be radiated during the lunar night. From this approximation we can
determine the order of magnitude of the skin depth affected by the difference

in radiation received throughout the lunar day-night cycle. .

For the purposes of this discussion we will model** the moon as a sphere with
radius = 2 x 108cm, mass =7 x 1025gm, heat capacity*** = ] watt sec/gmPK, -

L

*T.J. Raimond, Hemel en Dampk. 48, 81 (1950).
J. H. Piddington & H, C. Minnett, Aust. 7. Sci. Res. 2, 63 (1949).
E. Pettit {and S. B. Nicholson), Ap. J. 71, 102 (1930); 91, 408 (1940).

*¥YAstrophysical Quantities" by C. W. Allen; Athlone Press, University of
London, 1955; see pages 162-163.

***Handbook of Chemistry and Physics - 29th Edition, 1945; Chemical Rubber
Publishing Company, Cleveland, Ohio. See pages 1818-1820 titled )
"Heat Conductivity - Various Solids, " and pages 1740-1741 titled

"Specific Heat of Alloys and Various Solids."
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surface emissivity* = 1, moon temperature = 400°K, and infinite thermal
conductivity. o :

Based on this model, the moon radiates lhieat at a rate of:

42 x 108)2cm?2 x 5.7 x 10-12, _watts = T4deg? = 3 x 106T4watts
: cmZdeg4 .

"and its temperature T drops as a rate of: -

£7 x 1025gm x1 watt sec/gmOK} "1 = 1x 1026 ZK/sec

watt
g{- = 3 x 1020 74 ok/sec - .
« (41 =_/ 3x 10720 gt
' 74 .S
S S 1 — =20
or =
| 73 2003 9 x 10 i .
but Zl." - 1 2 38T ior small AT
T3 4003 T4 )
and 10 days = 10 seconds

[

. 4
AT =£1_g.0_ x9x 10720 x 106 =g x 1074 ok

Thus we see that the moon's surface would cool no more than 1073°K during the
Iunar night if the thermal impedance of its bulk were negligible compared to

the thermal impedance of its surface. However, it is well known that the
moon's surface temperature drops from about 400°K at lunar noon to about 100%K
during the lunar night.#** Therefdre, we are led to the conclusion that only a
small part of the mass of the moon enters into the day-night temperature

cycle and that this fraction of the moon's mass represents only the superficial
stratum.

s

*"Handbook of Military Infrared" edited by W. L. Wolfe; Office of Naval
Research, 1965; see Section 5.8 titled "Speciral Radiance of Terrain"
(pages 142-173). i

**"Astrophysical Quantities" by C. W. Allen; Athlone Press,.University of
London, 1955; see pages 162-163.
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“We can approximate the effective skin depth of the lunar thermal skin (i.e.,
the lunar analog of the permafrost depth) by noting that a skin depth d on a
sphere of radius r contains a fraction of the sphere volume given by:

>

4177red ad

Lo 3 = T
37rf
Hence the lunar thermal skin depth is given by:
Ve
3d - _8x107%% _ - 3d
r . 4009K~1000K . 2 x108cm
d = 200 cm

This indicates that roughly the top two meters of the moon are substantially
involved in ifs monthly temperature cycle.

Several pertinent studies have been found in the literature that substantiate the
BAI analysis of the probable lunar temperature variations and gradients. Itis
worth noting that from this information, it is possible to estimate the threshold-
sensitivity (in terms of detectable temperature differential within the area
examined as defined by the instrument’'s angular intercepts) for any instrument
designed to measure IR radiation from the lunar surface.

A paper from "Technology Review®, 63, 23-30, 7/67 substantiates the pre-

ceding BAI lunar thermal analysis. The following points made in this paper

congerning the nature of the lunar surface are particularly pertinent:

.. .Theory indicates that bare rock surfaces and boulders can contribute fo
anomalous thermal behavior.

. «.the surface must be a very good msulator better in fact than most
terrestrial insulators.

. ..the temperature at a meter or so below the surface remains constant, at
about 240°K.

.. .the surface con51sts of loosely packed material, with low overall
density...

.. .the density of the surface does not exceed one gram per cubic centimeter-
less than half that of terrestrial soil or rock...

...indicating an increasing dearee of compactness with depth...

.. .the lunar dénsity under some meters of surface material probably
compares with that of compacted terrestrial soil or rock.

...there are many rocks, particularly near certain craters...they appear
to be scattered haphazardly over the surface...



.. .the youné; primary impact craters, which have not yet been strongly "weathered"
by the erosive action of falling particles, probably contain more bare rock,
in walls, floors, or rock debris, than older craters...

A paper appearing in the Astrophysical Journal, 139, 734-750, 2/15/64, provides
information relating to the material composition of the moon's surface. This is

- particularly pertinent when considering the chosen angular coverage of the pro-
posed yaw sensor detector elements and their intercepts on the lunar surface.

To show this pertinence, the worst case analysis of the proposed yaw sensor
detector array has been reworked in light of the information given in these
papers, as follows. :

The yaw sensor design using & pyroeleciric detector has a calculated Noise
Equivalent Temperature Difference of 0.11°K subtending 0.25° x 5° angles in a
100K field of view. This sensitivity level will be used in a worst case
analysis of the estimated infrared signal based on current estimates concerning
the nature of the lunar surface.

The worst-case operating conditions for the infrared yaw sensor occur over
those portions of the lunar surface that are at the end of the lunar night. The
"lunar surface temperature in those areas has dropped to approximately 100°K.
The infrared radiance gradients in these areas are generated principally by
thermal conductivity variations in the top meter of thickness of the moon's
surface. The moon's temperature at depths below this top meter is constant at
about 240°K and does not vary from day to night.

The thermal conductivity of lunar dust is probably an order of magnitude lower
than the thermal conductivity of lunar rock. A substantial fraction of the moon's
surface is probably covered by a dust layer over 10 cm thick. Therefore, areas
of the lunar surface consisting of substantially bare rock a meter or more in
depth will probably have a surface témperature roughly IOOK hotter than the
1000K surroundings at thz end of the lunar night.*

. The yaw sensor's 0.25° X 50 field of view will intercept a 0.44 km x 8.7 km
rectangle on the surface of the mocn at an assumed orbit altitude of 100
kilometers, and will exhibit a NEAT of 0.11°K in sehnding this ... &z

surface area. The successful operation of the yaw sensor under worst case
conditions. will depend on variations-in the amount of bare rock present of the

order of Qﬁl—lK—K— or 1% of a 0.44 km x 8.7 km patch of lunar surface.

This variation is equivalent to a rocky area of 8. 7 km x 0.44 km x 0.01 =
0.038 kmz, equivalent to a sguare that is 0.2 km on a side.

It has been shown that erosion processes on the lunar surface that transform
conductive bare rock surfaces to insulated dust-covered surfaces "appear to

*The addition of a 10-cm layer of superficial dust on top of a one-meter~deep
rock roughly doubles the thermal impedance of the stratum, halves the heat flow,
and hence (by the Stefan~Boltzman Pourth Power Law of blackbody radiation)
reduces the absolute surface temperature by 50%/4= 12‘}/2% of 100°K.
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be bracketed in the 0.01 km -~ 1 km range."* This size range is consistent with
that required for operation of the yaw sensor under worst case conditions.

x

3.1.2.3 Conclusion

It can easily be shown that for the temperatures of interest here, a ten percent
variation in average thermal conductivity will produce a ten percent change in
infrared radiance gradients** corrésponding to a 2-1/29K blackbody temperature
change at 100°9K. If we postulate that the moon is made of material similar to
.thaf"which comprises the surface of the earth, then the mechanism for establish-
ing this 10% variation in thermal conductivity is readily available. The thermal
conductivity of terrestrial dusts and sands is typically a factor 10 lower than
that.of terrestrial rocks. Therefore, the requirement for establishing the postu-
lated ten percent variation in average thermoconductivity is met if the 1 to. 10

meter layer of interest on the lunar surface has a larger proportion of rock in one
area than in another. This degree of inhomogeneity of thelunar surface must be
sufficiently widely distributed to provide a temperature gradient over the area being-
examined by the yaw sensor, typically, about 5 miles by 5 miles (50-mile altitude).
It would certainly seem that such a requirement is quite undemanding.

3.1.3 Thermal Gradients on the Earth ~

The major problem in earth orbit will occur at low orbital altitudes when sensing
the ocean far from a land mass and under cloudless conditions. Very litile
measurement data on real-time thermal gradients in ocean centers exist, since
this information can be readily obtained only from satellites. Quite extensive

. data exists based on airborne radiometric measurements of sea water temperature
near the shores of the United States. Figures 3.12 and 3.13 represent satellite
data on water temperatures at the center of the Altantic Ocean and airborne
measurement data taken over a relatively short period of time on Lake Ontario.
FTigure 3.14 represents sea-water-temperature measurements taken off the east
coast of the United States. The proposed 5° x 5° field of view composed of

"20 elemental 0.25° x 5° fields of view, when superimposed on these thermal
contour maps, span a thermal gradient of about 0.1°C. This thermal gradient
results ina A T between the adjacent elements of only 0.005°C, which is, however,
greater than the achievable NEAT of the yaw sensor (using a pyroelectric
detector array) for 274°K - 284C°K blackbody target temperatures. (See
Figure 3.3.) It can therefore be concluded that for unclouded conditions over
the ocean, the yaw sensor can operate successfully.

*#¥"Surface Temperature Variations During the Lunar Nighttime" by B. C. Murray
and R. L. Wildey; Astrophysical Journal, Vol. 139, pp 734-750, 2/15/64.

**Spectral Variation of Blackbody Radiation by M. G. Dreyfus; Applied Optics,
2, 1113-1115, 11/63. - :
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For ocean thermal gradients of less than 0.1°C, the question that must be
evaluated is the probability of obtaining clear skies over an extended surface on
the ocean. The best data relative to this question has been obtained from TIROS
satellites .* Some results from these satellites are presented in Figures 3.15,
3.16, 3.17, 3.18, and 3.19 for earth latitudes from 30° north to’ 25° south )
averaged over a monthly basis. ‘These data indicate that there is no area on

the earth in this latitude region where an essentially cloudless condition exists,
Since most clouds are above 2,000 feet, this guarantees sharp thermal gradients
of at least 5°C sbove the sea-water temperature, which will be entirely sufficient
for yaw sensor operation. There will, of course, be isolated instances where

- the yaw sensor will view cloudless conditions. However, this is expected to
persist for less than 1/10 of an orbit. (Even this expectation might be thought
unduly pessimistic. See Section 3.1.4,'below.) . -

3.1.4 Thermal Gradients on Earth: Supplemental BAI Study

Barnes points out that the thermal gradients in the ocean's surface may be too
small to be sensed by the proposed yvaw sensor and predicates success upon the
presence of clouds within the field of view. (See Section 3.1.3,above.) Again,
in an attempt to establish confidence in the probability of success of the yaw
sensor under thesé adverse conditions, BAI has made some additional investiga-
iions in this area.

It should be noted that the requirement for establishing a trackable image is
merely a requirement that a measurable temperature difference exist between
the image on any two staves across the entire surface of the IR detector; thus
the system requirements become much simpler than might appear at first. In
other words, what is necessary when the yvaw sensor is operating at about a
400-mile altitude is that within a rectangle of about 40 miles by 40 miles there
be one area of approximately 2 miles by 40 miles that has cloud cover different
from that of another rectangle 2 miles by 40 miles.

Recent unpublished analyses have been made of the spatial distribution of
infrared cloud radiance by the University of Wisconsin and by the National
Environmental Batellite Center of ESSA*#*, These analyses have consisted of
histograms of apparent infrared temperature versus frequency of occurrence
in the radiometric data telemetered from two infrared radiometers, the

MRIR (Medium Resolution Infrared Radiometer) and the HRIR (High Resolution
Infrared Radiometer), put into orbit by NASA-Goddard.

*QObtained from the U. 8, Weather Bureau.
**Private communication 8/7/%68 from Dr. William L. Smith, National
Environmental Satellite Center, ESSA, Suitland, Md.
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The MRIR has a field of view 25 miles in diameter on the surface of the earth.
Its histograms show a broad spectrum of apparent temperatures with high fre-
quencies, indicating that the average cloud cell is less than 25 miles in diameter.

The HRIR has a field of view 5 miles in diameter. Its histograms show two
discrete temperature levels appearing with high frequency, one corresponding to
the surface of the earth, and the other to the cloud temperature. This indicates
that the average cloud cell is of the order of 5 miles in diameter, From these
histograms and the analyses made thereon, the probability of finding an area
over the ocean sufficiently cloudless to create a yaw measurement problem is
extremely low.

3.2 . PRELIMINARY DESIGN OF IR FRONT END¥*
3.2 .1- Effects on System Design Parameters of Thermistor Detector vs.
Pyroeleciric Detector

"Although initially the use of a thermistor bolometer detector was s intended B

for the yaw-sensor,; We felt that con51derable 51mp11flca'tion ard cost re-

-duetion would.be obtalned if a .pyroelectric sensor array were used..

The use of a thermistor detector requires individual preamplifiers for each channel
due to the high impedances of this detector. On the other hand, pyroeleciric
detector arrays have been fabricated incorporating an output transistor for each .
detector, thus providing each with a low output impedance. This has allowed
the successful sampling of multi-~element detector arrays at the detector level
using a MOSFET sampler, a technique that has been completely developed on a
current program at Bames.

The simplifications achieved in the use of a pyroelectrlc detector were dis-
cussed in the Barnes Second and Third Monthly Progress Repcrts, and are briefly
reviewed here. For economic production, the 20-element thermistor array should
have been defined on a single 20 mm by 20 mm flake. A thermistor flake of
these dimensions, however, would have had an unacceptable signal-to-noise -
performance level. The alternative was to combine four 10 mm x 10 mm
thermistor flakes and to define an array of 10 active and 10 compensator flakes
by depositing a grid of gold leads. The four 10 mm x 10 mm flakes. would then

. have been mounted on a common heat sink, and adjacent elemental flakes
connected together to form the requlred 20 mm by 20 mm array.

*Section 3.2 was prepared by Barnes Engineering Co., with the exception of a
supplemental study of the pyroelectric detector array conducted by BAI and
described in Section 3.2.3.2.
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However, it was found that when‘this array was combined with the trough
-pyramid optics described in the proposal, the field of view relative sensitivity
was reduced due to vignetting of the pyramid optic at either edge of the entrance
aperture as shown in Figure 3.20. The fabrication requirements for the type of
lens needed to eliminate this v1gnett1ng were considered impractical.

None of these drawbacks occur with the pyroelectric detector, since this
detector can be fabricated on a single flake, thus eliminating about 120 con-
nections. In addition, no passive elements are needed in the pyroelectric
detector array, permitting butting elemental fields of view with simplified
pyramid optics. )

3.2.2 - Yaw Sensor System with Thermistor Array

A preliminary design prepared for the optical head to be used with the thermistor
detector array is shown in Figure 3.21. The yaw sensor head consists of a lens,
the detector array, a preamplifier assembly, a preamplifier output sampling
switch, and a power supply.

The optical design comprises an all-reflective Cassegrain objective system.
A'wedge reflective optic is combined with the 20-element thermistor array to
obtain twenty 0.25° by 5° elemental butting fields of view. Figure 3.22
shows a detailed view of this detector array assembly. The purpose of the
reflective wedge is t0 increase the detector effective dimension in one direction
to provide increased optical gain, low optical cross~talk and high optical
quality. In addition, space was allowed for the reference thermistor flakes
associated with the active thermistor elements, thus 1nherently providing for
the butting fields of view.

