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1. INTRODUCTION

This Phase IA report of the Earth/Lunar Horizon Sensor
program discusses the technical aspects of the various types of
horizon sensors which may be considered for possible usc in the

Apollo Extension System space missions. It attempts to narrow |
dowcwtﬁc»choice from:a fair variety of sensor types_to the one
which”is thought tc Sétisfy}the design goals which hcvc been
specified and which can be implementedIWithin the scope of the

program, both from the standpoint of demonstrating the perfor-

mance characteristics and doing so within the specified time and

budget.

In this report we will discuss principally the tech-
pical considerations guiding this choice and will do so only“ih
the limited sense of covering the special aspects of‘sensor
technology which we consider vital for the present program. We
%ill not discuss the broad subject and fundamentals of horizon
?ensors which have been covered adequately elsewhere but only
those characteristics which are pertincnt to the choice of an
optimum system.

Thus we will assume that the reader has a general

familiarity with the basic horizon‘sensor concepts and state
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of the art. We will further assume that certain choices have
already been made in specific components and elements of the
system. The unique advantages of thermélrdetectors such as the
thermistor and solid-backed thermopile have already been well
established, as have various elements of the optics, mechanical
design, and electronie processing. We have also avoided any
concepts which we consider beyond attainment within the scope f
.~ of a one-year program. !
This report discusses three basic horizon sensor | 1
system concepts, with variations of each. These three are:
(;) Conical Scan Sensors

(2) Electronically Scanned Sensors

(3) Edge Trackers
Not all of the’system cencepts which we have analyzed
Were,foundvtq'be capable of meeting the requirements for lunar
| | usé;evHowever,‘asye matter of»general interest, we have in-

cluded discussions of these concepts in this report.

Section 2 discusses the spectral and optical.con-
 siderations applicable to the earth-lunar horizon sensor

~design.
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Section 3.1 discusses general signal processing
concepts relative to the problem of horizon edge angular

definition with high precision. This discussion is primarily

applicable to conical scan sensors.

Conical scan sensors suitable for lunaf;uSe can
be divided into space scan and normal conical scan types. In
a space scan system; the horizon is always intersecﬁed from
space to planet; while in a normal conical scanner, both thé
space-to-planet and planet-to-space scans are used. The
signal progessing approaches designed to maximize the angular

definition of the horizon edge intersection for both space

scan and normal conical scan horizon sensors are discussed
in Paragraphs 3.1.1 through 3.1.4.
For the normal conical scan type of horizon sensor

on the moon, the planet pulse must be differentiated or the

edge gradient must be sensed. The problem in this séanvfor S 3
lunar use is recognition of thé pulse defininguthe iéaaing
and trailing lunar horizoﬁs;v The'signal‘proqeséing Eoncépts | E;
applicable to the nbfﬁél cbnicaivéééh{Sénébf when used on

the moon are discussed in Paragraph 3.1.5.
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Section 3.2 discusses the design considerations
applicable to electronically scanned horizon sensors for
earth-lunar use.

Section 3.3 discusses the design considerations
applicable to various types of edge trackers. At least one
of these concepts using field switching at the edge of the
planet and which is described in Section 3.3.2.4 appears to
meet all the requirements for’the Earth/Lunar Horizon Sensor
System. Some other approaches are described which are not
considered satisfactory.

Section 4 is a review of the significant charac-
teristics of the various horizon sensor concepts described
in Section 3. 1In it are diScussed,Varisus advantages and
disadvantages of the several approaches considered and their
relationship to the mission requirements.

Section 5 discusses the reliability considerations
of the various horizon sensor approaches. In this section
we have tabulated Mean Time Before Failure figures for tenta-
’tive designs of the three systems which are capable of
meeting the design goals of sensitivity'and accuracy for the

present_pragram.

e —




In Section 6 we present our conclusions and recom-

mendations for Phases IB and II of this program.
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2. SPECTRAL AND OPTICAL CONSIDERATIONS

The horizon of the earth as seen from space is not
an abrupt discontinuity; there is a region of gradual transi-
ﬁion from the zero radiance of space to full radiance. This
region is from about 60 km above the earth's surface to the
surface itself. The shape of this plot of radiance versus alti-
tude depends upon the temperature, pressure, water vapor content,
etc. of the air at that particular point on the earth and also
upon the Band'of,wavelengths to which the horizon sensor is
sensitive. Variationsih‘theséyplots céoSe uncertainty in the
exact horizon position for a horizon sensor and therefore directly
affect the sénsoryaccuracy.

Thfée indepeﬁdénﬁigroups‘of investigators haveiestabéw
lished their own computer programs,for determining these profiles.
The groups are (1) Hanel, Bandeen;hand Conrath at Goddard Space
Flight Centér;”(Z) Burn and Oppel ét;iookheéd MSC, Sunnyvaie,
California, and:(B) Wark, Alishouse;-aﬁo Yamamoto of the U. S.

%, Weather Bureau. The work of Dr. Wark ié_pafficuiarly oééfﬁijin |
that he Has published tobles of radiance versus altitude for a

| large number of narrow wavelength intervals (in general,

B el
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intervals of 25 cm'l) for each of eight model atmospheres. By
mﬁltiplying the radiance in a given interval by the tfans-

mission of a particular optical system in that interval and

summing the resulting products, a profile of radiance versus
altitude can be calculated for that optical system. Identical

calculations with data for another model atmosphere yield another

profile.
Profiles for Dr. Wark's model atmospheres A, B, C,

and D have been computed as outlined above for a system sensi-

tive only between 20 and 40 microns. These are shown in Figure

¢ ad

2-1. The interesting features of this plot are the following:
(1) Radiance variations for the worst case conditions

to be ehcounteredrin viewing the earth's atmOSphere in the 20

to 40 micron band (in the range of elevations around 200 nautical

miles) are only about two to one.

(2) jAt a low level of radiance at'fhe ﬁppef“iayers
of atmosphere, the Vafiétions in altitﬁde at:WHi¢h.identical
‘radiance 1evelé'ére encountered aré very sMall._a
These observations warrant certain conclusions'with
- regard to the system accuracy obtainable with a sensor operating

in this spectral interval and sensing the earth's atmosphere.
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(1) The dynamic range requirements are not excessive
(two-to-one variations in energy are expected).

(2) Since the total energy avaiiable in this broad
spectral region is greater than would Be obtained in a harrow
region in the shorter wavelengths (e.g., 15 micron CO2 band),
we can expect to obtain a reasonably high signal-to-noise ratio.

k(3) At a low threshold level (comfortably above the
system noise level), we can register a scan crossover point
whiéh,is reasonably independent of the climatic and seasonal
conditipns of the region scanned. For example, at a radiance
level of 1/20 of the highest value which could be encountered
according;to'theymodel atmosphere,studied, the maximum variation
in altitude forwthe diffeﬁénﬁ’atmospheric'models are of the 6rder
of 5 km. For a conical scan sehsor which may be consiéered aﬁd
at the 300 nautical mile altitude, this corresponds‘to an error
of about O;1°f  This error is,'of course, averaged over two
crossover poéitioné for the hofiiéﬁﬁéensor syétem;'

(4) WSihcé‘the seﬁédkrﬁould be measufing attitude Qith
reférenéé”tbkﬁdéifibns‘in the upper atmoséhefé;wthefécéré néww

serious cloud problems in evidence. The data plotted is based

-

-

o g
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on atmospheric models which include the effects of normal cloud
conditions. The curves shown in Figure 2-1 are rather similar
to the radiance profiles of a 15 micron CO2 band centered earth
atmosphere.

In é'recent flight test of an experimehtal horizon
sensor, radiometric data were gathered for ah optical bandpass
very similar to that proposed here. The spectral band of this
sensor was 14-16 microns and 18-35 microns using silicon as the
optical material. The energy in the 14-16 micron region is
oﬁly about 1/7 of the total so that this system is very similar
to the 20-40 micron band. Results of this flight were reported
in the Proceedings of the First Symposium on Infrared Sensors
for Spacecraft Guidance and Contfoliin a paper by Lt. Cbi}’W, T.
Jones and K. A. Ward titled "Performance of Horizon Sensor
Systems in Earth Orbit.'" Extensive radiometric data were
obtained in polar, temporate, and équatorial regions of the
earth. These results show no more than 2:1 contrast ratio
and in general confirm the theoretical predictions.