The main problem anticipated with the reflective wedge optic was the con-
struction, because of the small dimensions and relatively smooth surface
required,

3
1 3.2.2.1 Electronic Processing Using Thermistor Detector

The electronic proces's'ing circuit must amplify and sequentially sample the
signal of sach elemental detector The d951gn orlginally proposed is shown
in Figure 3.23 VR A A -

Each preamplifier is a Fairchild "Microamp" 709 integrated circuit with a
parametric amplifier input stage. IDach preamplifier has an electrical band-
width of 0.01 to 16 ¢ps, achieved with the aid of coupling capacitors allowed
by the high input impedance of the input field effect transistor. The ac
coupling of the preamplifiers eliminates any dc drift terms in the detector

=44



-—ST?_

PORTION OF OFF AXIS RAY BUNDLE WHICH REACHES IMAGE POLYGON

OFF AXIS RAY BUNDLE N . \\
~ - y
g PRIMARY OPTIC S \\}

| FOCAL PLANE e ~

T | " S \\
~

— - —

CENTRAL RAY BUNDLE
{ALL RAYS REACH IMAGE POLYGON)

.pvﬂnqzo oPTIC Sy
OFF AXIS RAY BUNDLE - / |

® 1.0 | - / '
az " N : / .
L Z i
> 4 X /
u o
Q 14 NN 4 W
a,. = ,
A
w =
T

|

Al

o

) , .
L CENTRAL RAY BUNDLE

Figure 3.20. FIELD OF VIEW VIGNETTING BY PYRAMID CPTIC
FOR THERMISTOR ARRAY

I REFLECTIVE = |

— —

———— . — ————r—"

ACTUAL DETECTOR AREA

A22340



-9 -

1

20 PREAMPS (INTEGRATED CIRCUIT)
20 ELEMENT ELECTRONIC SWITCH
AND POWER SUPPLY

/II/IIIJI?'IIIIIIIIII/I/II/I/////_.{

7
4
f
1
vl
4
|/
/
l’
}

_/
/

///////71///1/

20 ELEMENT
THERMISTOR ARRAY |
"\\ *
’ ~5.5"
 ¢———— SECONDARY DIA.
MIRROR
N \
N - I
N \
W N
Q PRIMARY :
N MIRROR \
N
N ~
\ 1
| E
_L_'W_[JIIII IIIIIIIIIIIIIIIIJIIIIIIII!//%‘x\\.\\\\\\\ ‘ B ‘L_

X o

~ 3

\—THERMALLY INSULATING
STANDOFFS
AlN49-001

Figure 3.21.  YAW SENSOR OPTICAL HEAD, PRELIMINARY CONFIGURATION, THERMISTOR ARRAY



_z‘ﬁ—.

——+BIAS

SiGNAL
e — Bl AS
——SIGNAL
~——-BIAS

———+ BIAS
e SIGNAL

-~ —BIAS

VACCIUM

DEPOSITED
ELECTRODES —ee=—|

ACTIVE FLAKE

COMPENSATING -

—ETC,

FLAKE

ADJACENT
ELECTRODE

ETC, +— + 10 mm

CONNECTIONS e

———ETC.

ETC. | 10 mm

10 mm

L

10 mm X *l.
A2233%

Figure 3.22, THERMISTOR ARRAY CONFIGURATION


http:jfl,).1i

~8p-

SCAN SYNCH.
o SIGNAL TO BOLSEY
PROCESSING CIRCUIT

COMMUTATOR
. SAMPLING |[w—CLOCK

CLAMPING ~_ f=.0l-I6 CPS  STORAGE
SWITCH CAPACITOR
JOR,

—BIAS

-

F_

S
S L
w l o Bl -
L7
" —Vr I !
Ll .
| | | - "VIDEQ" SIGNAL
. PREAMP ¢—————TO BOLSEY |
. ' / T TH * PROCESSING CIRCUIT
‘ ' a I ' :
| ETC. | 28:515 - 28 VOLTS DC
ETC. ' ] :
éETC. | + | - \j
L . ETC,

OUTPUT SAMPLING COMMUTATOR
SWITCH (2000 SAMPLES/SEC)

Figure 3.23: YAW SENSOR OPTICAL HEAD BLOCK DIAGRAM Bies-003
WITH THERMISTOR DETECTOR ARRAY



array or preamplifiers. Each preamplifier signal is integrated in an output
;capacitor for the array sampling_ period of 0.01 second, and the voltage of each
Gapacitor is then sequentially read out by a high level electronic sampling switch..
This arrangement results in the highest overall signal-to-noise ratio. At the end
of each electronic sampling sequence, all of the input and output capacitors are
discharged, thus eliminating any dc voltage build-up and subsequent saturation
of the BAI processing electronics.

3.2.3 " Pyroelectric System - Optical Design

After the decision was reached to include the pyr0eleétric detector array into the
vaw sensoratudy, an optical and an electronic system compatible with this array
were designed. _
Figure 3.24 is a layout drawing of the yaw sensor optical head. In this design, a
flat folding mirror is used so that the yvaw sensor occupies a minimum velume.
The “stretched-out" or unfolded configuration of the optical head is shown.in
Figure 3.25.

The optical system consists of:
{1) An entrance aperture plate having dimensions of 0.6" x 7.6".

(2) A primary sphericél mirror having dimensions of 2.5" x 9.5" and
a focal length of 15". *

(3) A silicon field lens with spherical surfaces. This lens performs
the dual function of a field lens and a field flattener. Silicon,
because it is transparent to infrared radiation out to about 100
microns, is suitable for use on the cold side of the moon.

(4) A reflective pyramid optic assembly used to cause the 0.027" x
1.2" dimensions of the pyroeleciric detector array to subtend the
desired 59 x 5° field.
]
A computer ray trace was made on the primary spherical mirror and the pyramid
optic assembly. The optical aberrations over the 59 x 59 field of the yaw sensor
at the entrance plane to the pyramid optic are shown in Figure 3.27.

The reason for the aperture high aspect ratio can be seen in the ray traces shown
in Pigure 3.26. A discussion of the dimensions used in the optical system is
given in the Barmes Fourth Monthly Progress Report.

In the plane defined by the 0.6" aperture dimension, the pyramid optic assembly
produces an image polygon of the entire detector array. The field lens produces

*The field lens results in an effective focal length of approximately 13.8".
‘ -49-
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an image of the entrance aperture on this image polygon. This in effect causes

all rays from the entrance aperture Wlthln +2.,5% of the optical axis to reach the '
detector array.

In the orthogonal plane,the field lens performs essentially no function, since i
the 0.016" thick flat vanes situated between adjacent pyroeleciric detector

elements serve to transfer any ray entering the pyramid assembly to the appro-
priate detector element.

The method of fabricating the vane assembly is indicated in the isometric draw-
ing shown in Figure 3.26. It will be composed of two polished plates each
having twenty milled slots, 0.016" wide on 0.060" centers. The vanes will be
fabricated from 0.016" thick polished aluminum sheets having a triangular shape,

and will be inserted and epoxied into these slots as indicated in the isometric
drawing.

Detail drawings for this reflective vane assembly were generated, and the required
parts were machined.

Figure 3.28 shows the assembled reflective pyramid optic. The assembly of

this unit is relatively straightforward so that its fabrication is definitely feasible.
The pyramid optic assembly also provided the expected image polygon so that it
should provide the theoretically expected optical gain. The detail drawings for
the components of this reflected pyramid are included in the Barnes' Sixth Monthly

Progress Report. These drawings have taken into account the lead connections to
the 20-element detector array. ‘

Figure 3.29 shows the assembly drawing of the pyroelectric array, pyramid
optic assembly, and field lens. .

3.2.3.1 Pyroelectiric Detector Array

_ The pyroelectric detector array that is proposed for use in the yaw sensor has
been developed at Barnes under another contract. Therefore, it this array is
used inthe yaw sensor, the nonrecurring cost involved in fabricating a special

pyroelectric array would be eliminated. This array is presently. composed of
ten 0.026" x 0.026" elements.

As can be seen in Figure 3.30, this array would be modified by connecting
together pairs of adjacent elements, thereby resulting in a 5-element pyroelectric
detector array on a single substrate with each element having dimensions of
0.026" x 0.056". Four of these substrates would then be mounted together

end to end to form the required 20-element pyroeleciric array.
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As can be seen in Figﬁre 3.30, the array is desgigned to mate with multiple field
effect transistor elements housed in a "flat-pack" housing. These FET's provide
" the first amplifier stage (shown in Pigure'3.31) for each pyroelectric element.

’

3.2.3.2 - Pyroelectric Detector Array:' Supplemental BAI Study

Since the cost of developing iooling, atc ., for the pyroelectric array is very .
high, the Bames effort has concentrated on an attempt to provide a design that
will meet the requirements of the yaw sensor front end without requiring the
development of a new pyroelectric configuration. This goal has a very high
probability of being met by the use of an optical system that images the infor-
mation from the predetermined angular intercepts onto an existing pyroelectric
configuration. It should be noted that this optical design is universal and can
be used regardless of the type detector that is finally chosen for the system.
The use of a catadioptric array of this sort coupled with pyramidal optics pro-
vides a rather unusual appearance. For this reason, we felt that a discussion
of the factors leading to this design might be very helpful.

The optical design uses a rectanguloid telescope (15" x7.6" x 0 .6") with a
‘rectangular primary mirror (7.6" x 0.6")}. This large anamorphism in the

optical package is a'logical consequence of the overall system requirements
and is calculated to maximize system performance and to minimize system size .

The optica‘l head is designed to gather infrared flux through a rectangular
entrance pupil (@ 7.6" x 0.6" aperture stop); it delivers this flux to a focal
plane where it is divided into twenty adjacent 0.066" x 1.3" strips by twenty
rectangular field stops. The long axis of each field stop is perpendicular to
the long axis of the enfrance pupil. The flux from each 0.066" x 1.3" field
stop is then condensed onto an infrared detecter that is 1.4 mm x 0.66 mm in
size with its long axis parallel to the long axis of the entrance pupil. Thus
the infrared flux is channeled through three rectangular stops: the aperture
stop, a field stop, and a detector; it should be noted that the product of
corresponding aspect rati‘os of these three stops is close to unity: ~

7.8" 0.066" ' 0.66 mm

L0 = 3
0.8" 1.3" . 1.4 mm
It can be shown that achievement of maximum system sensitivity requires that
the product of the aspect ratios of these three stops should approximate unity.*
In principle, departures from a unity product sacrifice system sensitivity by
the square root of the product. These design criteria are consequences of

[, -

o a [
3 . v L .o L

*A general theorem demonstrating this is proved in Appendix 3.
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Tagrange's Law*; **,6 which states thattheangle. of convergence of a flux ray on
any image plane is inversely proportional to the linear size of the image at that
focal plane. . In practice it is frequently desirable to use system aspect products
of the order of 4 due to engineering constructional constraints and reliability
considerations; however, aspect products of as much as 9 are rarely justifiable
since they produce such a large.locss of sensitivity.

It must be appreciated that system requirements of the yaw-sensor dictate that
the intercepts of each detector be 1/4° x 5°, an aspect ratio of 20:1. As
pointed out above, maximum sensitivity required that the dissymmetry product
‘of the system elements approach unity. This is achieved by the optical system
proposed by Bames in which the product of interest is:

7.6 0.66mm _ .., " -

0.6" = 1.4mnm o:1

which, when multiplied by the dissymmetry reé;uired of the field of view gives
% =0.3, a value 3 times away from unity. Thus, we make a permissible
sacrifice of a factor of 5‘ n signal-to-noise in order to significantly simplify
the systiem optics.

-

3.2.4 Electronic Design - Pyroelectric Detector

The electronic processing circuitry for the optical head amplifies the signal
present at the output of each of the 20 elemental pyroelectric detectors,

and sequentially samples the amplified signal output of each detector in the
20-element array. The resulting multiplexed signal is amplified to a suitable
level in a logarithmic amplifier.. The signal output of the logarithmic amplifier
is then buffered and presented as the "video" output of the optical head

3.2.4.1 Preamplifier

The output of each of thé twenty detectors in the array is fed into a preampli-
fier similar to the one shown in Figure 3.31. The preamplifier consists of
only two stages: a gain stage and an impedance buffer. Between these two
stages and following the buffer stage are RC networks used to provide the re-
quired treble boost frequency response for the detector-amplifier system.

~*"The Principles of Optics” by A. C. Hardy & F. H. Perrin: McGraw Hill
Book Company, N. Y., 1932, see pages 43 and 93. )

**"Wedge-Immersed Thermistor Bolometer" by M. G. Dreyfus; Applied Optics,
Vol. 1, pages 615-619, September 1962. )
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The output of each detector is fed into the high-impedance input of the first
stage of the preamplifier. This first stage consists of a low-noise, high-

gain, n channel FET (Ql). The amplified signal is taken at the drain cf Q1 and
is subsequently low-pass~-filtered as a result of the configuration of resistor Rl
and capacitor C1. The low-pass filter 3-db frequency is set at.16 Hz. This
filtered signal is then fed into the buffer stage that:.. consists of another FET
between the output of each preamplifier and the input to the wide~band logarithmic
amplifier, which will be described subsequently. Thus as each MOSFET switch'.
is closed in sequence, the outputs of the 20 preamplifiers are presented in a
serial fashion to the common source,which is the input to the log amplifier.
These switches are driven in sequence from the 20 outputs of a commutator
driver, which is discussed below. Each swiich is closed in sequence for 500
microseconds; therefore, at the end of 10 milliseconds, .each of the 20 pre-
amplifier outputs is sampled once. ) )

‘The values of components C2 and R4 in the preamplifier are selected so that the
switching spikes appearing at the input to the-log amplifier are at a level three
times lower than the minimum expected output signal (which is equivalent to a
planet radiance change of 0.5°C in a 100°K blackbody). Since the spikes are
of such a low magnitude, their associated decays are also of no concern. Thus
the switching transients produced by the commutator will not significanily affect
the signal input to the logarithmic amplifier.

-

3.2.4.2 © Commutator Driver

The commutator driver required to drive the 20 commutator switches described
above consists of two General Instrument (MEM 3012 SP) shift registers.
Application of a 2000-Hz clock to the input of the two registers, which are
connected in series, produces the proper timing output to drive the commutator
switch. -

3.2.4.3 Clock and Power Supply

3 - .
The power supply required to power all the elecironics is of a conventional
design and, therefore, not described in detail. The clock signal required to
drive the shift registers is supplied by the BAI electronics.,

3.2.4.4 Iogarithmic Amplification
The output of the sampling commutator switch or multiplexer is fed into a

five-decade logarithmic amplifier. This type of amplification is required be-
cause of the large dynamic range of the input radiation signal to the system.
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Since the logarithmic amplifier input is a multiplexed version of the signals
appearing at the outputs of the 20 preamplifiers, the logarithmic amplifier
requires a bandwidth which extends from dc to 2000 Hz. A schematic of the
proposed amplifier is also shown in Figure 3.31.

The logarithmic amplifier consists of a precision logarithmic device 21

(Analog Devices Model 751 P/N) imbedded in the feedback loop of a high quality
operational amplifier Al (Philbrick Q25AH). The voltage input to this amplifier
is converted to a current by resistor Rp. As a result, the amplifier has a
transfer characteristic that is calibrated in steps of 1 volt per decade. Due to
its configuration, the output of this amplifier is at a relatively high impedance,
and is therefore fed into another stage that acts as a buffer, This buffer con-
sists of an integrated operational amplifier such as the LM 102. The output of
this buifer, AZ, is the "video" output of the optical head.

" Since the most critical portion of the logarithmic amplifier is the logarithmic
device imbedded in the feedback loop, it is_suggested that an Analog Device's
Model 751 P/N precision logarithmic module be used. This selection is based
on the fact that this module has a very wide dynamic range and is temperature
compensated. The frequency response of the logarithmic amplifier is dictated
by the bandwidth of the operational amplifier used in conjunction with the
logarithmic device. The Q25AH is more than adequate to achieve the required
2000-Hz bandwidth.

. 3.3 *STUDY OF SYSTEM PARAMETERS

3.3.1 Introductmn c e gl

It is a truism to state that in any system in which information (in this case
specifically, input data) is being processed, system sensitivity is a relatively
simple, monotonic function of signal-to-noise ratio. As a result, a study of
system parameters is properly a study of those factors contnbutlng to improve-
ment of signal-to-noise ratio, :

The proposed yvaw sensor consists of two separately analyzable sections:

the IR front end with its dptics, sensors, and immediately associated electronics
as one section, and the video processor, system memory, and correlator with

its associated integrators as the other section. )

Appreciating this, the task assigned by BAI to Barnes specified a.minimum
allowable signal-to-noise ratio. The analysis made by Barnes showed system
limitations {in terms of the absolute temperature of the terrain being examined
and the expected A T) for a signal~to-noise ratio of 10:1, which was extrapo-
lated for & 1:1 signal-to—-noise ratio. . Knowing that the video signal
provided by the Barnes front end would be at a known signal-to-noise ratio,
the study made by BAI was effectively heuristic rather than analytic, since
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our investigations in the past have determined that the BAI correlator cannot ..
be? analyzed accurately by any yet developed paper and pencil technique,*

The heuristic approach used is based on data that has been established on .
previous correlators and is dependent on the following relationships:

_ (1) Using the “standard" BAI scanning technique, the system sensi-
tivity is maintained at one micron at the image plane at signal-
to-noise ratios approaching 2:1.

(2) An analysis made in the original proposal for the yaw sensor
(and summarized in Section 2.4 of this report) showed the
expected deterioration of performance from the .“standard"
scanning system. This analysis was based on the parameters
we now feel we can "freeze", that is, 20 elemenis in the IR array
scanned at the rate of 100 scans per second. Thereifore, the
results of this analysis are as valid now as they were during the
proposal phase of the program. This analysis predicted a reduction
in system sensitivity at the image plane of a factor of 7.5, indi-
cating that for a 20~-element area subtending a total of 5° x 5°,
system yaw sensitivity would be 0,25°,

Thus, it is immediately obvious that any improvement in the ability of the
correlator system to accept a lower signal-to-noise ratio at the video input
without a reduction in sensitivity will result in extended system performance.
This extension of system performance can be taken advantage of in one of two
ways. The increased sensitivity can be used directly to obtain thresholds

o f . below 1/4° of yaw, or it can be used io extend system operation so that
terrain with even lower contrast and lower information conient than that
postulated in the Bames analysis could be used to provide processible infor-
mation to the system at thresholds of 1/4° of yaw.

. *Investigations have been made to determine the applicability of digital
computer modeling to detérmining and predicting performance of the BAI cor-
relator. As part of the Lunar Orbiter Program, experience by Eastman Kodak,
using then in-house computers, showed that, whereas it was possible to
approximate such a model for the correlator; the results could easily be in
error by a full order of magnitude. BAI has discussed some of these problems
further with Mr. Sam Pines of Astro Consultants, and as of early in 1968,
Mr. Pines felt that the BAI correlator could he completely and accurately
modeled on a general-purpose computer at a cost of about $65_,000 for pro-
gramming . In addition, many hours of time on a computer would be required.
At the time of the estimate, Mr. Pines was thinking in terms of an IBM 7090.
Later computers, now available, might simplify the task somewhat,
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3.3.2° Memory Noise
The signal-fo-noise ratio of the correlation portion of the system processing is
controlled by two major factors. One is the repeatability or the validity of the
information obtained from the system memory. Previous BAI systems employed
a rotating drum memory. The information read from a stable non-jittering drum
" differs from that read into the drum due to variations in time constant of the ~
reading and writing circuits and noise infroduced by non-uniformity of the
magnetic coating of the drum . While the effect of the variation of the time
constant from the writing cycle to the reading cycle can be greatly diminished
by the use of compensating time delays, there are second order residuals due
primarily to temperature variations in the basic time controlling parameters

- and the corrections for them. Variations due to non~uniformity of drum coating
can be reduced only by careful control of the manufacturing processes in
making the drum and coating it. Because of this, BAI makes all of its own
drums, and we feel that we have reduced variations due to coating noise to
the minimum obtainable for a drum-type memory. It is our estimate that the
contribution to uncertainty (i.e., system noise) attributable to drum non-
uniformity and time constant variations between reading and writing are aboul
equal and amount to somewhere between two and five parts per 100,000 each.
Thus in a 10 millisecond scan, these noise sources: introduce variations of from
200 nanoseconds to 500 nanoseconds each, a non trivial contribution when,
attempting to push toward maximum resolution. ’

A much more significant contribution to system noise by a drum-type memory
results from the impossibility of obtaining a coimmpletely “smooth" rotational
motion with a motor-driven drum. BAI has done extensive work in this area,
particularly in the design and construction of test equipment for measuring
high precision V/H systems where very high speed, high gain servos are used
to control test systems in which large inertias are used for smoothing. Even
under these tighily controlled circumstances, there are appreciable spurfious
signals generated by high time derivatives of the drum rotational rate. Since
these higher derivatives are even greater when an open-loop, non-servo
controlled . motor is used, and further they are not repetitive due to bearing
noise, etc., the information read from the drum is not identical to that .
written on the drum because of this uncontrolied jitter. (See next paragraph
for a quantitative analysis of-their effect.) For this and many other reasons,
BAI intends to use an all-electronic memory for the proposed yaw sensor.

(The original basis for the decision to use the all-electronic memory was
elimination of mechanical rotating components and all of the lubrication and
bearing problems associated with them in a space environment. Fortuitously,
there.is a strong additional ddvantage of reduction in system noise.) The
proposed digital memory technigue has the advantage of eliminating variations
in memory output from one reading to the next, and reducing variations from
input to output to less than the chosen time quantizing element. Since the
size of this time quantizing element is within the control of the designer and
can be made negligibly small*with available bullding biccks at no appreciable

-
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sacrifice of system size or power, we can effectively eliminate noise contribu-
tions ascribable to the system memory by use of the proposed digital techniques.
In an attempt to establish some numerical values for the improvement resulting
from the use of a digital memory instead of a drum memory, we find the following:

The motor used to drive the memory drum in the Lunar Orbiter correlator was chosen
primarily from the point of view of size, weight, and power. As a result, there
was a large amount of jitter in'the memory, much more than would be accepted on
a ground-based, lakboratory-type system. A much more meaningful comparison

can be made with the jitier developed by the motor used for the memory drive in
the system developed by BAI for the USGS. In this sysiem there was no con~
straint on size, weight, or power; hence, we were able to reduce jitter to what

we consider to be the lowest practicable value for an open loop system. This
amounted to between 3 and 5 microseconds peak variation from one reading of

the memory to the next.

Using a digital memory, the jitter from one reading to the next is reduced to the
variation in the system clock rate; this is easily maintained in the low nano-
second region. For example, a one megacycle oscillator (which would be typical
for a. system of this sort) that varies by a few nanoseconds in 10 milliseconds ’
(which would be a typical scan time) would be a very poor oscillator indeed. The
state of the art todavyis appreciable better than this even forminiaturized oscillators.
The variation between information read into the memory and that read out is a
function of the minimum time guantizing unit, and this can be reducedtoalmost
any arbifrarily small size. A 5-megacycle system clock is readily available,
and this would provide time quantizing elements of 200 nanoseconds each,
meaning that the maximum variations between information read into a memory
and that read out from the memory would be 200 nanoseconds maximum, with

an average variation of about 100 nanoseconds. .

3.3.3 Correlator Noise

The second source of processing noise is contributed by the correlator. Here
again there are two sources of noise. The correlator requires the use of two
matched delays, one in the video and the other in the reference channel. Any
variations between these two delays introduces correlator noise. Although the
two delays can be trimmed very carefully when the system is first built, drifis
arise due to aging and temperature variations. The digital correlator that will -
be used on the yvaw sensor substitutes a simple capacitor controlled delay for
the original LC delay line. The tracking of the capacitors (when properly
chosen) can be made appreciably better than that of the LC delay lines, which
have inherent variation in core inductance and wiring tension, both of whichare
non-iracking and can introduce relatively large divergence between the two
delay channels after temperature and time cycling. Past experience shows that
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these divergences can approach one microsecond with LC delays .- The capacitor-
~ controlled delays can be made to track to within 50 to 100 nanoseconds.

: An equally important contribution to correlator noise results from the uncertainty
of establishing the time position of leading and trailing edges of the pulses
being compared in the correlator. The original correlator systems, which gave
the basic data from which the parameters of one micron sensitivity at a signal-
to-noise ratio of 2:1 were determined, had rise and fall times of approximately
500 nanoseconds. The newly developed digital correlator has rise and fall

times of from 30 to 50 nanoseconds. )

Bach of these improvements coniributes a reduction in signal-to-nolse rmatio that
is approximately equal to the square root of the improvement ratio. Thus since
gach will effect an improvement of about a factor of 10, the reduction in signal-
to-noise of each taken individually is about 3.3 times. The effect of two

taken together must be determined experimentally, since there will undoubtedly
be other residual contributions to noise that will.limit the total improvement
achievable in practice.

3.4 STUDY OF CROSS TALK DUE TO ROLL RATE# .

-

3.4.1 . Phase 1

In order to study the expected variations in yaw sensor image motion, a pro-
gram was developed to simulate the motion of space vehicles for typical
geocentric and lunar orbiter trajectories. This program obtained the position
and velocity of a vehicle in closed form as a function of time, under the action
of a central force field and a planetary oblateness perturbation. The program
also generated the orientation of the vehicle body with respect to the local
horizon, and periodically rotated the body axes, by means of impulses, to
correct for pitch, rell, and yaw. The objective of this phase of the study was
to determine the expected number of attitude corrections, and the time distri-
bution of such corrections, for a perfectly stabilized vehicle.

In Phase II (which is described in Section 3.4.2), the program was modified

to simulate the yaw sensor image motion due to vehicle side motion and roll
rate. In addition, the attitude corrections were carried out in finite time {rather
than with impulses) to c_Jbtain a more realistic body angle rate picture.

*Section 3.4 was prepared by Mr. Samuel Pines of Astro Con‘sultants, Inc.
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“THE VEHIC LE TRAJ'ECTORY

P [ _

. ‘We represent the motion of a vehicle in arigidly rotating.Kepler ellipse
" which 51mu1taneously rotates about the pla:netary polar axis and about its in-

stantaneous orbit plane normal vector.

—— -

" We take as the defining parameters the initial position (R ) and
velocxty (R ) vectors at the initial epoch (t ). The simultaneous rigid
rotation of these two vectors will represent the rigid rotations of our "mean"
conic section. - -

_ The rotation of a veétor, I., abouta given unit vector, 1;;!, through
an angle, o, is givenby _ - ' '

-~ L' = L+(1~-coso)Mx(MxL) +sino MxL . e
The rotation is available as a matrix tr-ansformation also by
= A(M,0)L ) . LT )

wheére the elements of A are givenby

- .7 . . .

L

cos‘ o ’o‘ij+ (1 - cosohm, m, -+ sinc mkﬁijk
~ [0 i#7]
5r=[-’ T (2a)
Vo, 1=jl '
0, i=7j _
, Gij'k= 1 , i#jland cyclic with 3,2,1
- 1., i#jland cyelic with 1,2,3
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The adva.nce of pemgee about the 1nstanta.neous angular momentum vector

may be represented by a rlgld rotatmn of both the initial position vector; R‘;o s

and the initial velocﬁ:y vector, Roo R

: through the same angle,

-~

vector is taken to be the unit 1mt13.1 ang'ular momentum vector, Hob .

iy Ca R R‘oc;x ﬁ'oo 1‘11 : d
= . em—— . - f
M1 I.-Ioo - ho hz . . )
: k

The mean rotation angle for the adéw;tance, of perigee may be obtained followiﬁg

- 1
-+ Brouwer as

where.

j ~ 3

or'f'

0% . ot

h
0

2 2. . '
3nop (-5 cos 1°)k2(t-%) .

) 2h4
"o

a’ .
V2
-2 -0
IR

oblateness constant

central mass constant

= transit time from initial time
= |r |
='~‘Roo‘ -
=R xR |. -
-~ 00" To00!

1Brou\n'rer D.;

“Solution of the Problem of an Art1f1c1al Satelhte Wlthout Drag, "

Astronomlcal Iournal N ovember 1859.
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’ _We have

" The mean rotation of the ascending node may be represented by a rigid

rotation of both R; and R; about the unit polar axis, k. For this case,

r . ~

o Al( Hoo’c,'].).Boo
.y N .
R = Al(Hoo’cl)Roo

following Brouwer, we have

- 2 ’
3y n cosiokz(t—to)‘
1 =

b
S

The unit rotation vector is

" The dés_ired result is given by a single matrix rotation, as follows.

et

' 0
M, =k = |0
2 .
1
X CcOos 0‘2‘ - 51n
(k,crz.)‘ = sin o, cos
' 0 0

C = A,(k.0,) A(H .0
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S :‘__-—The ele‘x:ngnts‘of the matrix C are given below,

.. --_ _— i . - .. 2 -, . .' -, : ‘, -..- . ]
_ c11. = €0s 0, cos O, +' {1~cos crl)(hl cos G, - .sin o, 111 h2 )- h3 sn? g, sino,
e, = -sing cascr—+(1 coscr)(h h cos o —hzsmo )-Ii cos g, sing

-12 2 1 2 2 2 3 2 1.