Since the results of the investigation of the earth's

radiance in the 20-40 micron spectral region appear to be quite
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favorable, we recommend that the optical system of the present
sensor be designed for use of that spectral interval and that
it optimize the efficiency of the various optical and detector
elements to provide a high signal-to-noise ratio for all target
conditions expected. B
An added and powerful advantage of this choice is that

the 20-40 micron spectral interval is well suited for the lunar
application of this sensor. We therefore feel that the sensor
can be designed with an identical detéctor/optical system for
either lunar orieafthmissions, requiring no~intérchange ofu
detectors br filters for a specific mission. A further ad?an-
tage of this choice of spectral interval is that the relative
energy from the sun and the planet is more favorableifor the
long wavelength sensitive system than Wbuld'bé the case for one
which is made to operate in a Shorter wavelength region closer
to the peak radiance of the sun.

.. In addition to determining an optimum SpéCtra1°regibn
in which théfEéfth/Lﬁnar‘Horizon Sensors will operate, we must
give some consideration to the characteristics of the opticéi

materials to be used and the detector's sensitivity in the
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spectral band of interest. It will be desirable, wherever
possible, to use reflecting components. Certain conical scan
sensors, some versions of edge trackers, and the electronically
sampled hofizon sensors all may be designed to use reflecting
elements for at least some of the optical components. As a
rule, it will be found that optically immersed detectors will
be'preferable‘from the standpoint of sensitivity and detector
size reduction.

The detector to be used, a thermistor, can be shown
to have é reasonably‘high and uniform sensitivify in the spec-
tral fegion of interest, 20-40 microns. This is seen in
Figure 2-2, in which a thermistor bolometer's spectral response
is limited only by the detector's long wavelength absorptance
and the window used (KRS-5).

Were we to use a germanium-immersed detector, the
long wavelength absorption characteristics of the thick ger-
manium elemgntﬁwoulduseyerely reduce the énergy receivedby

the detector and the sensitivity would be degraded. Typical

of the spectral sensitivity of a germanium-immersed thermistor

is the curve shown in Figure 2-3. Figure 2-4 shows the spectral

.

[P
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response of a thermistor detector immersed in a silicon hyper-
hemisphéré which is seen to be sensitive to the longer wave-
lengths, althéugh with some losses. Our calculations in later
sections of this report take into account the detector sensi-
tivity averaged over the spectral region of interest.

While the 20-40 micron spectral region appears to
offer certain advantages in this application in avoiding the
need for a change‘in optics for various missions and seems to
provide the desired accuracy, it would be unfair to overlook
the value of the 15 micron CO2 band for earth missions. Al-
though the desired 0.1° accuracy seems to be achievable with
:the 20-40 micron spectral band, the horizon profile curves
for the various atmospheres are more uniform in the 15 micron
CO07 band than in the 20-40 micron band. This may be seen by
écomparing Figure 2-1 in this report with Figure 1 of a paper
@by F. Schwarz, K. Ward, and T. Falk, "A High Accuracy Conical
éScan'Infrared Horizon Sensor 0perating in the 15 Micron CO2
§Band;" présgnted at the Symposium on Infrared Sensors for
QSpgceCraft Guidance'énd Cohﬁ:ol held at Barnes Engineering

-,ompany, May 1965. Therefore, it is to be expected that a

TP S NP
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somewhat higher aécuracy can be achieved for-éarth missions
by operating in the 15 micron COy band with nearly all the

horizon sensor systems we have studied.

In the”analysis of various systems in the next
section, Qe will occasionally call attention to the improve-
ments in accuracy which are made possible through use of the
relatively homogeneous earth atmosphere as viewed in the 15
micron CO) band and to a slightly lesser extent in the 20-

40 micron band, with its reasonably low radiance contrast and

a dynamic range in radiance of only about two to one.




3.0 DISCUSSION OF SYSTEM CONCEPTS

Apart from radiation balance sensors which generally
have a rather limited éccuracy and horizon crossover indica-
tors used with spinning type vehi¢1e33 both of which are un-
suitable for the present appliéation; infrared horizon sensors
may be placed into three basic categdries; conical scan horizon
sensors, electronically sampled no-moving-parts horizon sensors,
and edge tracking horizon sensors.

We believe that ultimately, with sufficient develop-
mént and time, various versions in each of these categories can
be made to meet the design goals for the earth/lunar horizon
sensor required for this program with one limitation: the
specification of reliability cannot be met by any of these
systems without redundancy and scrupulous attention to all
aspects of reliability in thé design of the sensors and choice
of components.

The system selected for this program must meet these

design goals but do so within the specified time limit of

less than one year and a budget limit, all with a reasonably

high confidence factor so that no new unresolved problems are

o 10
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encountered which may interfere with the successful completion
F | of the program.

E It will be instructive, therefore, to set down the

principal differences and the advantages and disadvantages of

éach of the horizon sensor concepts and later discuss each in

ﬁore detail and thus resolve the possible problem areas in ad-
vanéé of the4execution of the design and construction phase of
this program. In all this we will assume that the reader has

a familiarity with basic infrared horizon concepts and the

operating’principles of each., We will therefore not repeat

¢ ol

what we feel has been adequately covered in the literature in

the form of individual papers on specific horizon sensor systems

or ihutﬁbuprééently available works which treat these subjects

in'great detailol’2

3.0.1 Conical Scan Horizon Sensors

: | Conical scan horizon sensors are characterized by

the fact that they contain a scanning mechanism which causes !

- 1Symposium on Infrared Sensors for Spacecraft Guidance and , L
Control, held at Barnes Engineering Company, May 1965. ERR

2John Duncan, William Wolfe, George Oppel, and James Burn. S
"Infrared Horizon Sensors,' IRIA State-of-the-Art Report, Insti- 5
tute of Science and Technology, The University of Michigan, :
April 1965. |




tﬁe detector to view a finite size elemental field in a con-
t%nuously rotating conical pattern. As a rule, the rotational
rdtes are fairly high (motor speeds of 7200 rpm being common)‘
and friction and lubrication may present problems. The elec-
tronics are, as a rule, rather simple, since there is no need
to separate a search and track function. Use of the conical
scan fesults in a wide possible acquisition field but wastes a
considerable portion of the scan time in traversing over space
and planet where no useful information is derived. The only
useful information is the time of bianet crossover at the
leading and trailing edges of each scan. vAs a result, the

| eiectrical bandwidth‘réquirements mayybe higher thah desir-
;»able and the sighai;td-ddiSéfétio‘may be degraded.

Conical séan sensors}can»thus provide both search
and track functions with each scan and, since the mechanical

é motion is constrained in bearings, the system can fundpion__

| during launch or powered flight in an environment with hiéh
Ev§ibration levels. For missions in which the altitude range

; is limited to small variations, one can adjuét the scan cone

% angle to a position which minimizes the amount of time in

[rORS——
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_&hich.the sensor views regions which provide no useful infor-
mation (e.g., space). Reliability of motors and rotating
¢omponeﬁts is intimately tied to the parameters of operation
such as speed of rotation,_mission life, number of bearings,
~etc., which will be discussed in later sections.

- 3.0.2 Electronically Sampled No-Moving-Parts Horizon Sensor

A formidable advantage of the electronically sampled

- system is the complete avoidance of any moving parts and a
consequent potential fof missions requiring a very long operating
life. ‘A no-moving-parts system on the other hand, like a d.c.
amplifier, requires a high degree of iong-term stability which

is usually difficult to achieVe. The acéutacy ofvﬁhe systemy:
beébmes”a fuhctibn'bfméithef.thé field bfwﬁiew'sﬁbtéhse (reéolﬁf
tion) of the individualmdetectqrs_(for a digital type system)

é or the degree to which it may be poséible to resolve the‘posi-
%tion of theitarget within each detéctdr'fiéld of view element |
{(ih'the_case in which analog target position interpolation is
%Qsed). Both thése methods ofwobtaining a high degfée of resolu- -
i#ion require rather complex eleétronic,circuitry using many

%active»and passive components,
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For the present application the advani:age gained
through elimination of all mechanical components is weakened
by the need for a large number of detectors and associated
fbw-level sampling switches required to achieve the desired
;esolution. In time, such a multi-element system can be sim-
ﬁlified and constructed in an integrated circuit form which
may improve the reliability. In considering the sensitivity
and signal-to-noise ratio of this system, we must also take

into account the long-term drift and the requirement for main-

l vtaining‘a constant or zero output wheﬁ all active detectors
view outer space losing heat to the background. This dictates
‘use of eitheryé detector array with exceedingly good reépon-
:sivity matchiég betweéh eieméﬁﬁé or thé solutibn &e have.

‘adopted--provision of a controlled heat source within the

TOptical system which insures that all detectors viewing Spacé
will experience no net heat'gain or loss“with reSpect to”its“'\
‘reference junctions. Thus all detectors, regardless of their o ?

?absolute responsivities, must produce equal outputs (or zero

——

‘output) when viewing outer space. Insofar as signal-to-noise

Sy bt et A

ératio and bandwidth are ccncerned, this system has the advantage
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'3.0.3 Edge Tracking Horizon Sensors

that the detectors ''stare' at their target area almost con-
tinuously and may have a slow response and the bandwidth

requirement is low.

3.0.3.1 With Small Field Scan

Edge tracking horizon sensors have the advantage
over the conical scan sensor that they waste little time looking
at regions other than the edge of the planét which they must
track, except for the time during which they search for their

target. The search time is thus normally longer than for the

conical scan sensor. However, once the planet edge is acquired,

little time isywasted»in scanning other regions and the elec-
tronic béndwidth‘may Be»hartoﬁ;} A complicéting faéﬁof is the<
need for a tracking serVov1oop and, in so¢e‘systems, two sép~
arate fieldscané; wide field tracking and a small field fine
oscillation., In some systems (e.g., the "Positor' of the ATL
edge Eracker), these two movements may be performed by the
same mechanica1 éomponent.

The:searchingifunctionﬁis usually performed by some

type of servo drive. The fine tracking may be a small field
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"dithering'" movement about a normal planet edge field of view
pbsition or it may be a small cone scanned at the planet edge
aﬁd, in some systems, it may be a field switching action in
wﬁich a detector is exposed alternately to the edge of the
pianet and to outer space which may serve as the reference.
This field switching system, since it does not waste any time
in scanning an area on the planet and in space, allows further
restriétion df electrical bandwidth.

- To produce the small dithering motion usually re-
quifes mechanical components. Thesé ﬁéy consist of a flexing
type device or a rotéting type devicé. The:former.dd not
require lubrication and are usually noﬁ-ffiétion devices.
unsatiSfactory in»applications in Which‘they may‘éxperience
vibration forces. The latter rotational or bearing con-
strained devices are esséntially unaffected by-thg ﬁsual'exf
ternal vibrational forces but do require lubrication. Thus

one must consider the réquiréménts of the mission before

reaching a conclusion as to the suitability of a specific

scanner system.

e
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3.0.3.2 Field Switching Edge Trackers

Edge trackers in which a field of view at the edge
of the planet is compared with a field in space by optical
chopping may use modﬁlatore efsthree besic types: choppers
of the Frustrated Internal Reflection Modulators (FIRM) using
imperceptiblysmallmovement te effect modulation, vibration
type choppers, and rotating ehepper modﬁlators.

The FIRM type shows a negligible amount of wear,
can be free from mechanical resonances;in the range_ef>fre-m
quencies normally encountered in Space vehiC1es, and if the
design is well executed should have a very high reliability. |

The vibration type field chbpper {e. g‘,'tuning fork
mov1ng vane type modulator) usually has a high rellabillty for
the small movement required but usually is subject to dlsturb-
ance through external vibrations. It may be designed to have
its mechanical resonance at a very high frequency. However,
ib that case, it would require considerably higher drive power
te cause it to vibrate at the desired low frequency chop rate.
This type system is therefore preferably used in missions

operating in free flight with low vibration forces.




The rotating chopper type field switching modulator
can be designed to be unaffected by normal vibration forces
in a spacecraft. 1Its reliability can be reasonably high,
provided that the mechanism is made to operate at low speeds
and the lubrication problem is satisfactorily solved.

All of the field switching edge tracker types have
the common advantage of requiring the lowest signal bandwidthl
of all sensor types, since the noise bandwidth need only be |
asiwide as the information bandwidth required by the system.
The modulation frequency may be selected conveniently within
thé‘time constant which is typical of the detector to be used.
Like the‘other edge trackers this type also requires the servo
drive‘system to operate the tracking mirror (or lens). It is
to be expected that this method of sensing provides the best
signal-to-noise ratio. The design for this tfpe sensor must
make;provisibn;for‘possible’sun in’one of the primaryfields
ofview, which usually requires an auxiliary guard detector
field of view.

| In generél;'we sée ffdﬁ théméBSQQ that.ﬁﬂéwééﬁéia-

erations guiding the choice of an appropriate earth/lunar
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horizon sensor system should include nct only the Specific
numbers indicating achievable signal-to-noise ratio and accuracy
but also some more poorly defined criteria involvihg'confidence
level, design and fabrication time, cost, and some cohsidera-
tions which are characteristic of specific missions. The precise
form of the sensor is further influenced by the location of the
sensor package in the spacecraft. Thus, if prime space is avail-
able where the sensor can view regions nearly 180° apart, the
sensor can be designed in such a way that pitch and roll data
may be obtained with one integrated sensor head.

It is for reasoﬁs such as these that we counsel a
joint discussion of the mission requirements and any interface

problems.

3.1 Conizal Scan Sensors

Of all the various approaches to horizon sensing,

the conical scan typewiﬁ the one which has been developed to

the highest degree and used most widely in the US space program,

More than 200 conical scan sensors built by Barnes Eﬁgineering
Company have been flown in various space vehicles and rockets--

more than all other types of horizon sensors combined.
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In view of the present requirement for g?eater
accuracy than is required for other existing missions, capability
of operating with a high accuracy in an'ofbit around the.moon;
and a reliability figure far beyond anything achieved to date,
w? have reviewed in some detail the various possibilities for
improvement in these areas insofar as the conical scan concept
ié concerned and the relative potential of this technique vis-a-vis
other horizon sensing methods. Because the conical scan sensor
ié a fairly well established device and has had much space ex-
périence, it will obviously be desirable to explore to the
utmoét its value in the present application. The advantage of
using it is the greater if one bears in mind the factor of time
and cost}” Thetefore, if it is found that relatively small
changes will make the System meet the design goals for the
present sensor, then the factors of experience, cbst, and time
may‘carry much weight in deciding on the choice of the most
desirable systém.

Looking at the béSic problem aréas with the véfious

E'types of sensors as diécussed in Section 3;0, we find thét the

 main weaknesses of existing conical scan sensors lie in the

DAL St abtamiuid o
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use of high speed'rotating parts, an unfavorable ratio of
dwell time on space versus planet, and possible electronic
processing difficulties in obtaining high accuracy and satis-
factory signal-to-noise ratios.

If the vehicle dynamics andvsyStem requirements are
such that an integration time of 5 seconds is»allowed for
attitude error output, as appears t§ be the case, then a slowing
down of scan rate to around 1 rps is possible. This leads to
énumber of improvements in reliability and crossover time de-
termination as discussed in greater detail below. The error
dependence on scan time is summarized in Figure 3-0. We will
discuss only those aspects of conical scan horizon sensing not
already covered adequately in the literature.

A review and study of the conical scan horizon sensor
wasiconducted to recommend possible changes and,improvementsyto
the present designs. Thé areés inVéstigated include:basic
systé¢-¢on¢ept anddésign, choice bftdptics, and electronic |
proceséing. The studyihcludésapfeiiminéfy technical-dié-
cussibﬁ of several basic concepts of the conical scan horizon

sensor.,

e ST e e A L S e A A R P R T, R A B R B T R WS R

A e I




E T T T - 1
J

l
‘ CONDITIONS: | MSEC DETECTOR
ISt | | MSEC PREAMP RISE TIME
| | DEGREE FIELD OF VIEW

= *;
X |
‘ ) =

i

X

W -

9 SLICING AFTER g DEGREES

F OF PENETRATIO

__‘ e

¢

:Q:

= 1o

o

-

- 4 -
Y|
QO
‘ x

{7V

a |

r 4

-

o

>

> T

s |

2 -

O

a3 |

1 1 1 1 1 1
o 3.0
RPS SCAN RATE ————=
| e 21749 .
Figure 3-0 INFLUENCE OF SCAN RATE ON DESIRED SLICE LEVEL (FOR |°FOV) 1
|




kil

i

R PR A R R e e T, R VAT RS N N I O SR B IR VR T

SR ST

3 - 13

For a general discussion of the conical scan horizon

sensing concept, refer to the following papers:

(1) John Duncan, William Wolfe, George Oppel, and
James Burn. '"Infrared Horizon Sensors,'" IRIA
State-of-the-Art Report, Institute of Science

| and Technology, The University of Michigan,

o April 1965.

| | (2) Morris H. Arck and M. Monty Merlen. ''Horizon
k Sensors for Vertical Stabilization of Satellites
| and Space Vehicles,'" Proceedings of the National
Specialists Meeting on Guidance of Aerospace
Vehicles, May 25-27, 1960.