.clé‘z'coso' sin g, b, +smcr sino h +(1 coscl)(h h cos o, - h,h smc)

- 2 2 2 3 2
Coy ="sin ?'2 cos cr-l-;- (1 - éos 01)(113 sin (;'2:+ hl h2 cas qz) + ;os Oy Sill;. oy 1_13
'c22 = cos &1 cos- &2 + (‘1.- cos o"l)(hzz cos o, + }:L1 h2 SiI-I. 0'2) - sin- o1 sin_cr2 h3 (93'.)
‘ c = -sm (o smcr h - cos o. smc h + {1=-cos cl)(h sfn c2+hg h?—’ cos 62)

23 1 2

-

Cqq = hl h3( 1-cos o,)-singy 1?2

. c32'=‘ hz h3(1-cos crl)+ sin g, h1

= 2 '
Cpq = COS cl-i-hs(l-co_s Gl_) B
Then ‘
’ R=CR
o 0o
: : (10)
R=CR -
0 00
.- The solution of":the two-body problem is now available as
R(t) = fCR_+ gCR
(11)

‘R(t) = fCR _+ gC o
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]

(o]

-

'formulae :
G
f =1.-—2 .
T - .
- Q .
T do-
g = G + =G
o 2
Je #
. fu ¢
£ = - 1
S TT
o
Y ¢
it 2 .
g=1-—
Here, we have
d =R -R
o 00 00
%
r=|Rl=@G +ra+—2¢C
2 1
Ju

. r :
- (o) .
R'R = «/p' (1--G, + 4G

The. Gi functions are the Stumpif series

g2

_ i(-l___
G; = BAT1 ™ 2yt

g The rela.tmnshlp between the regular1z1ng eccentric a.nomaly B and

the tra.nS1t time, t t is gwen by

- /(1 3005 1)k

_,J—(

&)
2.
a (i+4)}!

a.l-/2 ]13
o

- =11-

)(t t)—e +rG

1

+

d
.0

a3

The scalar functions f, g, f and g are given by the standard

G

2

- .a2)

(13)

C (14

- .(15)



Here the mean anomahstm perwd may be mterpreted as a somewhat altered

centra.l body mass consta.nt.

1.

"_anomaly, _ ﬁ .

“To obtain a éolufioh of the two-body prol;lem, we proceed as follows:

Given a fixed transit time, -t-% , -we solve the modified
K_e;iler's equation (15) by Newton'as method for the un!mc;wn
an d

= J—(t-t 1+ sy k) [G r G +—2a, |

) JL-L- Bi-1
= Biat
[G tr G0+ 1]
where -
. 3/2
7} / (1-—30052i0)
8 = =
3 ' 2 a1/2 h3
- 0 0

. a ) o . 1 -
For a converged B, -compute the G-i(ﬁ » 3} series

Compute f,g,%,'g

" .Compute the Totation matrix C

Compute R and R from eq. (11).

.;72:- .
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' VEHICLE ATTITUDE CONTROL

¢ The vehicle 1’ axis is pointed down range in the plane of the orbit,
Rotation about f controls roll. The vehicle i axis i‘s pointed normal to the
orbit pfane: ﬁotation about 3 controls pitch. The vehicle k axis is pointed-
" vertically up in the direction along the radius vécfpr from the center of the

. planet,

: In a perfectly aligned vehicle, we have

'i~ - _HxR
.~ hr
+ _H '
I=3- (.17)
k=B
T
To compute the pitcli angle, we deté}mine the angie tizat we must rotate the
i axis about 3 to cause the rotated 1" axis tobe perpendicular to the position
- vector. . 3 E "
;'R=0=COSUE"R—SEU ‘I;'R s
P p
- (18)
fang = E'R
P k.Rr
' Similarly, the roll angle is the ahgle required to rotate ; about ; until
5_- R=0. .
i"R=0=73-Rcos¢ + k-Rsing.
r Ir .
- . . 7 (19)
tang, = —.i—R ‘
: k-R
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o If. we could determine ya;v exactly, it would be the angle we must

. rotate the i axis about k in order to make the angle between i' and the

ﬁzﬁt }.IthR vector a minimum. Find ’0‘y so that L ";,-
i< s .. . HxR_ °__HxXR s . _HXR s _ . . . :
. g =13i- = < i —— =
.. _ cos : 1-1__ hr cos_cry nr i smo‘y‘ hr j = min . (20)_
or - B
'ta;u'r _'i*HxzR
T i-HxR

o

- As the vehicle proceeds along its trajectory, the threé angles are
coinputéd and corrections are carried out whenever any angle exceeds +. 05°.

The new body axes are givenby
- ad.e :
L P(J p)
. G35 &1= ad,o) [1,1,k] - (21)

Ay(-‘!:: , cyj

. for pitch, roll and yaw, respectively.

COMPUTER STUDY RESULTS™

Lunar Trajectory

.

Semi-major axis 2 = 1100 miles = .275 Earth Radii
" -Ec'centricity e = ,003 -
" Inclination i o= 3° .

Flight Path Angle ¥ = 0 _
' Initial Rgldius‘_ro"' = a‘.il-e)
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) -Oblai:,eness Constari k‘_ ' = 10
- = 0 - 5 -
=" 0

=0

oF? ,o“"’" or?

After 1.5 hours

, :p_itch adjusts “roll adjusts  ° yaw adjusts
5400 2 . -3

Earth Orbit

& = 4100 miles = 1.035 Earth Radii
. .003 - '
40°

=9

= ‘a(l—e)

-

o
]

(5.
]

= Oblateness Constant, 1672

= 0

= 0

ow.’ o'_“’ ‘o.-‘-.’ R QH \e
|

= 0
‘After .207 hours

pitch adjusts " roll adjusts - yaw adjusts
990 AR 1
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. ANALYSIS OF THE RESULTS
A ‘successful control sﬁstem wiil re;qu_ire close é:émtrol in pitc;h_ and

* roll in order to cut down the effects of eross-coupling in the pitch; roll and
‘"‘-‘yé.w dégrees of fréeélom-‘ If we desire a pitch control of ER d5°, vs}e need to
correct at an average rate of 360 / 1. 5 bhours or .067 O(second in pitch for
Earth orbit and .05%/sec. for lunar OI'bltS. For good pitch control, a figure
of .1%sec. should prove adequate. )

-

-

‘ - In-. the -absence- of pitéh_ error, the yaw sensor image velocity is given -
by ' '

image v‘el = cryvcos‘y + o‘r&

where 4 is the vehicle altitude and v is the vehicle speed. By integrating
“the image velocity, we get for the net lateral ground distance traversed

oL 8 = cry v cc;s vt + lcrr(may-;-positive) - a‘r(min negative)‘ A

" Thus, if we choose 4 = 100 miles, “y= 9,‘ Io'r- a. l= 2 T oax® Yo 1.1 miles/sec.
~ for Tunar orbifs and 4.5 miles/sec. for Earth orbits, to control the yaw

‘limits fo the same limits set in roll and pitch (=. 650), we need an integration
tnne of 100 seconds in Ea.rth orb1t to be able to neglect the false yaw sxgnal

due to roll and 400 seconds in lunar orbit to be able to drown out the false

. roll sugnal These time limits will be reduced linearly if the yaw limits are
mcreased above +.05°, The roll rate i's‘not important in this study since

1t 1ntegra1:es out to give an oscﬂlatmg s1gnal whose maximum value is 20  max
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3.4.2 Phase 2

" SUMMARY

This section contains the results of a simulation computer study of the BAI .
yaw sensor in typical geocentric and lunar orbits. Two possible feedback
control schemes for limiting the vehicle yaw were investigated. The report
shows that, with the use of a summation time of 30 seconds; the BAI yaw
sensor can limit the true yaw excursion to 20 .59 for both earth and lunar orbits,
with yaw and roll perturbations. Roll limit stops of ¥0.5° do not adversely
affect the BAI sensor in limiting yaw excursions tc less than £0.59.

INTRODUCTION

The Phase I study, described in Section 3.4.1, generated a computer program
that produced realistic vehicle motions with perturbations in roll, vaw, and
pitch to act as a test bed for building a simulation program for the BAI yaw
sensor. This basic program was augmented to include the following:

a) Arealistic, finite time correction scheme for the vehicle in pitch and
roll to replace the impulsive correction mode used in Phase I.

b) A simulation for the BAI yaw sensor by producing a signal proportional
to the net cross-track image distance traversed by the vehicle over
the surface of the planet, including the effects of both yaw and rollrate.

c) A simulation of the BAI yaw sensor time delay in estimating the image
motion.

d} A simulation of the BAI'yaw sensor cross-track image measurement
constraint of a maximum of ¥0.5° of orbital central angle per image
summation scan. )

e) The program listed the estimated yaw as well as the actual yaw
throughout the run. The components of the cross-track image motion
due to roll rate are listed separately from the cross-track image mo-
tion due to vaw.

The program tested two options in yvaw confrol as follows:

Option I: Estimated yaw is computed continuously and corrected at a linear
rate of 0.02°/sec whenever the estimated yaw error is greater
than $0.25°.

Option II: Estimated yaw is evaluated over a time arc of 30 seconds and cor-
" rected whenever the estimated yvaw exceeds 10.25° at a rate of
0.029/sec. The accumulator is reset to zero every 30 sec. if the
estimated yaw is less than $0.259, '
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SIMULATION OF THE CROSS-TRACK IMAGE MOTION

Let- the vehlcle vector planeto-centnc p051t1011 in 1nert1al Cartesmn co-
’ ordmates be R(t), “and the velocity" vector be R(t) Let the planet surface

radius be T. Then the projected ground-speed across the planet surface is

1)

given by
T
: vpgs = .vcos ‘y
where v = | Rl; r=|R| and y is the flight path angle. The vector ground- .
speed is given hy ' ) ) '
y - @=R=R .,
PE T V cos?y .pg -
= %HX-R D - (2
.T ) ’ :
" The cross-track image ground-sPeeé for a stabilized vehicle, with zero. 1ol
' ra.te, is gwen by the vector dot product of ‘{)gs' into the lateral yavsf sensor
‘j axis. . . - . )
L ' _ ) i_ . > - ) -
Yim = 5 EXR] (3)
T
The contribution of roll rate to the cross-track image motwn is given by the
‘product of the vehmle alhtude above the ground and the roll ra’ee
-v" (z- r)c R _ @
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R - The net cross-~track image velocity is given by' the .sum:of the two factors

o

- R E_ A =
Vctim = =3 (HxR) 3+(r‘ r)_o’r

H

.

“The average va.lue of this eross—talk image motion, taken over a one-.i» -

" second time mterval is proportional to the BAI yaw sensor output, Since the

ya.w sensor wipes out its reference origin each time the vehicle covers a

‘ plénétéry central angle of 0.50,‘ the simulation must include this constraint.

A.n examnatlon of Eq. (5) reveals that for small yaw angles, the con-

tnbutlon of the roll rate can glve an erroneous ya.w signal. In order to avoid

* - this difficulty, it is proposed to integrate the BAI yaw sensor signal and take

advantage of the roll-stop control to 1imit the fictitious jraw s_ignal due to roll,

Integra‘ang Eq. (5), we get the net cross-track image ground dlstance
traversed

N " N
S(N) = Z[%(me- j](ti—ti_l)-l—z(r-'r')(ar-cn )
. i=0 T i=0 ) i i-1

Smce the roll a_ngle is lnmted by the controlled roll-stops we will obtam a

yaw gignal monotomc with time, over reasonably long time arcs ’Ihe method

*. recommended in the study is to assume that the vehicle is at a constant yaw

error over the summation time, with zeTo pitch and roll and moving at circular

Velocﬂ:y Under these assumptlons the estnnated yaw azlgle is given by

.S

o] -
Yest 1 T
R e
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- .~ The control system is then triggered by the estimated yaw signal to
'wash out the esf:zmafed yaw error at a 1mea.r ya.w correchon rate of 0.02 / sec
. whenever o >=0.25°% oo

) Yest e T
Smce the true yaw error is not a consta.nt over too long a nme mterval .
Citis necessary to determine the opnmum length of time interval over which to
integrate in order to get a good estimate of yaw error. A second problem which
needs solvmg is to determme the magmtude of the trigger limit of yaw error in
' order to avoxd obtalmng an erroneous yaw S1gna1 due fo roll rate. To study -
“these queshons a series of computer runs were carried out for both geocentric
" and 11mar trajectorles with roll error-stops of £0.05°, +0.1° , and £0. 5°.
" Two control opb.ons were tested. Flrst, continuous summing hetween yaw cor=-
" Tections with estimated yaw corrected for yaw errors greater than *0. 2;50
and secondly, aooumulanng yaw sensor s1gnals for periods of 30 seconds only,

thh correotmns applied when the estimated yaw error is greater than 0. 25

’I‘he results are shown and discussed in the next section.
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. DISCUSSION OF TEST RESULTS

"The initial conditions for lunar trajectdry were:

" semi-major axis a = 1100 miles

average altitude (r-T)- = 100 miles
- eccentricity e = .003
i;u.clina.tion_ i ‘_ = . 3°
" initial flight path angle ¥ = 0°
initial radius T . = a(l-e)

The initial vehicle orientation is

The initial conditions for the gec;centric trajectory were:

“4100 miles

semi-major axis a =
average altitude (r-T) = 100 miles
- eccentricity e = .003
inclination i o= 4°
- initial flight path angle ¥ = 0°.
initial radius x = a(l-e)
.The initial body axes w.ere taken as
RO' 10 = RO- 30 = (HxR)O' ]o =0

" The yaw perturbations were sufficient to cause vehicle yaw of 5 arc-seconds

per second,



- ¥ 'The tables list the maximum true yaw deviation, the estimated yaw

deviation at the beginning and at the end of each yaw correction. The time

" is in hours measured from the start of the yaw sensor experiment, The roll-

Stop limits, the yaw control option, and the central body are listed at the head

"of each table.

' Time On
Time Off
~~ hours

.1508
.1552

. 2698
.2750

.. 3560
.3602

. 8066

© L9064
. .9106

TABLE 1

. Moon - Option I

Roll %, 05°
True Yaw - ‘, Egtimated Yaw
deg, i - deg.
-.283 © -.283
-.009 -.175
-.454 -.344
-.129 -.216
=424 . -.268
-.164 ¢ . -.166
450 1 7 .si18
138 Y L. -, .197
49 . - L. 261
©.186 IS |-

Yaw Correction
No.




% -  TABLE 2 -

Moon - Option I
.+ Roll #,10°

Time On . el sl - " :

" Time Off - © True Yaw - - Estimated Yaw - Yaw Correction
hours deg. - X deg. - No,
1822 - - -.239 . -.280 - - .
.1362 S .00 L - -.160 Tl
.2578 -.463 ' . .250° ‘

. ..2616 Co-.219 - - “-.009 -3

L2618 . l.219 L l264 ‘

. 2658 ' 024 " -.069 -3
. 4200 ©- . Z.458 o a.283 - .
.4242 =10 s -.189 !

‘ R _ fMoéf:-OptionI _.
’ Roll £0.5° . : -

ass L - -.587 - S o-.250 - 1
.1796 T r=.349 ' . 009 R |
©. 1798 © v -.350 . T-.415 '
.1860 - 032 -.168 . 2

- .3022° - -.653 o-.250 .