(3) Frank Schwarz, Kenneth Ward, and Thomas Falk.
"A High Accuracy Conical Scan Infrared Horizon
- Sensor Operating in the 15 Micron CO2 Band,"
presented at the 12th National Infrared Infor-
mation Symposium, January 12 14, 1965, at
Fort Belvoir, Virginia.

- (4) Eric M. Wormser and Morris H. Arck. ''Infrared
Navigation Sensors for Space Vehicles,'" pre-

ﬁ sented at American Rocket Society Conference,
| | | Stanford University, Stanford, California,
# August 7-9, 1961.

b 3.1.1 Qualitative Aspects of Edge Determination

'3.1.1.1 Radlatlon Con51derat10ns

To accurately determine the horlaon edge u81ng

coniéal scan.horizon sensors, the slope, at a partlcular

yz
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point, of a pulse edge of a waveform must

A S T T S S ST S L g s R e S T U e e e e T e e e

be maximized.

Figure 3-1b shows the slope of the radiation pulse perceived

by the bolometer of an infrared scanner when its field of

view passes across an object of uniform temperature and

emissivity against a uniform background of different tempera-

ture (Figure 3-1la).

Radiance (emitted
radiation-per unit

surface) n W

» Difference in
Radiance

Direction Temperature 03| ot Temperature® FIGURE

of Scan | |
|

Received Radiation |

, on the Bolometer /)/T_

~ Time

l
l
.

_1__;_

1Ty,

I 3-1a
| ,
|

Ty —
|

Radiation FIGURE
Pulse Shape 3-1b

T,: time necessary to scan across object of width w

Ty: time necessary to move field of view across sharp

edge of object:

o
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The ramp-shaped edges of the pulse in Figure 3-1b

are generated‘by moving an optical field of view of non-zero

width across a step discontinuity in radiance. (Ti is the

time required to move the field of view across the step dis-
continuity.) The straight ramp of Figure 3-1b is developed by

a rectangular field of view moving with uniform s¢anning velocity

across a discontinuity parallel with one of its sides. 1In this
case, the fractional illumination during crossover is a linear

function of time. With other field of view geometries (such as

éircular) and/or other field of view orientations with reSpeét
fo the radiation edge (for example the diagonal of a rectangular
field of view parallel with the radiation discontinuity) the
fractiénal illumination is not a linear function of time.

The generated pulse edge is, of course, still monotonic, but

not a straight ramp.

3.1.1.2 Electronic Processing Considerations
Fﬁffhéf“deterioration (déviation from a rectangle)

occufs whén fhé received ra&iétion pulse ié*converted into én

eléétficalwpuise and amplified as such. There aré‘two funda-

mental contributions to this latter distortion:
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(a) A low pass in the transfer function between the
received radiation pulse and the electrical output of the
radiation detector: In the case of a thermistor bolometer,
éhe received radiation will raise the temperature of the
%olometer flake (unbalancing the resistance bridge into which
ik is connected and thereby producing an electrical signal).
waever, the bolometer temperature changes only at a rate less
t;an or equal to that permitted by the heat capacity, Cp, of
tﬁe bolometer flake and the thermal resistance, Rp, from the
K flake through its backing to the heat sink. (T2 is the time
coﬁﬁtant determined by Ry and Cp.) The designer has some
freedomvin detefmining Rp for a given Cp (Cp is a functioﬁ
of theyﬁbloﬁeter material and flake size) by varying the
thicknéss of the backing. Réduced backing thickness permits
faster response, but it also reduces the sensitivity of the
bolometer. |

(b) A low pass in the amplifier to which the output

of the bolometer bridge is applied: The introduction of this

Qlow-pass is intentional; the high frequency cut-off is set at

}arconvenient frequency, as low as compatible with pulse-shaping

R -
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requirements, in order to reduce the noise bandwidth. The time
constant that corresponds to the amplifier high frequency cut-

off is denoted by Ty,.

Figure 3-2 shows a typical pulse shape at the ampli-

fier ohtput.

Level L

Radiation
Pulse Shape

Amplifier
Output

FIGURE 3-2

NOISELESS PULSE SHAPE AT AMPLIFIER OUTPUT

——
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3.1.1.3 Noise Considerations

Since, in practical instruments, the amplifier output
contains additive gaussian noise, the entire preceding dis-
cussion on pulse edge diSfortion must be considered in this
light. Infrared scanners are used to determine the position
of objects that emit radiation different from that of their
backgrounds. If it were not for the noise, it would be possible
tb accurately determine the position of the radiation discon-
tinuity in spite of the distortion of the pulse shape. This
| | could be done by determining the instant at which the amplifier

ogtput passes above level L (Figure 3-2) and discounting the
“khown delays introduced by finite field of view, detector
time constant, and amplifier high frequency cut-off.

With noise, the instant at which level L.is crossed
is no longer prgcisely‘determined. Rather, there are fluc-
tuations in the cfoSsover instant, with a gaussian distribu-
tion around é mean determined by leVél Lyéna the’noiSéless
émplifier 6utput§f Figure 3-2, Infaét; multiple crossings
of level L aré ﬁbséible if théynoisé corféi#fidn tiﬁe (iéréély ,

determined by,the‘amplifier high frequency cut-off) is much

P

-
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shorter than the field of view crossover time or the detector

time constant. (The word ''largely' is used because one por-

tion of the additive noise may have a (1/£f)" spectral
distribution.)
The mean deviation of these fluctuations in cross-

over time is directly proportional to the rms value of the

additive gaussian noise and inversely proportional to the
slope of the amplifier output of Figure 3-2 at the reference
level L.3 If T, (field of view crossover time) and T (de-

tector time constant) are fixed (that is, as in given optical

head), the sldpevof'thé pulse at level L is a func¢tion of
only Ty, (the highkfrequency roll-off of the amplifier). The
slope is a monotonically decreasing function of Ty. Siﬁce the
rms value of the additive gaussian noise is‘aiSQ a decreasing
function of Tp, the ratio of the two (proportional to the

- mean deviation of the crossover time fluctuations) is é
minimum for some value of Tp. This value determines the

optimum simple roll-off amplifier for a given optical system.

3Harold S. Black, Modulation Theory. ,VanNostrand, 1953.
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3.1.2 Mathematical Approach to Edge Definition Problem

Keeping the aforementioned statement of the edge
definition problem in mind, it is possible to derive expres-
sions which permit optimizing the time response and bandwidth
of a system to achieve the best results in terms of edge def-
inition, thus obtaining the highest accuracy in local vertical
determinationifor a specific system. 'Sevefal.approaches are

considered. One assumes the use of high frequency Boost and

a ramp forcing function; the second is worked out for a second-

order system with no boost, again using a ramp input with
sufficient latitude for the placement of a slice level. Later
sections introduce time domain equalization techniques.

3.1.3 Analysis of Conical Scan Horizon Sensor Systems with
and without High Frequency Boost |

3.1.3.1 ’Analysis of System using Detector. High Frequency
Boost ‘ -

Considering a system scanning always from space to

planet, we are faced with a number of choices: using a slow

é,or a fast detector, boosting the high frequency or not, estab-

~ lishing a cut-off frequency'for‘the amplifigr, etc. Bear in'

mind that in this system we are interested only in the leading

i edge of a pulse and not the trailing edge.
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Insofar as the sensor is concerned, the time def-
inition of this crossover point can occur with a minimum error

if the rise time of the detector and amplifier is eXtremély'

fast (there is no pulse rise delay time) and at the same time
the detector and system noise is so low as to preclude the

possibility of noise peaks being mistaken for planet signals.

These two requirements are obviously in conflict since fast
response requires a wide bandwidth which, in turn, results in

increased noise. Indeed, the matter may be complicated by the

need for a detector which is inherently slow and may require
electronic compensation (high frequency boosting) in order

i to make its rise time rapid enough. Such boosting also in-
creases noise.

‘In a system whose input signal (planet radiation

intensity) is uniform, a time delay introduced by the sluggish

- response of the detector or amplifier could be offset. How-
ever, if the input varies greatly (due to temperature non- o
must be established above the maximum expected noise peak and

the time at which this threshold is exceeded must be determinéd.
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This time, or the pulse edge position which represents that
time, is used in deriving the attitude readout.

It should be emphasized that the bandwidth optimiza-
tion discussed here is not applicable to a system in which
both the leading and trailing edges of a highly non-uniform
planet are to be determinedo This is so because we will be
forced to set a threshold (or slicing 1eve1) at a very low
value just slightly above the noise level, essentially con-
| - verting the system tc a space-scanning type. For a planet
i i profile which may yield radiation values varying by orders of

magnitUde, it would be impossible to accurately establish the
pésition of the trailing edge. The detector decay_tiﬁe»to the
low threshold value would be strongly dependent on the radi-
ation from the trailing edge of the planet. (A later section
% on equalization techniques tackles this difficulty.) It is
for this reason that the counter-rotating scanner system is
i éoﬁéidered.as oneupossible method of improving the edge”defini-
tion capability,

It is the interaction between noise bandwidth and

}threshold level setting which we wish to optimize. For a

T TR Y - BRRRERy a ke -
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given detector response time, if we could set the threshold
level infinitely low, there would be negligible time error
in defining the crossover point. To allow operation at such
a low threshold would require an infinitely small noise band-
width which is also improbable.

The optimum frequency response can bé determined by

minimizing the following quantity:

\

n
dVg
dt
where
V, = rms noise fluctuations (the peak value of which
must be restricted to fall below the threshold
level)
dVg .
i slope of signal pulse at the threshold level

Expressions for the signal time reSponse and the
system noise response must be obtained. In order to make the
analyéié>géneral, break points for high‘frequency boost and

decay networks are assumed.
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In block form, the networks are assumed as sketched
below, and the fréquency response in Bode diagram form iden-

tifies the break-point frequencies.

¢
s
Detector , ComPehsc'h : \/s >
, 1 (Boost) [ |freamp. [ """g)‘
; T @
N—"Y — Ty =& It el
dt - Ty +Tp + T3 1, 1 . 1 wpw3 + 0103 + olop
@ &p o3

(T; is the detector field of view crossover time.)

*The use of the sums of the various time constants in the
expression for the signal leading edge slcpe is, of course,
an approximation. For a system in which the slice level is
placed fairly high in a range of uniform and maximum slope (for
example, a CO2 band system with appropriate parameters), the
- approximation will lead to small errors. For a system
- having a very low slice level, the approximation is not as
! dependable v |
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The network transfer function is:

Tos + 1 1 1+ Jsz

1

o Tps + 1 X (T) + Tp) S+ 1 1+ jaTp ©

j | (Let Tl + Tb = TBo)

V<o - T D22 5 —9o - 1
ol +@2Tp2 ™ 1 + w2T32 1421y

1 + jw(Ty + Tp)

Q0

dw

w? dw

(1/Tp2 + ©2)(1/T32 +

Tp

-— (> ]
Vn2 oC wgzwbz f dw
| A (wp2 + a)z) (w32 + w?)

I3

Zdw

Tzz o
+t Tor2 ) T 1 1
T3 " & (5 + o) (5 + o)

‘”32‘%2 f
(ﬂob2 + wz) (w32 + w2)

fraction expansion, as follows:

A 4 B A = 1
| wbz + w2 m32 + w2 w32 - wp?

B = -A =

" The denomi'nator is now simplified, using partial

1

wh? - w32

w?)
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. |
V.2 o0 w32up? |—L do 1 © dw
w32 - wpl wp2 + w2  wp? - w32 w32 + w2
o

o

2, 2 e | .
R N T S e ™S & il

o

(-—z—i‘-'— -1 arc tan < + C) as obtained from tables of LaPlace
‘v2 + a2 a a

transforms)

Nl

o)

R f°° dw [1 1a>] [1 a)] 1

- s . . = | == tan" * —— - |= tan-1 — = = X
‘ 2 2
: aps + o wp ‘, ®p . ®p Wh w=0 )

(tan"lyp = -323) (tan"1 0 = 0)
V.2 24,2 1 1 1 m
Vo~ & w3€ap 2= I+ ,
n [‘“32 -ap2 ®b 2 2 - a2 203
ot , ofe? | w2 I n

2)

- 2 R | ,, 3 2 :
V2o m| _@3en __ o3wp2 w32ap3 4 w3Twp ;
" 2032 - wp? 03 - a2 023l - wpd)  wpZ(ws? - wpl) ~

2op2 (@32 - apZ) (203 T @2%b - @3 + agfep)
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Leaving out n/2:

— Wy
vnzoc 3%

_ o’ | eyt
w32 - wp?

w22 w92

(03 - wp

. 239 (w3 - op) [1 N wswb] _ W3 [1 4+ 3%
w3® - op

The rms noise is proportional to:

’ 53%b ©3W0p
n w3 + ap @22

To get the optimum S/N as a function of the bandwidth,

boost, etc., minimize the following:

Vn | w30y . ‘”32%2‘ whpw3 + w3 + wiay,
st7_dt N \]‘”2 + wp (1+ a)22 ) x WIWOpW3 (l)

Using the criterion derived above, it is possible,
although difficult, to find a minimum value for the quantity - 5_
Vn/hvs/dt.- The difficulty arises from the fact that the ex-

pression contains a number of parameters (such as detector
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time constént, amount of high frequency boosting, and final
high frequency Cut-off) which may Be chosen by the designer.
Therefore, it was decidedwtofevaluate this figure of mérit
for a number of possible éombinations. These combinations
include sbme which appear desirable for use with a CO2 band
system which may use a'relativélyvfast detector and a modest
amount of high frequency boost.

The figures of merit arrived at and listed in Table
3-1 show that it is desirable to use the fastest detector

obtainable and minimize boosting.

3.1.3.2 Analysis of System without High Frequency Boost

To facilitate the bptimization of the detector tihe
cbnstant and the amplifier bandwidthvof'a system having a
r;mp input but using no high frequencylﬁoosting, the technique

{

used in Paragraph 3.1.3.1 can again be used. The technique

I
{

c@nsists of differentiating the transfer function with respect

to time (to obtain dVg/dt) and then dividing this function
b§ the system noise. This procedure yields the system figure

of merit, the optimum value of which may then be found.




TABLE 3-1

Figure of Merit

Detector Time _ % —  Type System Using
Constant Used ‘fl_ £ £ £3  Vnp/dVg /dt (Eq 1) These Parameters
1 msec 160 160 320 400 280 ' €02 Band System**
| (boosted to 0.5 -~
' . ___msec equivalent
response)
0.5 msec 160 320 320 - 480 155 -——-
. 1 msec 160 160 240 320 150 Alternate Choice
o | | for CO2 Band System
4 msec 160 40 320 480 1660 ——
2,25 msec 160 70 800 1800 1220 ---
”"“*In this table we have used frequency as a parameter. In equation (1) wy
refers to the ramp input, and a crossover time of 1 msec has been assumed:
= 1/T1 = 2nf; = 1000.
**In this system, which uses a modest amount of boosting, the preamplifier
| cut-off occurs just above the frequency to which it is desired to compensate the
= detector. An abrupt cut-off may be provided by a low pass filter such as UTC IMI 400.
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The time response of a ramp applied to a detector

of time constant 1/y and a preamp with a high frequency cut-

off of a radian/second is:

(As

| systems.4)

The

"a function of

y + a, y2e-0t _ g2e-7t
vet- + -
oy ay(y - a)

may be obtained from tables for second-order

noise, V,, is proportional to /o , since it is

the square root of frequency.

| “E. M. Grabbe, S. Ramo, and D. E. Wooldridge, Handbook
of Automation, Computation, and Control, Vol. 1, p. 20-35.

iJohn Wiley & Sons, Inc., 1958.