© 3060 ' -.414 ..009 R
.3062 I VAR -.386 L
.3120 . " -.055 : T -.148 ‘ e 4
8188 - . .934 . . .250 ' o
'.8226 © .. . .68l - -.009 . 5
.8228 . 692 LT .Be1 R
.8312 U L188 T sl 2,004 o 6

-.8314 L. . s . e R
8358 - . -.133 | - -.045 " T

~83-,



- ““TABIE4
*.Earth - Option T
-~ .+« - ._ - .- Boll £.05°
Time On = - LT PR R R o
Time Off "True Yaw Estimated Yaw Yaw Correction
hours deg.. R deg, N ' No.
©-.1870 . -300 -.250 i
.2010 -.052 _ .=.003 R |
. 2956 - P g - ~.250 - R
- .2998 . -.103 7 =.219 - 2.
£ .3772 " ~.366 . -.341 - .
.3824 -.039 -.190 3

.4618 o o-.298 -.250 .
. 4658 ' -.045 . =3150 4 -
. 5690 - 302 . -.265 -

© 5732 © . -.036 © .14 5

,9814 E " . 360 - 250
. 9854 : : .115 © . L2322 . 6

TABLE 5

- i - Earth - OptionI . -
' B Roll *.10° '
" .2016 | —.340 . -.250 _ -
©.2056 . -.083 - ¢ K 1
.3128 - 448 - -.250 :
.. 3166 . +.203 : . 009 - 2
3168 =.204 . -l314 :
.3216 - - .09 - -.054 .3
$14522 - -.847 - ©-.316 - :
. 4570 " -.045 .176 : 4
. 5582 - -.293" - 251
| .5622 o -l042 S L5 . B
- .9884 . ' L 7 .250. S
e 9922’ . . i -168 - L. _‘009 ' ) ) . 6
.9924 ° BRI [} B . .282 S :
L9968 . -.103 .- . 7 .e87 - . .. 7 ¢

VR



.": _TABLE 6

" Barth - OptionI
. 7.7 Roll %0.5°

TimeOn | . . - .. = L |
Time Off © ©  True Yaw ' Estimated Yaw Yaw Correction
_hours - - deg. .o~ deg. ) : No.

.22 - 7 .66 .-.20 .7
" .2360 - L -id45 © 009 . 1.
‘L2362 -.46 - -J549
. 2442 L0862 _ -9 . 2
.3680 -.592 -.250 7
.3718 .+ =-.3852 . L 009 ) 3

-, 3720 - ~.353 YT - .
.3786 * .080 o =.137 4
» 548 - . 250
;297 . .009 5
;5346 - -.297 -.384 _
.5404 - .080 . ~.087 - 6
. 9096 : . .632 - .250 :
.9134 ) .390 -.008 S A
. .9136 “ v .301 - 496 o
©,9210 . =077 . .161 -8

. .
o
L W
:E [
(=]
[

_ TABLE? . O,
v RS - Moon - Option IT '
e T ~ Roll #.05°
.1392 : -.244 T ..252° S :
.1430 © %002 S . 006 B |
© L2204 T -.322 C - -.260 :
e . -.065 . L0147 2
.3196 BT Vi -.268 :
.3236 _ -.145 ..+ .005 - .. 8
.4344 -.452 . -.254 ST

-.4382 . =.2000 ~.005 . 4
.. 7378 .. _.823 © . .259° ‘ :

. .T418 ..080° NS & - .. 8
.8198 oo w.ses’ T tlzes _
.8240 - .. ,140-" " . . - ,169 SR

9264 . - .a51 . .88 L T

..9304 - .200 0 . .7 .A8T - T

‘ ‘-:85- o



. deg.

" TABLES-
_‘.’_“Mc-aon - Option IT
" 'Roll *.10°

True Ya_.w' : X " Estimated Yaw’ '

“deg.

e .. 262 T 266

-.002 * - . -.169

-.sse - T Lizes

C-077 . - =175

-1 . 212
-.153 . -.177

.47 -.957

~.203 - l.1870

.328 .269
o711 . 176

.382 ' 256
- L1387 _ L 167

SLaus .22
.198 .158

TABLE 9
M.oion - Option' II
‘Roll #0.5°

. _.239 - -.259

-.017 - -.167

-.306 . . .-.2%75

043 .. -.185

-.332 -.256
- -.089 . ~.168 -

2,400 °  -.258

-.151 ‘-.162

B R YV
S.023. - . .170

;362 T 212
.108 _ .181.

416 - - .263

156 L 1167

. -86-
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No.




. TABLE10 ‘-
“Earth ~ Option I
. Roll +.05%

Time On T . - i .
Time Off . True Yaw - ~  Estimated Yaw. Yaw Correction
-_hours ) _ deg. . deg, ~ ___ No. -
188 - -—.2m6 - T..265 o
.1926 R =.014 o ~.150 : o1
2786 - -.218 - . "-.258 _
,.2826 . -.082 .- -.188 2
..3524 - L.281 o . -.253 : .
.3564 ~ .-,036 - - -,150 . .8
4344 -.297 - - ;262
.4386 . -.036 ©~.150 ¢ -4
5410 0 - -.317 - L. =.274 : :
.5454 -.039 . '-.152 : -5
.9756 : L2719 .260
.9798 .. . o019 _ o .148 6.

E . TABLE 11
Earth - Option I
e T - Roll *.10°

.1802 -.277 : -.266
.1844 -.015 _ -.151 1

. .2704 . -.289 ‘ -.268 o

- -2746 . :-.030 -158 ’ L " 2
3524 .o -.300 ' -.272 _ _
.3566 - .+ =040 -.161 -8
4344 - =.288 o -.251 . o
.4384 . -.042 N .=.149 T 4
5328 . .- . o292 - -.252 :
.5368 “+.040 S =4 .- B
.9674 : © L2809 T 7. .269 :

R "o 9716 - . X T 0029 ’ * o]‘-58 - R 6 . B

| -87-



“i.., TABLE 12

. Earth‘—ioption I

. 034

3

, ) Roll %0,5°
" Time On ' .- . e
~ Time Off - " True Yaw Estxmated Ya.w
-hours o deg. - deg.
. .1302. ~.218 -~.265
- ,1434 =.020 -.156
. .2048 -.271 -.261
. .2090 -.009 S =144
. .2868 t..272 . -.250
.2908 ~.028 S /148"
", 8606 -.297 -.266
.3648 -.089 -.158
L4344 - -.285 -.254
.4384 © -.038 -.146
.6066. T -.296  -.255
.6106 . -.042  ~.140
.8526 ..283 . 272
. 8568 . 024 .162
o.e182 T - 4,279 .258
.9222 .038 .162
- .9756 .280 ", 257
. 9796 .156

Yaw Correction
No. )

“Under Optmn 1, true yaw dev1at10ns as hlgh as . 933 are possxble. In.

addmon, smce thls option estlmates the yaw over a long summing tlme arc ina

I.mear fashmn, it tends to underestimate the true yaw. After reducmg the yaw

1.
by Z

of a degree, it mmedlately tnggers the control a.gam reahzmg that the

yaw deviation is not completely washed out. Option I is clearly not as good as

Optmn I. Under Ophon ]I whxch accumulates the yaw count over 30 seconds

-only, and re-initializes every 30 seconds, the BAI sensor does much better,
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_Thé ma:qmum true yaw never exceeds 0. 5° for either lunar or earth trajec-
_tories. o ’ . - '

B It appears that Option II is a- possible mode of yaw éonf:rol to limit the
“'yaw deviation to less than _300, with roll-stops as high as #0,5°,

-



3.5 STUDY OF TECHNIQUES TO ELIMINATE THE EFFECT OF ROLL RATE |

3.5.1 Introduction

As indicated in Section 3.5, the analytic studies and computer simulation

of Mr. Samuel Pines of Astro Consultants, Inc., (complemented by BAI
investigations) have established that natural roll of the satellite under usual
orbital conditions has a negligible -effect on vaw sensor output. Only during
the execution of a satellite roll correction (and perhaps not even then) is
there a potential influence of roll rate on yaw sensor performance.

Hence, in view of the comparative infrequence and short duration of such
correction, elimination of any potential roll rate effact wo_uld be most simply
achieved by blanking the yaw sensor during roll-correction maneuvers. Pro-

vision for such blanking is shown in the preliminary svstem block diagram,
Figure 4.6.

Prior to this analysis, it had been thought that roll effects would be a
significant factor in yaw sensor performance. As a result, the contract
statement of work called for an investigation of techniques for reducing
such effects. As first outlined in Supplement 1 to our original Yaw Sensor

proposal, three categories of techniques for reducing unwanted roll rate
effects were considered: -

* (1) Use of an integrating time period wherein the + and - roll
rates effectively cancel each other out.

(2) Use of a separate and additional IR yaw sensor instrument
oriented obliquely to the basic yaw sensor.

(3) Exploration of other methods.

The results of these investigations are summarized below both for historical
reasons, and, perhaps more importantly, to indicate potential solutions to
the roll efisct problem should the system ever be considered for use in orbit
about a planetary body wherein the shape or mass distribution is significantly
eccentric as to introduce appreciable roll effects.

P

"3.5.2 Integration Time Period

Use of an integration time psriod was considered in quite some detail by both
BAI and Astro Consultants. For this work, various parameter values and ranges
were assumed. There was basic agreement on the relative merit of this method
because of its simplicity, providing that the roll limit stop range and the
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maximum expected yaw rate values are compatible. It would appear that a
1/2-minute integration time period should reduce the roll rate induced error

in the yaw data to less than 1/4-degree maximum, provided that £1/20-degree
roll stop limits are operative. This simple calculation assumes averaging of
constant magnitude roll rates for a given lunar orbit. (An aititude of about 75
statute miles was assumed for this calculation.)

3.5.3 Second Oblique Yaw Sensor

BAI establigshed basic parameters for a.system that would use a second and
independent IR yaw sensor to view the local surface obliguely from the main
vaw sensor system. This method appears feasible for effectively eliminating
roll rate induced error in the yaw sensor without integration under the following
limitations: ‘

A large oblique angle (SX) is desired, ~/60°, since overall yaw detection
sensitivity is a monotonically decreasing function of cos2eA .

Even for nominal 100-mi lunar orbit, a 60° angle seems practical with a
resulting direct reduction in the overall system's yaw detectivity of about 30%
due to the cos?e& obliquity factor, and an indirect aécuracy factor of ﬁ——
due to the use of two yvaw sensor instruments in the system.

3.5.4 Other Methods

In this category the major attention was given to the use of a separate roll
instrument that would independently and directly measure the vehicle’s roll
rate. The instrument considered was a solid-state {(no-moving-parts) scanning
device that would monitor the vehicle's space-coordinate roll rate relative to

a randomly available star. This star-sensor approach seems particularly
interesting and might well merit further study. The method appears to be
accurate enough and at least no more complex than the use of a duplicate

yaw sensor, FPurthermore, it would degrade the yaw output of the overall
system only as a secondary function of the uncertainties in the roll rate
correction itself (~J V¥ 2). The effective time constant required (1 to 5 seconds)
is significantly less than the time required by the use of integration. This
straightforward instrument does not require elaborate computers or star location
information.
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3.6 DESIGN OF BREADBOARD‘VISIBLE LIGHT FRONT END

" A number of techniques were considered for simulating the array-mulfiplexer
combination. Some of these would operate within the same frequency spectrum
as the final system, that is, they would generate a video signal with maximum
significant information between comers at 1 kc and 20 kc; others would operate
at a much lower frequency and would require slow recording equipment to
generate meaningful data {pen recorder or memo—scope type). Some of the
techniques that were considered are:

(1) An array of simple visible light detectors such as cadmium
sulfide and a simple multiplexer (perhaps even a relay or
stepping switch type). A disadvantage of this system or
any other that uses separate detectors is the great problem
of balancing of the outputs of each detector.

(2) A shutter moving across the object simulating stepwise multi-
plexing. This would operate at much lower frequency than
would the final system and therefore is not the most desirable
way of building a breadboard for test stand operation.
(Variations of this approach using rotating prisms in object
space, etc., could conceptually operate at much higher
speed.)

.(3) A technique for moving the object in a stepwise fashion across
a 59 x 0.259 viewing angle. Conceptually this could be ac~-
complished mechanically. A more promising approach would
be to prepare a special motion picture film in which stepwise
motion would be accomplished either by stopping the film as
the relative position of the camera and object is changed or
by suitably editing out the transitional phase of the step
motion. The single aperture breadboard front end should then
produce the same video signal when viewing a playback of this
film that a multiplexed 20~step input system would produce
viewing the original object. )

(4) The use of a deflectable photomultiplier programmed to operate
with 20 steps would combine the functions of the array and the
multiplexer and eliminate first order problems associated with
balancing. If a deflectable multiplier with a suitable aperture
(one that subtends 59 % 0.25°) was not obtainable, a photo-
multiplier with a round aperture used in conjunction with an
anamorphic lens to give the required intercepts was considered.
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As a result of our study of the various potential techniques for simulating

the detector array-multiplexer combination in the visible domain, it was
concluded that the image dissector in‘the form of a deflectable photomultiplier
was the most promising approach, since it gave the maximum of engineering
information with a minimum of requirements for solving problems that are not
inherently germane to the final engineering task required, namely, the design
of an infrared yvaw sensor. An ITT Model FW-130 photomultiplier with a
rectangular aperture that has a nominally 20:1 aspect ratio was selected to .
be used in conjunction with a staircase generator that shifts the photo-
multiplier line of sight 20 discrete steps and then retrace the line of sight

to the starting point. This arrangement simulates a multiplexed detector
array composed of 20 5% x 0 .25 staves. The staircase generator provides

" a 500-microsecond dwell time at each aperture position, 500 microseconds
being the sampling time of each stave in the final system.

3.7 CORRELATOR DESIGN

The BAI correlator provides an error signal as a function of the phase difference
between two given input waveforms, typically a video signal.(V) andareference
signal (R). .

Correlation is accomplished by delaying the V and R signals with individualdelay
components to obtdin video delayed(Vp) and reference delayed (RD) signalsand
then combining the four signals (V, R, V.p, Rp)in a prescribed manner.

The correlator output must not only reflect the amount of phase shift between

Rand V, but also the sense. If we arbitrarily assume that we desire a

positive correlator output if Rleads V, and a negative correlator output if

R lags V, we obtain the following Boolean expressions for correlator action:
R

‘Rleads V = f; = (R+VD)(RVp) Ry + VIRD V) (1
R lags V = gy = RpHiRpY (R + Vp) ®Vp) (2)

Physically, equations (1) and (2) state that if ﬂ’l is a logic 1, the correlator
output should be a positive voltage. If & 7 is a logic 1 the comrelator output
should be a negative voliage. o 1 and @ 7 are mutually exclusive for a
logic 1. .

The correlation design.-previously -used ifi BAI systems, typi~ -
cally -on . the .lunar, Orbiter system, .performed the logic functions by
analog summation of quantized V and R signals. Units of current were in- ]
jected into. or removed from. K anodal point. The inputs were the V,R, VD-‘ Rp
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and the complements thereof: -\7, ﬁ, \_fD, ﬁD . The regidual voltage remaining at
the node determined the correlator output sense.

In practice, this analog technique required considerable care in order to achieve
successiul circuit performance, since the nodal residual voltage was a function
of the input signal amplitude, the summation resistor, the diode gate voltage
drops, and the transistor Vgp variations. The input signals were both positive
and negative with respect to ground. For proper summation, the plus and minus
excursion had to be equal and matched to the other signal amplitudes. Loading
the driver circuits had to be done symmetrically. Precision resistors were

required for summation. Further, it is difficult, if not impossiblé, to guaraniee
diode tracking under all conduction conditions.

A redesign of the correlator using purely digital techniques has vielded a far
superior circuit. (A breadboard unit was built and successfully tested. This
unit is shown in Figure 3.32.) Integrated circuits perform the logic require-
ments of equations (1) and (2) above. Input signals are a logic 0 and a logic 1,
obviating the analog summation problems. (In the circuit implementation used,
the logic 0 can range o%o .9v; logic 1 can range 1.2 to 5.5v.) The delay lines
have been replaced with electronic delay circuits, facilitating adjusiment, im-
proving tracking, and reducing size, weight, and power requirements.