. Anmsetnine,

e

-
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)w(. i‘.’.
:
t dE . (1 - —X— ™0t 4 e-7ty L
va 7 -a 7 - a /o

Maximizing this function with respect to a:

ve . —2 et o 2t gt 1 -7t
da (y - a)2 © ty-g e tyTg e

Multiplying by 2\3/'&:

. | ., |
- et 4 207t _gpy 22 -yt 4 __ 20 — -7t
(r - )2 7 -a 7 - @ (7 - a)2

-1+ _2  e-0t . e"?t = 0 |

| 7 - Q 7 - Q -

Collecting terms with the same exponentials: | 1

e-at | __207 + 200t + 7 |+ e-"yt‘ a__ 4+ 2q.2 -1=0
o (r-w2 7-a ! y-o (y-a)2] "
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o-at [;ggy + 2072t + 72 - 2¢2y¢ - ay]
(7 - )2

+ -7t jZG? + 7o - a2 | _ 1 =0
(r - @)2 |

erot 3wy +202c 4 4% - gaye el ity | L

(r - a)2 (y - a)2

3 : .

e-ot 7(2ayt - 3a + v -'2a2t) + e~7t a(a + ¥) - (¥ -,a)z.- 0

Expanding the exponentials, taking only the first

two terms:
S e"0t = 1 - qat

e~7t = 1 - yt
7(1 - at)(2a7t - 3a+ 7 - 202t) + a(l - 7t)(a +7) - (y - )% =0

2ay2t~ 3ay + 72 - 2a2yt - 2a2y2t2 + 3a27t - ay?t + 2a37t2 + a2

+ 7a - alyt - aylt - y2 + 2ay - a2 = 0

-20272t2 + 20372 = 0




be shown by the dotted trace on the same figure. If low level

slicing is desired (to be able to handle the smallest expected
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Dividing by 2a2tZ:

ay - 72 =0
a =7

It can now be seen that the optimum condition re-
quires a preamplifier bandwidth approximately equal to the
equivalent bandwidth of the detector.

For an unequalized system of this type, the trailing
edge error would be severe. However, for a leading édge tfacker,
the edge definition for én uncompensated system will lead to
acceptably small errors. The optics of a system of this tyPé
is shown in Figure 3-2a. A block diagram of the electronics for

such a system is shown in Figure 3-2b.

3.1.4 Detector Time Response Equalization 5
With conical scan horizon sensors it is possible to
achieve the desirable effects of electronic detector speed :
boosting without increasing system noise as it is in the case
with the RC lead network presently in use.
Consider the: planet radiance distribution of Figure
3-3. Assume a field of viéw érossover time small compared to the

detector time constant. Then the bolometer output voltage will
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signal), a large error, possibly several detector time con-

stants, will result at the falling edge of the planet pulse.

To avoid such error, electronic high frequency boost

is applied. This feduces the effective time constant so that,
althoughkit still takes the same number of time constants for
a large signal to decay to the slicing level, this will result
in a smaller absolute error.

Such boost of speed of response increases system noise
by a rather strong factor, as will be evident from Figure 3-4.

Yet it is not really necessary to boost up the response.

It would serve equally well to straighten out the detector re-

sponse characteristics, starting out with about the same slope

but continuing on a straight line instead of on an exponential
decay curve. (Figurg 3-5.) Then it is guaranteed that trailing
edge error cannot exceed one detector time constant regardless
of signal intensity.

Such correction is possible with an equalizer network
and it does not.resultﬂin.én.inqreaSé_in‘ndise,.“

In the usual.terminolégy Qféthe-LaPlaée transforma- a;.'i;
tion, the response of a detector nf time constant T to a step '?é

change in radiation is | | o | ;3
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D N
E(g) T s 1+ st
representing an exponential rise and decay characteristic”in‘ N
the time domain. The desired response (having the same initial
slope and thus implying about the same bandwidth) is the broken
4 |
; ramp of Figure 3-5.
| ' 1 -ST
| Edesired(s) = —5- (1 - e™°%)
ST |
We want to insert an equalizer transfer function
b which is the ratio of:
| E (s) 1+ st
desired = ' - =57y -
E(s) ST (1- e =T(s)
A network with such response will transform the ex-
ponential detector response into a broken ramp. Such networks
| had been Synthesized by Corrington of RCA using tapped delay
r 1iness, but it is possible to approximate such response by
;
using rather simple lumped networks. Break up T(s) into two
factors:
o i 1 - 787
T(s) (1 + st) —

5M. S. Corrington, et al. "Equalization in the Time Domain,"

IRE Convention Record, 1954.
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The second factor is the Laplace transform of a
reétangular pulse of height 1/t and duration 1. Consequently,
the second factor would be realized by a network that responds
to a delta function with a rectangular pulse of width tv. The
approximate synthesis of such networks has been described in
the 1iterature.6 ‘We have built one such network containing
three inductors.

The first factor can be approximated by a simple RC
network.

The first f@ctor is a lead network and thus enhances
noise, but the second is a low paés and the net result is
actually a slight reduction in noise, as shown in a later para-
graph (3.1.4.1).

Figure 3-6 shows the equalizer network that approxi-
mates in its response T(s) for a 1 msec detector. Figure 3-7
is an oscillogram of the responsé of the laboratory breadboard
nétWork built fof a higher frequency range (80 microsecond

detector) upon application of a typical detector response

| 6H. J. Langer. Stetige Mittelwertbildung mit Hilfe von
~ passiven Netzwerken. Frequenz, Bd. 16/1962, No. 1.




Time Scale: 40 msec/cm

Detector Decay and Equalized Detector Decay. For a £20% variation

in detector time constant there is a 3% undershoot or overshoot. The slight

time lag of the equalized response should be observed.

FIGURE 3-7
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voltags curve at its input, fhe response is a rather straight
ramp with very little overshoot or ripple.

With field of view crossover times that are not
negligible compared to the detector time constant, similar
improvements are obtained.

Figure 3-8 is the measured frequency response of the
network equalizing a 1 msec detector compared to the frequency
reSpdnse of an’RC high frequency boost network that achieves
_"defector speed-up'" by a factor of three. Of course, the
latter response would be rolled off beginning at 1.5-2.0 KC,
but additional roll-off could be introduced at the same fre-
quency with thé equalizer network as well. The signal-to-noise
improvement is about three.

3.1.4.1 Noise Power of the Equalizer Network

The frequency response of a hetwork'is equal to the
Fourier transform of its impulse response. The impulse re-
sﬁonse of the low pass portion is a square pulse of duratiog
2ty (if matched to a detector of time constant 2to). The
é correSponding frequency response with

£, = 1
°©  2nmt,

is:

e
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sin £/£,
£/£,

The power specizum is:

sin? £/£g
(f/fo)2

In the equalizer, this is followed by an RC lead

network, with the lead starting at

1l =nf
2t, °

and ending at
£,
a

b=

- where o is the d.c. attenuation of the lead network. The power

~ spectrum of this is:

1+ 4 £2/£,2
1+ 4 a2 £2/£,2

To make the tréatment mdfewgenerAI,.intfbduce an :
é additional high‘frequéncy rolléoff'(as-ih fact itviS practi-
ECaI)’at a frequency fp,. The_pdwér‘spectrdm of thié is:

| 2

fn
£2 + f,2

£ %&w*kg—'ﬂmshwww--m e

e Ao

Ry




the lead nétwork has to introduce insertion loss: a << 1.
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The total noise output for white noise input is:

om——

n /fwsinz £/£, 1+4 (E£)%  H2
_ . , | h
out O (£/£)% 1+ 4 o2 (£/£,)2 £2 + £,2

Set f/£, = x and fnh/fy = B, and the noise is:

\

- 2 | 4 x2
Nout = a B Jfo ©sin®x _1 + kX" 1 dx
15 x2 1+ 4 a2 x2 32 + x2

With some manipulation and use of integral tables,

this yields the rather awkward expression:

_le 12428 - 248 - 243 2g 4 1 _ 1
Nout Jf°21-4a232 [1v2a.B 2aB+2aB+482 =

To approximate the factor (1 + st) with some fidelity,

(In the case of the circuit built at Barnes, a = 0.1.)  Also,

the gain cannot be rolled off at too low frequencies: B8 >> 1.
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To compare with present systems using high frequency detector

- boost B would be about 10. Under these conditions and the

restriction aB # 0.5, the above expression can be approximated

by:

. [ 2
Nout': Jfo L a

o____a” (28 - 4aB2 - 1)
21 -4 a2 82

The signal is also attenuated by the insertion loss

factor a. Thus for unity signal output, the normalized noise

output is:

Nour = [£ n/f2____ (28 - 4ap2 - 1)
out Jro 1 -4 a2 g2 |

If this is compared with the noise output of a simple

roll-off at £y, = Bfy:

(Noue) g, = V0BT

Nout . 1

g | | (2 - 4ap - 1

Cags ompns: pnbn——




For a = 0.1, this can be brought to the form:

Nout 3 , 1
(Nout)th  \[T + 0.28 8(1 - 0.28)]

This has been plotted for the range 7 < B < 15 in
Figure 3-9, It is seen that for practical values of high fre-

quency roll-off there is a reduction rather than increase in

noise due to the equalizer network. This is true for perfect
approximation to the square pulse impulse resPcnse. Such net-

work would have an infinite number of transmission zero's on

the frequency axis. Still, even with the 3 zero network, the
response of which is shownwin Figure 3-8, the conclusion that

there is no increase in noise is quite valid.