The integrated circuits with their inherently faster switching times than the
previous circuiiry have vielded great improvements in signal-to-noise ratio.
With. the previous correlator circuitry, signal race conditions would cause

noise "whiskers" to appear in the output even though perfectly matching wave-
forms were applied as input signals. Eliminating these "whiskers" and precisely
establishing . the . position of the leading and trailing edge of each pulse in
the video and reference signal has resulted in an improvement in signal-to-

noise ratio of 10 to 20 db. (See Section 3.3 for a discussion of the effect of
this on system performance.)

3.8 DESIGN OF SYSTEM MEMORY
3.8.1  General Discussion

In examining the available approaches for an all solid-state memory, there
are at least two generic types of design approaches that are available.

The block diagrams shown as Figures 3.33 and 3.34 define these two ap-
proaches, a shift-register and a word-oriented memory, respectively. The
- shift-register memory is particularly appealing on first examination for two
reasons. From the block diagram it would seem to be very simple and, as a
result, very reliable, since there would seem to be so few components_(but
this is somewhat misleading as explained below) .

Also, it is almost the direct time-quantized, solid-state analog of the mag-
netic drum memory with which BAI has had so much successful experience,
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Figure 3.32 Breadboard Digital Correlator
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Both the shift register and the magnetic drum are First In, First Out (FIFQ)
memories in which the programming and access are automatically controlled by
the inherent FIFO nature of the basic design. The only extermnal programming
controls required are those necessary to choose between writing new informa-
tion or continuing to circulate the old information. 3

When we examine the block diagram of the word-oriented memory, it appears to
contain many more blocks and, therefore, many more components than the
shift-register memory. In addition, without any question, the programming of
the word-oriented solid-state memory is somewhat more complex because micro-
programming is required for each of the steps of reading in information and then
transferring it from one memory spot to another until it is ready to be read out.
Peripheral scalers and counters are required to control all of this action.*

A proper choice between these two approaches should be based on their relative
reliability and any logistical advantages that one might have over the other. In
determining reliability, the primary factors that have to be considered are chip’
count and chip complexity. There is some literature extant that indicates that
microcircuitry reliability is more directly a funciion of chip count than chip com-
plexity; however, a preliminary reliability analysis** indicates that this may not
be a valid assumption. Hence, at the present state of knowledge and experience
with integrated circuits, both chip count and complexity must be considered and
evaluated as meaningfully as possible. Possibly the most important difference
between the two memories is that the shift register memory must use MOS devices
whereas the word oriented memory uses bipolar devices. The MOS devices lend
themselves to much higher packing densitites than the bipolar devices; however,
the bipclar devices have the advantage of a much longer history of reliability
studies, testing, and field experience.

In order to make this examination as meaningful as possible, the state of the art
of today was considered to be a valid point from which to make the analysis.

The argument for this is that the improvement in devices, both from the point of
view of reliability and packing density, will probably be equal for the bipolar

and MOS type chips. Therefore, for the most part, any data available today on

- ¢hip complexity, packing density, and reliability probably indicates a trend

that will continue over the next several years. Therefore, predictions based upon
today's devices would be meaningful, since the fundamental ratios can be ex-
pected to remain relatively invariant.

*See Appendix 1 for a description of a word-oriented memory that "combines
the best of both worlds" in that it eliminates most of this microprogramming.
*%Reliability is discussed in greater detail in Section 3.8.2.
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One of the very important points that is not in{mediately evident from the block
‘diagram is that in the shift-register memory there has to be storage capacity

for each of the "time slots" that we wish to maintain for a high resolution
memory. Specifically, in the proposed system design of the yaw sensor, there
will be 4,000 time slots required for the memory. Thus in the shift register
approach there will necessarily be 4,000 separate shift~register storage elements.

Each storage element is at least comparable in complexity to a single flip~flop,
and in actuality the configurations that are now available for these shift register
memories use a storage element that is appreciably more complex than a single
flip-flop. On the other hand, the word-oriented, solid-staie memory uses the
storage capacity of the memoery much more efficiently. No storage capacity is
maintained for "empty" information. One set of 11 memory elements is required
for each of the edges that are expected to be found in a scanned area. Past
experience has shown that we would not normally expect to have more than four
edges of interest in a scanned area within the angular coverage and resolution
of the proposed sensor. If we base our design of the word-oriented memory on
accepting six edges (to be extremely conservative) we find that the total number
of flip-flops and similar elements is less than 200. .

With this established, the question remains to determine the chip count for the
two types of approaches.” For the shift register approach, it is possible today
to get chips from several manufacturers carrying 100 shift register bits perchip,
and there is at least one manufacturer providing 400 bits per single chip .
However, paét experience has shown that a component cannot be considered
satisfactory for a high reliability program of this sort unless it is available
from more than one source--at least three sources should be considered
minimum ., Therefore, to maintain a conservative approach, we will limit our
analysis to components available today from several manufacturers. Thus,
today we can pack 4000 bits for the proposed shift register into 40 100-bit
chips, which are presently available from several sources.

The number of chips required for the word-oriented memory, again using

components that are readily available from more than one manufacturer, will

- be order of magnitude of 50 individual chips at about four bipolar flip-flops
per chip. )

Finally we must consider the difference of the basic devices themselves.

Only MOS devices provide the very high packing densities required for building
the shift register memory in a 40 or 50 chip physical configuration. The word-
oriented memory would use bipolar components, BAI has endeavored to de-
termine relative reliability of MOS versus bipolar components for applications
of this sort. We have referred to the standard MIIL handbocks and discussed
the matter with Rome Air Development Center and NASA Boston. As a result,

we have found that the general consensus of opinion is that at present, and in
the foreseeable future, the bipolar devices can be considered more reliable
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from several points of view. We are including herewith an ahalysis made by
BAl's Director of Quality Assurance summarizing the results of our own in-

" house investigation (performed using the sugge'sted reliability formulae) and
also the results of the information that we have obtained from manufacturers
and the two government agencies mentioned above. )

As a result of this analysis, BAI's conclusion is that the bipolar type devices

should be used in preference to the MOS devices, and the system be planned

about a word-oriented memory. Since the available data seems to point this
out so clearly, BAI proceeded to design, construct, and test a breadboard ver-

sion of the word-oriented memory. (See Figure 3.35.)

3.8.2 Reliability Analysis* -~

3.8.2.1 Statement of Problem

To establish the relative reliability of integrated circuitry using MOS compo-
nents versus reliability of "similar circuitry"” using bipolar componenis. The
specific purpose of the investigation is io determine proper solid-state memory
design for the yaw sensor being built for NASA MSC, giving maximum weight
to reliability consideration.

3.8.2.2 Data

. Two solid-state memories were considered. Block diagrams and components
count information are available for each. The two designs are as follows:

(1) A word-oriented memory that utilizes only bipolar type
microcircuitry.

(2) A shift-register memory utilizing MOS type integrated circuits.

3
3.8.2.3 Reliability Considerations

(1) . Reliability Notebook .RADC-TR-67-108 (Volume 1I, Section XII,
"Microelectronics") provides techniques for applying tomicrocircuits the reliability
concepts ordinarily used forconventional component parts: The principles

kY

1

*This section contains the reliability analysis that resulted in a decision to
»" develop a word-oriented memory. The reliability of the total yaw sensor
system is discussedin Section 4.5, below.
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and theory of microelectronic reliability presented therein leads to the con- -
clusion that the failure rates that have been claimed by various microcircuit
suppliers cannot be considered as valid measurement parameters. This is

due to the variety of proprietary processes involved, the rapid rate at which
the state~of-the-art is progressing, and the lack of standards for microcircuit
tvpes, functions, and performance. .

The RADC Document suggests a Failure Rate Model for microcircuits which, as
in the case of semiconductor devices, is basically the Arrthenious Model (or
"Taw of Thermal Degradation").

This Mathematical Model is expressed as:

1/‘ = [Zb ™, Trp T ‘TTQ]
where Rf‘ =  microcircuit failure rate {(in % per 1000 hrs.)
Ny
e, Tp, Tre &Mg

i

basic failure rate (function of temperature)

1l

complexity, package, environmental, and
quality factors

Use of the above mathematical model will not vield any quantitative results,
since the complexity and package factors cited in this document do not take

into account the differences in the manufacturing processes between bipolar
and MOS devices.

The most important point raised in the RADC Reliability Handbook is that,
contrary to suppliers’ claims, the complexity of a given microcircuit has a’
bearing on its failure rate. ) ’

This was established when the modes of failure of various microcircuits were -

investigated.
3

(2) MIL-HDBK-217A "Reliability Stress and Failure Rate Data for Electronic
Equipment” Section 7 .14, has a brief discussion on microelectronic reliability.
This section recognizes the limitations of the available failure rate data and
recommends the use of 4 failures per 10° hours {or 0.4% per 1000 hours) as an
acceptable failure rate for all microcircuits until more meaningful information
becomes available. It is noteworthy that the MIL-HDBK-217A, which has
precedence over RADC-67~108 as far as the DOD and NASA are concerned,
gives no adjustment factors {use, complexity, etc.).
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3.8.2.4 - Conclusions

Since the "standard” techniques for determining microcircuit reliability have
not been definitized by any of the cognizant government agencies, it is not
possible to employ any universally acceptable analyses to show relative
reliability of the two types of memories. Neither the MIL-HDBK-217A (the
most acceptable and authoritative source for failure rate data) nor the
methods of the RADC Reliability Notebook will yleld any quantltatlve results
for meaningful comparison.

Purthermore, it is not advisable to use "raw" failure rates supplied by various
manufacturers before the military has had a chance to review, check, and
accept such data. i

The only statement that can be made with the information available at the
present time is that the consensus among reliability and component engineers
in the trade is that the bipolar devices should be considered preferable from
both the reliability and maintainability standpeoint when compared with the
MOS devices because:

7{1) They contain less elements per chip and are therefore less
"complex" from manufacturing point of view.
(2) They have been in use longer and therefore they are closer to
the "standardized" stage.

(3) There are more manufacturers of bipolar microcircuits, supplying

’ a greater variety of types -- a very important logistics facior in
case a certain device used in the design of yaw sensor memory
exhibits any reliability -problems. '

-~

3.8.3 Notes on the Operation of the Word-Oriented Memory*

The word-oriented memory shown in Figure 3.34%% is composed of a clock, a
count-down circuitry that derives the sync and delayed sync signals, a video

-,

*BAT has recently developed an improved solid-state memory suitable for use
in the yvaw sensor. The new memory employs parallel read-in and read-out
to simplify the circuitry, thereby enhancing reliability, reducing noise, and
reducing power consumption. This new memory system is briefly described
in Appendix 1. .

**A breadboard word-oriented memory was built and successfully tested.
This unit is shown in Figure 3.35.

-103-



signal that ié sequentially s_ampled- in synchronization with the clock; a
memory composed of a twelve-bit entry scaler, andatwelve~by-N, static-

storage register. Each bit of the static-storage register is composed of
a JX flip-flop with parallel and serial input and output capabilities. In_
addition, there is peripheral control electronic circuitry and a correlator
to compare the incoming video with the stored reference to.derive yaw
error sighals. In this type of system the video word is not stored in
the memory, per se, rather the positions of the video edges are stored
in conjunction with the clock. We count the clock into the entrance
scaler, and when-a video edge appears, we take the stored binary
number from the entrance scaler, Wy, and transfer it into the first
storage register, W,. Similarly, when subseguent video excursions
occur, the binary number content of each register is shifted into the
subsequent register until one scan period has elapsed. At the end of
that time, we have stored in the memory the positions of the video
edges with respect to clock time. This is accomplished in the
following manner: the application of a store pulse is applied to N2.

A delayed sync pulse is applied to the other leg of N2 to gate the store
pulse in sync time to the SET input of flip-flop 1. TFlip-flop 1 will

gate clock G2 into the entrance scaler via N1, a 2-input NAND

gate.

-104-



The reception of a video pulse of either polarity is ac coupled to O1, the
© output of which is applied to one leg of N3; the other leg of N3 is enabled
by Flip~Flop 1, and therefore, video excursions pass through N3, through 02,
and are applied to the entry transfer line of the siorage matrix. When that
pulse occurs, whatever number is stored in the entrance scaler’is transferred
into W2. The contents of W2 are transferred to W3, etc. At the next video
excursion, a transfer pulse occurs again, and the process is continued until
we complete one scan time. At the end of that time, the position of each
video excursion in binary equivalent of clock time has been stored in the
memory. 8ince we have no control over the number of video edges that may
be present in any given target, we must then step the binary contents of the
register to the final output register W, . The output of N3 is also coupled to
Scaler No. 3. It is the function of Scaler No. 3 to count the number of video
excursions that have occurred in one scan cycle during the store mode in
order that at the conclusion of store time, Flip~-Flop 2 is put into the SET
mode. The leading edge of the Flip-Flop 2 excursion fransfers the contents
of Scaler No. 3 into Scaler No. 4. The high frequency clock C1 is counted
through NS into Scaler No. 4 until the storage register has been filled to the
Nth row. At that time, the output of Scaler No. 4 is fed back and disables
N5. The contents of Scaler No. 3 have not been altered. In this manner, the
positions of the video edges have been stepped along to the final output
“stages so that they can be compared with the incoming video on subseguent
scan periods. The system is now ready to correlate the stored information with
incoming video. This is accomplished in the following manner:

The. Clock CZ is counted through N4 into twelve-bit Scaler No. 2. The ouiput
of this scaler is compared with the output lines of the Nth register in memory.
Comparison is performed by an exclusive OR compliment.. When all bits of the
twelve-bit Scaler No. 2 correspond to all bits of the Nth register, we can then
say that we have located the position of the first video edge. Af that time,
the output of N& will go to a logic 1. This will accomplish two functions.
First, it will toggle Flip~Flop 3. Secondly, it will generate a recirculate
transfer pulse such that the contents of WN will be transierred into W,y. The
content of Wy will be transferred into W3, the contents of W3 to Wy, etc.
This constitutes the recirculation of the reference information. The output

of Flip~-Flop 3 is applied to the correlator and compared with the incoming
video information. The NRZ cutput of the correlator will be an indication of
the degree of mismatch between the stored reference and the video. If the
output of the decorrelation circuit (considered here as part of the correlator)
increases to some preset limit due to mismatch, a new store signal will be
generated, which will then store the positions of the new video edges into
memory as previously described. At the end of one scan time, the process

of pushing the edge positions down to the readout row is repeated via
Flip-Tlop 2, Scalers 3 and 4. Note that Scaler 3 still retains the number of
excursions that have transpired in any given scan until Flip-Flop 1 is set
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upon applicaticn of the store pulse. When the new store pulse is applied to
N2, the ac exXcursion of Flip—~Flop 1 will reset Scaler No. 3 so that itisina
position to accept the new number of bits in a video scan.

’

3.9 ' SYSTEM TESTING: PHILOSOPHY AND INSTRUMENTATION

3.9.1 Test Philosophy

The program of testing of the breadboard visible-light front end involved a
careful step-by-step program of testing the front end first by itself, viewing
both indealized and random targets under ideal conditions, and then testing
the front end in combination with breadboard versions of the other major system
components (primarily the memory and correlator), carefully introducing one at
a time the several parameters that influence system performance.

A test program was developed and instrumentation built up to follow this
step~by-step philosophy. Throughout this part of the effort, there was an
implied (though never explicitly stated) goal of demonstrating system sensi-
tivity at the specified 1/4° threshold. Our preliminary calculations, based

on the postulated noise of the front end and processing circuitry, had indicated
that this would be the order of the performance to be expectied from the sysiem.
Cur measurements have shown that we were muchtoo conservative. As measured,
the system threshold sensitivity is about £1/8°, More importantly, this
threshold was not determined by the noise of the simulated front end or the
processing circuitry, but rather by test-bed memory noise {in the form of un-
certainty of the reference video edgeg; this noise level would have been com-
pletely satisfactory for a 1/4° system, but is sufficiently large to be the

controlling factor limiting the measured system sensitivity to approximately
1/ 8%, .

Because of this very happy but unexpected result of the testing, BAI felt that
some of the test effort should be diverted to establish a better measure of
"true" system threshold. This could be done with only the comparatively
modest effort required to'improve the noise characteristics of the test-bed
rotating memory. Such an effort could be supported on the existing static
test setup, since the sensitivity and resolution of the X-Y table has sufficient
reserve to provide meaningful measurements down well below 1/ 8%, Dynamic
operation can then bhe determined analytically from the static data, the re-
quired calculations being easily made and amply substantiated by past hard-
ware experience. (Dynamic testing at this level of sensitivity cannot
presently be accomplished since the dynamic test stand was designed with
resolution capabilities predicated ona 1/ 4°-sensitivity system in mind.)
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Thus, a four-stage program was established to determine system operation and
threshold: )

(1} Study of the performance of the deflectable photomultiplier-
staircase generator combination when viewing an idealized
. target and a random target (aerial photograph).

! (2) Determmatlon of system performance with target dlsplacement in
the X (yvaw) direction only.

(3) Determination of system performance with target displacement in the’
X (yaw) direction when there is accompanying displacement in the ¥
(forward)} direction.

" (4) Determination of dynamic system performance, | A

From the results of this program (and studies of overall system parameters, the
infrared front end, and the roll effect problem), BAI was then in a position to
establish a preliminary block didggram and layout, make preliminary size,
weight, and power estimates, and establish parameters for the interface
between the infrared front end and the balance of the system, preparatory to
undertaking the design and fabrication of a flyable breadboard satellite yvaw
SEensor.

3.9.2 Test Instrument Setup
The following instrument setups were employed:

(1) The first stage of testing (study of the performance of photomultiplier-
staircase generator) used an instrument setup consisting of the
photomultiplier (stepped by the staircase generator) viewing a target
{back-lit by a llght box) through a relay lens. The video output
from the photomultlpller was monitored by an oscilloscope.

. (2) The second and third stages of testing (static testing with only
X displacements and with X displacements in the presence of ¥
displacement) used the test setup shown in Figure 3.36. An
illuminator back-lit the target. An X-Y table was used to introduce
precisely conirolled X and Y target displacement. A variable band-
pass filter allowed study of the effect of changes in video bandpass
on system performance. (Further testing, using an improved rotating
memory, with reduced noise, will provide more precise static
sensitivity measurements under a variety of conditions, permitting
calculation of dynamic performance. The results of this testing,
as soon as available, will be the subject of a supplement to this
report.)
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3.9.3 étatic Test S’gand Design

The static test stand designed and built for this program {Figure 3.37) represents
a significant refinement over previous units. The stability and resolution re-
quired to measure the performance of the visible-light breadboard was achieved,
in part, by use of a well aged machine tool base and the use (for Xand ¥

target travel) of precision cross-slides of the sort used in toolmakers' micro-
_scopes. (The cross-slide was used at maximum resolution: it does not bearanyof
the load.) A micrometer, spring-loaded to prevent backlash, is iised to provide
target rotation accurate to 6 minutes of arc. The use of machined step etalons

_ in conjunction with standard off-the-shelf, inexpensive dial indicators prov1ded
50-microinch direct reading of X and Y with several inches of permissible

travel. Pin-located target holders permitted rap:.d but hlghly repeatab_e,
changing of test targets.

-109~-



Y READOUT

Y CONTROL

fhfan
i ,;{ X READOUT

X CONTROL

ILLUMINATOR

TARGET &
HOLDER

AGC CIRCUIT YAW READOUT _ YAW CONTROL

PHOTOMULTIPLIER

STAIRCASE GENERATOR

Figure 3.37. Visible-Ljght Breadboard Mounted in Static Test Stand

=110-




- SECTION 4

SUMMARY OF RESULTS, PRELIMINARY DESIGN,
AND CONCLUSIONS

4.1 " BREADBOARD TESTING
4.1.1 Test Program

The following three-phase test program to determine the performance of the
visible~light breadboard was established: -

(1) ° . Video Response of Photomultiplier .

First the video response of the photomultiplier (stepped by the staircase
generator) viewing an idealized target would be determined as a basis for
comparison for later tests. Then, the standard photomultiplier-staircase
generator response when viewing first an idealized and then a random target
would be determined. The video output of the photomultiplier with AGC for
various degrees of modulation over the dynamic range of light level would be
determined.

(2) - Static System Study With Only Yaw Deflection

Tests would be conducted to establish system threshold and gain for target dis-
placement in the X (yaw) direction (error voltage output versus displacement).
The effect of video bandwidth change would be determined. System sensitivity
as a function of information content of the target would be determined.

(3) Static System Study with Yaw and Forward Displacement

Tests would be conducted to establish a family of curves of system threshold
and gain for target displacement in the X diréction in the presence of Y (forward)
displacement for a number of different values of ¥. The amount of forward
displacement that can be introduced without degrading performance would be
determined.

Tests would be run with both idealized and random targets.

A family of curves of system sensitivity would be obtained for a number of
signal-to-noise ratios at the video input to the system. .

Calculations would establish the dynamic performance of the system with a
moving target. i < .
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4,1.2 Test Results -
(1) - Photomultiplier Tests

Figure 4.1 represents the video response obtained Viewing a target that con-
sisted of backlighting an opaque surface containing a hole in the field of view.
This figure also indicates the output of the staircase generator.

This then showed that the proposed technique for simulating the 20-element
array by -means of a stepped aperture in a deflectable photomultiplier was
feasible. The next step was to determine whether this simulated sensor could
be made to operate over a large dynamic range. This was accomplished by
substituting the standard BAI photomultiplier AGC (PMAGC) circuit for the
resistor string at the photomultiplier dynode connections. (There was a
possibility that the transients introduced by stepping the photomultiplier
aperture would interact in an undesirable manner with the standard BAI PMAGC.
However, the tests showed that this was not the case. Very little trimming
was required to produce the required signal-to-noise ratio at the video output.)

The front end, with this configuration, was first checked with a high contrast
random target, as shown in Figure 4.2b. Changing the contrast of the target
by simultaneously reducing the backlighting and introducing front lighting to
"wash out" the contrast did not measurable deteriorate the quality of the video
signal .* Having demonstrated this operation, and further demonstrated that .
the video signal from sample aerial photographs was of comparable quality,

it was decided that the bulk of the data should be taken with the artificial
random target in order to introduce as few uncontrolled variables as possible.
Where appropriate, rechecks could bé made with selected aerial photographs
to insure that the data obrained from the artificial random target was being
properly extrapolated. ’

3

(2) System Tests

Tests were conducted to establish system sensitivity. The results of these
tests are shown in Figures 4.3, 4.4, and 4.5. Figure 4.3 indicates

*These would be the expected results with the standard BAI PMAGC and a
“standard" BAI scan on a deflectable photomultiplier. It was felt

-necessary to confirm that the same results would be obtained with a scan
that departed from our standard as greatly as does the staircase’,

':'.].'!.2"~
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Figure 4.2a, Idealized (Bar) Target
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error output voltage as a function of horizontal (X image displacement using
"both the bar and random targets. Figures 4.4'and 4.5 indicate the decorrelation
voltage output as a function of displacement, horizontal displacement in the
case of Figure 4.4 and vertical displacement in the case of Figure 4.5.
Comparison of Figures 4.4 and 4.5 indicates the fact that, as predicated,

the system is extremely insensitive to vertical displacement.*

Tests to establish proper video bandwidth were performed. At the time the
“tests were originally planned, it was thought that this would involve some
significant engineering effort. However, the availability of a Krohn-Hite
variable filter made the matter of setting suitable corner frequencies for the
video band a matter of a few minutes' work. Such .a procedure for establishing
the proper comner frequencies would now be standard on future phases of the
yaw sensor development program. (It should be noted that the bandwidth used
in Phase I tests is not extensible to future systems, since the visible light
breadboard in respect to noise, which is critical to setting video bandwidth,
is not representative of the IR system. In particular, there are several noise
sources that are peculiar to the “bréadboard . unit: (1) noise associated with
stepping the photomultiplier and photomultiplier retrace, .cross~talk between
the horizontal and vertical photomultiplier deflection coils, and inductive
effects of the deflection coils; (2) noise introduced by the memory drum.)

*The decorrelation voltage indicates the degree of mismatch between the
memorized reference image and the real-time image. When this mismatch

" becomes sufficiently large, a new reference must be memorized. Typically,

. a 'decorrelation voltage of approximately 1 volt indicates a mismatch large
enough to require recording of a new reference. Figure 4.5 indicates that
a 0.35-inch veriical image displacement results (corresponding to a displace-
ment of 10% of the viewed ared) results in a decorrelation output of only about
0.4 volts, 'a very.high degree of insensitivity to x{ertical displacement indeed.
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It should be noted that several planned tests have not as yet been conducted
since noise (jitter) of the present drum memory obscures certain of the test results,
in particular, tests to establish:

*

{1) Sensitivity as a function of information content of the target

(2) The amount of forward displacement that could be introduced without
degrading performance

(3) Sensitivity with different input videc signal~-to-noise ratios.

A new low-noise drum memory is under construction; upon completion these tests
will be performed and reported in a supplement to this final report.

4.2 PRELIMINARY BLOCK DIAGRAM

A preliminary system block diagram appears as Figure 4.6. Operation of the
system and its individual major blocks have already been discussed in
Sections 2 and 3.

The Barnes-BAl electrical interface is discussed in Section 3.2 .4 and consists
of a logarithmically compressed "video" waveform {from Barnes to BAI) that is
the result of sampling the ocutput of the 20-element pyroelectric arfay at a 2-kc
rate plus the clock signal developed by BAI and-supplied to Barnes, suitably
counted down to 2 kc at "standard"” SUHL levels.

4.3 PRELIMINARY LAYOUT

A preliminary layout of the system (less the BAI electronics) if a thermistor
detector is used is shown in Figure 3.21. Since the BAI electronics can be
contained in approximately 100 cubic inches, a most modest increase in the
height of the cylinder will be sufficient to provide the space required for the
BAI electronics. .

A preliminary layout for the system if a pyroelectric detector is used (also less
the BAI electronics) is shown in Figure 3.24. Again, the 100 cubic inch
requirement for the BAI electronics is easily satisfied.

4.4 PRELIMINARY SIZE, WEIGHT, AND POWER ESTIMATES
4,4.1 Size

As can be seen in Figure 3.24 (assuming use of the pyroelectric detector, . the

larger of the two types), the yaw sensor optical head itself can be housed within.
external dimensions of 9.25" x 11,75 10.5" ; which includes approximately 52 cubic
inches that can be used for the BAI electronics. The BAI electronics require an
estimated 100 cubic inches. Hence, only a modest increase in size is reqguired

to accomodate the BAI elecironics.

*Problems associated with drum ]J.tter are dlscussed in some detail in Section 3.3,
above.
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4.4.2 Weight =~ .

A weight estimate breakdown for the yaw sensor, assuming use of a pyro—
electric detector, is as follows: :

Yaw Sensor Com@nent ‘ W:eigl;t (ibs.)
Housing (Aluminum) ' . : . 5.1
Sheet Metal Covers (Rluminum) ) : - 1.3
Primary Mirror ({&luminum) ‘ 1.8
Folding Flat Mirror'(Aluminum) - | © 1.5
Detector Artay Assembly 0.6
BAI Electronics o - 2.0
Total 12.3
4.4 3 . Power Consump"ci.on
(1) Optic‘;:il-Head o ' -

If we assume that the yaw sensor will not be required to operate at a
temperature higher than 45°C, the only power consumpiion in the optical head
will be in the electronic processing. A conservative estimate of the expected
power consumption of the Barnes-supplied circuitry is less than 1 watt. In the
event that the yaw sensor must operate above the temperature of 45°C, a single
stage thermoelectric cooler will be required for the detector array. The esti-
mated additional power consumption for this cooler would be 1,0 watt, and

this additional power consumption would only occur when the ambient temperature
of the optical head exceeded 45°C.

Insofar as survival of the pyroelectric detector array is concerned, if the ambient
termperaturs of the yaw sensor axceeds 45 C, the pyroelectric detector array

will depole. However, tests have shown that once the ambient temperature of

the pyroelectric detector array goes below 45°C, the biasing circuitry automatically
repoles the array and full output is reached in approximately one hour.

(2) BAI FElectronics

Estimated power consumption of the BAI elecironics is 1 watt.
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‘4 .5 . PRELIMINARY RELIABILITY ANALYSIS
4 5.1 Detector

Reliability data for the pyroelectric detectors is being generated by Bames -
as part of an on-going program.. Ten pyroelectric detector elements have been
on life test for over a year, and there have been no failures; in fact there has
been no measurable degradation on any of the elements.

"Bames is at presaent under contract with NASA-Goddard (Contract NAS 5-11500)
to space~qualify the pyroelectric detectors. The requisite environmental tests,
etc., will be performed to obtain the necessary data for such qualification.

As a result of these efforts, plus other work that Barnes expects to be ac-
complishing on the pyroelectric detectors in the near future, reliability data
and other associated information necessary for space use of the pyroelectric

detectors will be available well before they W1ll be needed for the final phases
of the Yaw Sensor program.

' 4.5,2 Electronics -

As part of its study for the system memory, BAI made an investigation to
determine the best (or at least the most acceptable) way of determining the
reliability of that part of a system built primarily from integrated circuits,
using the best available techniques for design, assembly, and post-
assembly protection® At the time of this study, a great deal uncertainty
existed concerning the proper method for calculating the required data.

Since that time, significant effort has been expended by the governmeni, in
particular through the program under Joseph B. Brauer, Chief of the Solid State
Application Section, Rome Air Development Center. As recently as June 15969,
the Air Force asked indusiry's view of a plan to enforce an all-service high-o
reliability standard for testing microcircuits. .

3

A draft of a specification giving screening and qualification test procedures

for use in procuring monolithic and hybrid microcircuits was sent to thousands
of industry vendors and users.

‘'The specification MIL-M-38510 "General Specification for Microcircuit Quality
and Reliability Assurance, " applies the test methods and procedures of the
microelectronics reliability standard MIL-STD-883.

*See Section 3.8 and in particular Section 3.8.2.
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An accompanying questionnaire asking comments from vendors and users is
- due back at the Reliability Branch, Rome Air Development.Center, by
August 10, 1969, Two new methods T5004 (screening procedures) and T5005
(lot qualification inspection} were given in Notice I, dated 20 May 1968,

of MIL-STD-883. When the comments are returned, RADC will seek full
coordination (NASA, Army, Navy, and Air Force) of MIL-M-38510.