3.1.5 Introduction to Gradient Edge Determingtiqnw :‘ | | -
A method of determining the horizon crossover time !

at the leading and trailing edges of a scan uses varibus systems

of differentiation including single differentiation (gradient

sensing) and double differentiation (inflection point sensing). z k"'éi

3.1.5.1 Crossover Edge Definition through Double Differentiation f'éé

One method capable of more accurately defining the e 3}

edge crossover time uses a technique of accentuating.the signal
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waveform slope variations and selecting only the first and
last slope changes which occur during each scan across the

earth. To accomplish this, it doubly differentiates the in-

coming signai and defines the crossover time as the first
'énd last zero crossing position of a set of positive and nega-
five going pulses which represent the inflection points of the
pulse at the leading and trailing edgeslof the earth scan.

This scheme is best understood by sketching an assumed
complex radiance pattern and shbwigg theuexpected4signa1 wave-
forms fbr the horizon scanner after iihéar amplificétion,

after a first and then a second differentiator network (Figure

3-10.) In this system we would, in ail likelihood, choose a
slow detector to‘Obtain‘ﬁoré cléérlylaefined ihfiection points
and zero crossover définition which results from the double
differentiation of these signals.

The logic Circditry'requiréd to reject all but the
first and last zero crossover points during éﬁyone earth
scan is not discussed in this report, although the circuit | ;j
functidnswhéﬁe been wbrkedydht in detail;'qIf further interest

is expressed in this system, the details of the necessary
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circuitry can be supplied. The block diagram shown in Figure
3-11 shows the basic approach. Of course, this system like the
others discussed in this report are all adaptable and, indeed,
simplified for the case»in which the horizon scanner operates
in the 15 micron COy band.

3.1.5.2 Pulse Edge Correction using Single Slice Level and
Single Differentiator

In this system, in order to restore an accurate horizon

crossover time for leading and trailing edges of a scan, the
compiete'proeessing circuitry of the standard conical scan |
hofizoﬁ eehsor is used with the addition of a faeéofiwhiCh |
corrects>for»the error introduced by an inadequate detector
time coﬁstant. |

- The system, in its most elementary fdrm, can be
understood“readily from an examinétion of the group of tyﬁical
wgveforms shown in Figure 3-12 and the block diagram shown in
F;gure 3-13. For the radiance profile assumed and the resulting
nermalized pulse as produced by the standard processing (in |
w%ich the single slice level crossover determines the pulse
duration of Schmitt trigger No. 1), the output pulse of Schmitt

No. 1 is foreshortened by t; at the leading edge and prolonged

L e e g
R St T
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Figure 3-13 BLOCK DIAGRAM OF PROCESSING CIRCUITRY FOR SINGLE SLICE
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by ty at the trailing edge. Time t, and ty represent errors
in the desired pulss duration and vary depending on the vari-

ations in radiance levels. encountered at the leading and

trailing edges of the scan.

A network, composed of a lead component and some lag
components, on detecting a slope chéﬁge activates Schmitt
trigger No. 2, which ié turnédoff when Séﬁmitt ﬁd; 1l is ac;
tuated. This second Schmitt trigger‘thus produces correction
pulses which may becbmbined,with the output df Schmitt No. 1

and demodulated to producethedésired corrected error output

signal. The corrected error output (with time duration tj - t3)

has a greater accuracy than that of the standard proceSsing.
The standard processing may now use a slow, uncompensated ‘
detector/preamplifier combination, . 3 l

Circuits are also provided to gate out any correcting

pulses which might arise from inflection points generated by

coollclouds or other variations in radiance. The detailed cir-
cuitfy for accomplishing this without excessive sensitivity to
correction pulse time jitter is not shown in this study. These

details have been worked out and a patent on the processing will
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be issued shortly. The detailed circuitry can be supplied on
request.

Like all the other configurations which have been
discussed earlier, this technique too is aided and made less
 difficult and more accurate for a conical scan horizon sensor

system operating in the 15 micron CO2 band.

3.1.5.3 Predictor Delay Horizon Scanner

A scheme using predictors and delay lines makes it
practical to handle irregularly shaped (clouds, terminator,
ﬂ etc.) planet pulses by gradient sensing but without some‘of
| the disadvantages of a differentiator, such as long decay time
and overshoots which may interfere with subsequent pulses. Use
of such techniqueé results in adequate signal-to-noise ratios
% to permit operation in applications in which the energy level
 detected is low (e.g., lunar sensing). |
We will deal next w1th the nature of predictors.
% Wiener’/ and Doob8 developed the theory of predlctlng future
é valoes~ofﬁavrandom process (for example, electrical n018e)

E'frcm;_ (l) a knowledge of its statistics (that is, flrst

| /N. Wiener. The Extrapolation, Interpolation, and Smoothing
of Statlonary Time Series, Wiley, N.Y., 1950

8J. L. Dobb. Stochastlc Processes, Wiley, N.Y., 1953.
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and higher order autocorrelation functions) and (2) knowledge |

9

of its past values. Cartwright’ treats the problem of 'pre-

dicting future values of a function given its value and the

values of certain of its derivatives at the instant t = 0."
He shows that '"the whole probability distribution of the func-

tion at some future time t > 0 can be deduced. The mean value

of the distribution may be taken as the best predictable value
and the variance of the distribution may be taken as a measure
of the inaccuracy of the prediction.”

It is not necessary to go into analytical detalls.:

Circults have been builtu)that sum terms consisting of an
input voltage function and some of its-derivatives in the
right proportion. At any givén instant,'t, ayTaylcr-séries

of the voltage time function is formed with the aid of the
derivatives neaSured at that instant and we may 9predictﬁMrhé‘v
value of the function at time t + At. The circuits arcVSimple
'RC networks. The one we have built is given‘in Figure 3-14.

The effectiveness and accuracy of the circuit in anticipating

9D. E. Cartwright. '"The Prediction of a Random Functlcn,
Given Simultaneous Values of its First Few Derivatives," J.
Math. Phys., Vol. 37, pp. 229-245, 1958. |

10A. schief. Vorausbestimmung von Signalen mit Hilfe | o
eines einfachen RC-Netzwerkes. Archiv El. Ubertragung, | ; r;;;
15, pp. 91-93, 1961. ‘ - | EARE NS
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by 1 millisecond the course of a 2-80 cps bandwidth random

noise signal is shown in the oscillograms of Figure 3-15.
Considering the fidelity of the anticipation of the

noise sample of Figure 3-15, it is reasonable to assume that,

if the 1 millisecond predictor is followed by a 1 millisecond

delay line and (1) the original ncise and (2) the output of

the delay line are applied to the two inputs of a difference
amplifier (Figure 3-16), the amplifier output should be very .

small due to the close identity of its two inputs. Thus the

ppedictor delay system will cancel low frequency noise.

Only stationary noise can be predicted. Stationary

means that at any instant of time the signal statistics are
the same. Thermal resistor noise and, in general, amplifier

noise behave this way. (An exception would bé'"sPikiﬁg" of a

transistor.) At the beginning of a received planet pulse,

the amplifier output is non-stationary. A predictor antici-

pating say 1 millisecond has,in the interval of 1 millisecond,
preceding the planet pulse,no means of '"knowing'' of the im-
pending signal. On the othér hand, if the spectrum of the

rest of the signal following its edge is within the bandwidth
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that can be handled by a particular predictor, this, after

a 1 millisecond embarrassment, will return to predict the
signal, this time noise plus planet pulse until a new thermal
gradient on the planet producing a new temporary (1 milli-
second) non-stationary condition again upsets the predictor.