Since no standardized technique s have yet been egétablished, the comments on

reliability made in our memory study and repeated in Section 3.8.2 are
still valid. . -

It is worth stating, though, in passing that now that a basic design and
instrumentation approach for the yaw sersor has been determined, with most
of the pertinent component type and parameters defined, it is possible to
make a "best guess" estimate of the probable Mean Time Between Failures.
This "best guess" is an extrapolation from the data and calculations that
were used to determine the MTBF of the Lunar Orbiter V/H system, where
the major contribut ors to "unreliability" were the motors, large capacitors,
and filters. Eliminating the effect of these and making the very simple
assumption that the remaining failure rate is a function only of number of
external connections to active devices, our approximate exirapolations
indicate a MTBF of something in excess of 10,000 hours.

BAI appreciates of course that such a best guess based on estimated
extrapolations will have to be fully confirmed by acceptable procedures
before a space hardware design can be undertaken. Judging by the rate at
which data is being accumulated under the RADC effort, it is our belief
that a preliminary reliability calculation procedure will be released within
the next nine to twelve months, and a final version of this firmed up within
eighteen months. This will allow preliminary calculations of reliability to
be made during the next phase of this program in what will then be the
approved manner,

4.6 PRELIMINARY IR SENSITIVITY CALCULATIONS

The Noise Equivalent Power Density (NEPD} of the yaw sensor is given by:
NEPD = VPq &fF

*
; Aoﬁ:\D

=123~



‘where:
Ad .= Brea of pyroelectric detector element

= 0.066cm x 1.4 cm = 0.0092 cm?

.G = ) Nolse bandw1dth of the system = 16 ¢ps
Ao = Aperture area = 1.6 cm x 19 .4 cm = 31 c:m2
" = Optical efficiency (Average of 5 gold-plated mirror

reflections) = (0.98)% =0.90

D* = - Measured detect1v1ty of pyroelectrlc detectyg

element below 16 cps =4.5x 108 cm-—cps ~watt™ 1

NEPD — JlSX0.0UQZ

31x0.9x4.5x 108

NEPD = - 3x lf}_llwatt/crn2

The irradiance (A H) produced by a 1°C temperature difference in a 100°K
blackbody subtending 0.25° x 1° (or 1/5 of the elemental field of view of the
yaw sensor), when passed through the silicon field lens, which will have a
spectral fransmission shown in Figure 4.7 is given by the integral Planck
blackbody radiation equation multiplied by the silicon field lens speciral
transmission L T (XN)], or:

" . i
AH = % ) C1 XL (eCZ/A Tl--l)'l—(eGZ/)\(Tl 1 ) ntT YA
3
where:
T, = " 100%K
0 = elemental target solid angle
= 1° x0.25° = 7.6 x 107° ster
L SAH = 2.72 x 10710 W/cm?2
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Therefore the calculated Noise Equivalent Temperature Difference (NE A T) .
for the yvaw sensor using the pyroeleciric deiector array is:

+ NEAT = NEPD - _sx107l 4 y500 pys
NEH 2.72 x 10719 :

This NEA T is a factor of 9:1 better than that which was calculated in the
Yaw Sensor proposal, )

4.7 WEIGHT AND SIZE VERSUS IR SENSITIVITY TRADE-OFF

The design of the yaw sensor discussed herein is based on using an existing
pyroelectric detector array that has elemental dimensions of 0.026" x 0.056".
This detector array results in an entrance aperture dimension of 0.63" x
7.5". As is shown in Section 4.6, this provides an adequate sensitivity for
the operation of the yvaw sensor. Increased sensitivity can be obtained by
increasing the 0.027" dimension of the detector, which in tum will result in
a directly proportional increase in the 0.63" aperture dimension. Since the
instrument NE & T varies as md/p“o (see Section 4.6}, an increase in
detector area by a factor of 4 will decrease the NEAT by a factor of 2 without
significantly affecting the size, weight, or power of the vaw sensor.

Alternatively, the overall size and weight of the yaw sensor can be reduced
without sacrificing sensitivity by increasing the 0.027" dimension of each

detector element, while at the same time proportionately decreasing the 7.5"
dimension of the entrance aperiure. These modifications would, of course,
involve additional design and development for a new pyroelectric detector
array.

4.8 CONCLUSIONS

b} .
This program represents Phase 1 of a program leading to the development of an
infrared yaw sensor capable of operating in lunar and earth orbit, day and night,
wherein Phase 1 is a feasibility study and Phase 2 involves the design and
canstruction of a flyable breadboard system.

As suggested in Section 1, the present feasibility study sought to answer four
questions relating to the adequacy of thermal gradients in the real'world and the
efficacy of the proposed design. An evaluation and analysis of best available
information indicates the adequacy of thermal gradients even under worst

case conditions (over the earth's oceans and just before lupar dawn). The
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effect:of roll rate has been analyzed and shown to be easily overcome. The
iR sensitivity (NE A T) has been calculated to be 9 times better than that
calculated in the original proposal for Phase 1. The yaw angular sensitivity
of the system has been demonstrated, on the basis of testing of a bread-
board coperating in the visible domain, to be at least two times better than

that calculated in the proposal without taking advantage of-improvement in
NE AT,

Thus, on the basis of the results of the Phase 1 feasibility study, there does
not appear to be any technical reason not to proceed to Phase 2, the design
and construction of a flyable breadboard unit.
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APPENDIX 1

IMPRO\{ED SOLID-STATE MEMORY FOR BAT SCANNER- CORREIATOR

’

INTRODUCTION

As part of BAl's continuing effort to improve the performance of its correlator
systems, BAI has recently developed an improved solid-state memory that has
many advantages over the memory system designed for MSC under the Phase I
study for the Yaw sensor. This new memory system uses a set of individual
scalers, whose input is disabled at the appropriate time, to store the digital
information representing the time slot number of each video transition. This
allows parallel entry and readout, which proves to be a very great advantage.

The first memory system being built with the parallel in-out provision is capable
of storing information to define a video signal with up to 30 transitions, each
transition being determined with a resclution of about one part in 215 . An ad-
dition redundant bit is stored to indicate the sense of the transition. Thus the
memory is organized into 30 words, each containing 16 bits. This memory is
briefly described below; it represents the configuration BAI would recommend

for all future solid-state memories, -

The solid-state storage techniques previously developed by BAI used a method
whereby the clock counted into a single scaler. Upon receipt of a video
excursion, the contentis of the scaler was parallel dumped into a second
register. Additional video excursions dumped the conients of each register into
a succeeding register until all excursions were time-slot located. If we assume
provision for thirty edges, we would then have a storage system of 16 bits x

30 edges = 480 flip—flops. However, if an incoming video signature contains
less than 30 edges, the final registers do not receive information. In order to
read out the stored information, we must know which register contains the first
edge, or we must "jam" the contents of all registers to a final output register
such that the first edge is contained in this register. This jam function must be
performed in a short peried of time prior to sync to avoid possible dead time
problems. Each edge, after use, must then be recirculated back to a previous
storage register in order to maintain the continuous generation process required
for the reference signal. -

»

In either case, the logic recquired to perform the reference reconstruction has
been considerably simplified by the new technique of parallel eniry. As a re-
sult, system reliability has been greatly increased; there has been an elimination
of possible "race" conditions; requirements on noise threshholds and timing
sensitivity for each flip~flop and iis associated gates are reduced; storage is
static during all readouts, completely eliminating the possibility of transfer

*This represents the configuration now being built for
photogrammetric applications
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_errors. Noise generates only transient errors, which do not continue in’
memory as they would with the previous design. -

Further, with the use of parallel entry storage:
Lower speed elements can be used, reducing system power requirements
and consequently increasing reliability.

More densely packed IC's are available at these speeds and power
levels, reducing external connections required, and chip count,

As a final advantage, system checkout and maintenance is greatly

" simplified, since the operationof a static storage register is much
easier to test and evaluate with simple oscilloscope tests than is a
dynamic register, where testing usually requires artificially generated
"worse case" signals with constant recirculation and monitoring of
possible noise growth under limit i conditions.

OPERATION OF THE PARALLEL-ENTRY SOLID-STATE MEMORY

A block diagram of the system is shown in Figure 1. The Interface Unit. (1U)
accepts information from the scaler memory. This information is in 16-bit-
binary form, representing the time slot of a video transition with respect to an
arbitrary synchronization time, t . The time slots are determined by a high
frequency oscillator generating a clock train for system timing. The scaler
memory contains 30 binary numbers, each number containing 16 binary bits.
Each 16-bit number represents a video transition; therefore, in its present state
the system can accept up to 30 video edges. The 16th bit is redundant
and represents the transition sign. At t_, the memory scaler output representing
the first video edge is presented to the IU. A 15-bit synchronous scaler counts
the high frequency clock C;. When the binary number in the counting scaler
corresponds to the binary number stored in column 1 storage scaler, the

" comparator generates a recognition signal. This 'signal drives the reference
word generator to reconsiruct the first video transition in its proper time slot.
A second clock, Coy, symmetrically interstitial with Cl' is used in conjunction
with the comparator pulse to cause the Edge Select Circuit for the memory to
choose the memory output defining the time slot for the second video transition?
When the couniing scaler output corresponds to this information, a second com-
parator pulse is generaied, repeating the ahove process, thereby reconstructing
(in serial output form) the reference word stored in digital memory.

The method used to store these video edge locations in the scalers is as follows.
The application of a Store Command causes the generation of a record gate (G).



This gate is synchronized to the system by the sync output of the I5-bit main
scaler in the mode logic circuit. A signature store gate (SSG) is generated
“which allows the video to enter the video edge gate generator (VEGG). The
VEGG output consists of 30 enable gates ( r'1_30) which allow Cj to be counted
by all 30 scalers in the storage circuit. The first incoming video transition
disakbles rl: thereby removing the clock from scaler 1. The first scaler there-
fore containsg the binary number time slot représentation of video edge 1. At
the second video transition, T‘z is disabled, thereby causing scaler 2 to stop
its count at the binary representation of video edge 2. It is obvious how ad-
ditional video edge locations are stored in the scaler circuifry. At the con-
clusion of one scan period, a digital representation of a signature hags been
stored and a regenerated signature from this information contained in the
scaler is indistinguishable from the video signal that was originally encoded,
with the exception of the almost negligible effects of guantizing errors, which -
can be held to appreciably less than one part in 10°. This information will

remain in storage until power is removed from the circuit or a re-record command
is generated.
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APPENDIX 2

MANPOWER HOURS EXPENDED ON PROGRAM (To 27 June 1969)

L -

Task 1 ~ Study Svystem Parameters
Engineering

Task 2 — Studyv Crosstalk due to Roll
Engineering .

Task 3 — Study Svstems for Elimination
of Roll-Rate Effect
Engineering

Task 4 - Desgign and Fabrication of
Visible Light Front End

Engineering (including
Reliability)

Design Engineering
Technician

Shop

Task 5 - Test Stand Design and
Fabrication . -

Engineering

Design Engineering
Technician

Shop

Task 6 — Test Vigible Light Front End
Engineering
Technician
Shop

Task 7 = Preliminary Block Diagram

and Layout
Engineering

Task 8 — Preliminary Size, Weight and Power

Task 9 - Establishl:nent of Parameters
for Interface
Engineering (including Reliability)

Task 10 - Final Report
Engineering and Technical Writing

_2 'l-

-

Hours

Allocated

160
120

100

270
80
- 100
120

120
100
132
100

170

175 -

100

20

10

40

240

Total Hours
Expended

" 163.5

161.5

184

369.5
80.5

108.5
24.75

250

178.50
48,75

243.50

350.25
154.25
- 23.5

16

25

156



.. APPENDIX 3

OPTIMUM. OPTICAL DESIGN WITIH OBLONG* FIELDS OR DETECTORS
© . M. G, Dreyfus, Chief Scientist

INTRODUCTION

The BAI satellite vaw sensor has a 5° x 59 field of view divided into twenty
1/4” x 5° adjacent strips. Fach strip is viewed by one infrared detector. The
commonly available infrared detectors are either squares or rectangles with an
aspect ratio close to unity. The instantaneous field viewed by each detector
has an aspect ratio of 1:20,

We will show in the following discussion that the optimum systemaperture stopunder
these operating conditions is a rectangle with an aspect ratio of 20:1.in the

case of-a square detector {(and close to 20:1 with a detector aspect ratio close

to unity) and will derive a general theorem governing the optical design of

systems with rectangular stops.

DISCUSSION

Assume an optical system consisting of a series of p thin lenges {or mirrors)

- in air with one lens located at each aperture stop or field stop alternately:
assume that this lens system is terminated by an anamorphic’ radiation-condensing
system**optimized todeliver the flux to a radiation detector; assume that the field
of view of the optical system consists of an angle ﬁl in the horizontal plane and
an angle 81 in the vertical plane as viewed from the center of the first thin lens;
let the linear dimensions of the mth lens be X in the horizontal plane and Y
in the vertical plane; define the aspect ratio ryy of the m™® Iens as Im = Yo /%m -
Similarly define the aspect ratio 1y of the detector D as rpy = YD /Xpy.

Theorem: . rjrp =1p for pxl

Proof: The image generated by a thin lens in air cah be delineated by
projection of straight lines through the geometric center of the lens from the
edges of the field of view in the object plane to the corresponding image points
in the conjugate focal plane. These straight lines form similar triangles satis-
fying the following relationships: ’

Y1 _ 8y Y3 _ 84
X1 ¥, X3 By

n-

« s 2

_ (1)
1Y 8% _¥Y _ .

9’1 Xo I3 Xy

*The term oblong’ here denotes an elongated shape havmg an aspect ratlo
- e T P cu?

substantlally differing from unity.’ - -
*%"Wedge-Immersed Theimistor Bolometer™ by M. G. Dreyfus, Applied Optlcs ‘
Vol. 1, pages 615-619, September 1962.
3.1~
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In a similar vein we have the Lagrange invariant theorem*which states that
n;¥;8j is a constant at any image plane in an optical system.

N . nlYlE?l _ nzYzez =- . HEYEBE

s e = (2)
n% % %oy o % By
From Equations (1) ‘and (2) above, we see that: ]
] 2 o . S - &fa You | Sher Youo
" 2 Xnt+1 K1 Xper Far Ko
- Y .. -
= D3 Ik o L5 - (3)
Xn+3 X'n+2 -~

Assume’ that a radiation detector with an aspect ratic ry and an optimized ana-
morphic condensing system (yielding SD = §_) are inserted in place of the
(p+1)Stlens {i.e., at the next focal plane after the plane of the p’Eh lens).

Then the anamorphic condensing system is located at the stop plane numbered
(p + 1) and the detector D is located at the stop plane numbered d = p + 2.

n
IEp2zl (i.e., dZ3) thenfy . Jbg = )= 20D - o
' . nDX:D'@,D ©(4)
=M%% - oy
mX &
:l .rlrz = rD
‘CONCLUSION

. The. above discussion shows that for maximum. sensitivity, the ~. .
asymmetry of one optical stop must be compensated by the agymmetry of another
stop, and that maximum sensitivity in an electro-optical instrument with an
oblong“field of ' view requires the use of compensating oblong lenses and/or
an oblong detector.

In particular, the rectangular shape of the primary mirror used in the BAI satellite
yaw sensor is a well-engineered example of the general pr1n01ples of compensating
stop asymmetiries discussed above.

*"The Principles of Optics" by A. C. Hardy and F." H. Perrin; McGraw Hlll
Book Company, N.Y., 1932; see pages 43 and 93 .
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