At all these times of non-stationarity there will be an output

from the difference amplifier of Figure 3-16, whermn,: for.the interval

of one msec, the two inputs do not cancel. In fact, for 1
millisecond, there is a growing difference between the two
inputs and it takes about another millisecond for the predictor
to co@pletely recover anticipation and thus for the output of
the followiﬁg delay line to cancel the primary signal. This
effect is shown in the oscillograms of Figure 3-17. The
difference,also shown in Figure 3-17, is our useful signal.

In this case, as in the case of a differentiator,
useful signal is generated when there is an abrupt change in
gradient of the planet signai._ (In the case of the predicter
delay, there is also~responsee£o*an abrupt change in some
higher order derivative.) Notice, however, . (in- Figure 3-18)

the speed with which the output of the differentiator recovers

o
;
T T i T Sy oI L L R L o




Earlier Trace: Preamp. output

y e .
' ; A Later Trace: Predictor-delay output
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o 5
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-
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. Preamp Input: 50 cps square wave after 2 low-passes, 1 msec each.

Preamp. rise time: 1 msec.

FIGURE 3-17 i

a) Preamp. output of Figure 5

b) Trace a) passed through a 200 pusec
RC differentiator

c) Difference amplifier output

2.5 msec/cm

Observe the short decay time in trace ¢) as compared with trace b).

FIGURE 3-18
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after a gradient change when compared with the recovery of the
output of a differentiator of comparable peak-signal-to-noise
ratio. The same information is amplified and expanded in
Figure 3-19. There is very little or no overshoot in the case
of the predictor delay, while there is considerable overshoot
in the case of the differentiator. This feature will make
the predictor delay system a preferred choice if rapidly
following thermal gradients of wide dynamic range have to be
resolved in the output.

Figure 3-20 is_an oscillogram of noise samplesé-
the first from an ordinafy differentiator, the second from
the predictor delay system. This latter exhibits the char-
acteristics of relatively narrow band noise, centered around
500 cps. The spectral characteristics have been measured as
curve (b) of Figure 3-21. 1In the same figure, curvejA shows .
the Fourier spectrum of the signal output of this system. It
can be appreciated that the system lends itself to spectral
discrimination. 1In fact, a simple tuned circuit achieved the
signal enhancement of Figure 3-22., It follows .that, with some

sacrifice in the. sharpness of the pulse shape, it should be
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Traces b) and c) of Figure 3-20
amplified and expanded

Time Scale:

Approx. 1 msec/cm

FIGURE 3-19

Noise output of 200 usec
R-C differentiator

Noise output of difference amplifier.
Observe amplitude modulated narrow
} band character.
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possible to tailor an optimum filter for curves (A) and (B)
of Figure 3-21 to obtain a signal-to-noise enhancement of
about a factor of two.

The electronic circuitry necessary to implemernt . -
the system represented in Figure 3-16 consists of the pre-
dictor circuit of Figure 3-14, a two-transistor amplifier to
make up for the attenuationhof about 200 of the predictor,
and a delay line, the only circuit of any complexity in this-
system. The experimental work was performed with a delay
circuit containing five inductors (Figure 3-23) taken from
a paper published by L. Storch.ll Simpler circuits should be
‘investigated as to applicability.

Taking advantage of the fast decay characteristics
of the predictor delay system output pulses, the folloﬁing
- gradient sensing horizon scanner processing becomes practical:

(a) Horizon position is obtained in terms of the
voltage reachedjby’a ramp'(or,staircase) generator at an

instant to be specified below under (d).

111, Storch. "An Application of Modern Network Synthesis
to the Design of Constant Time Delay Networks with Low-Q Ele-
mants, "’ 1954”IRE Convention Record, Part 2, pp. 105-117.
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Signal Enhancement with a Simple Filter
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FIGURE 3-23 Delay Line Network
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(b) Every negative-going signal pulse resets the
ramp generator to zero and starts a new rising ramp.
(c) A reference pulse (connected with the horizon

scanner frame and appearing in the center of the space scan

when the scanner is at 'mull!') reverses the slope of the ramp.
| (d) The first positive pulse after the reference
pulse stops the ramp generator. At this instant, its output is
| - read out. A block diagram of this system is shown in Figure 3-23a.
It is seen that time is counted during the space
scan. Item (b) insures that the true planet edge, leaving
the planet being the last negative-going pulse, starts a fresh
rising count. The first positive pulse, the one that stops
the falling count, is-the planet edge entering the planet. At
null the reference pulse bisects the space scan, thus forcing
equal lengths pf rising and falling ramps, resulting in a net
count of zero. See Appendix C for a detailed explanation.
Due»to'the’rapid response of the predictor délay‘

system, the scanner output will not be in error for thermal

gradients separated by at least two detector fields of view

from the horizon. | SR | | E
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Further work is required to estgblish the possibility
of detecting an initial small fraction of a field of view
crossover for horizon scanners of high angularvresolution and
accuracy. For such applications, the prediction should contain
more terms with highér derivatives. The accuracy of the system
just described with a 1° field of view and thresholding at one-
quarter height of the minimum signal pulse is #0.125°.

3.1.6 Sensitivity and Signal-to-Noise Ratio Considerations
for Conical Scan Sensor

In order to arrive at a meaningful measure of the
performance of a conical scan sensor with processing as des-
cribed in the preceding paragraphs, we will base our calcula-
tions on parameters of a conical scan sensor which has recently
been designed for an Air Force application and which is known
as the Model 13-155 horizon sensor. The scan rate, processing
electronics, and a number'ofléﬁher characteristics will, of

course, require changes for the present application.

Parameters of the Optical Head
f‘ Optical System.....@....;;;.. Caséégrain>rgflecting system

Effective Collector Area..... Ag = 22 cmz, 2.1 inch
| o effective diameter

TR e s e TR s s T T T T T T g b e s g TS
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Field of View....... ceeenoes
Detector Dimensions........ .

Optical Efficiency with 20
to 40 Micron Filter.........

Detector NEP, assuming one
msec time constant...... ceee

1° x 2° (w = 6.1 x 10~4 ster)

0.2 mm x 0.6 mm hyperimmersed

®
i
o
o

NEP = 6.3 x 10-10 JA/t

6.3 x 10-10 y0.12/1

= 2.2 X 10;10 watts

(for a single thermistor flake
in a 1 cps bandwidth, 7 = 1 -
msec; A= .2 x .6 mm = .12 mm)

For lunar sensing, assuming a 90°K.crater, the effec-

tive radiance (AN) is:

ANggoK (20-40u)=

n-4
210~ (0.31) = 4 x 10-5 YAkt

cmz-ster

The power on the detector is:

PD=ANGAO(D

Pp =4 x 1075 x 0.4 x 22 x 6.1 x 10™% = 0.32 pwatts

Allowing some degradation in detector sensitivity, we

will assume a bolometer bridge (a load resistor equal_tb the




- TN

3 - 54

thermistor resistance). Degradation will be assumed as

follows:
Bridge Factor = 1.4
Bias Reduction for Safe High |
Temperature Operation = 1.4
Noise Factor = 1.5
Total 3

Assume a 200 cps bandwidth. Noise increase over that
of a 1 cps bandwidth system is V200 = 14 times.
The effective NEP is
NEP = 2.2 x 10”10 watté x 3 x 14
NEP ¥ 9 x 1077

and the signal-to-noise ratio is:

S _ PD___,O.32 x 10-° = 35
N NEP 9 x 10-9 |

For the eiﬁected detector resistance of 80K ohms (and

40 K 0 bridge resistance), the Johnson noise is:

Vy = V4KTRAE £ 0.36 microvolts

IV D b




3 -55

With the assumed noise factor, we can expect to
measure abdut 0.5 microvolt rms noise in the 200 cps band-
width. The signal will be 35 x 0.5 = 17.5 microvolts rms,
or about 35 miérovolts peak.

If we setour»siicé level at a level 10 times below
this signallamplitude (énd.still above peak values of noise),
we can assess the crossover time‘éffbf which ﬁould result for

increases in radiance by a factor of 50 or more. Inspection of

‘Figure 3-0 shows that; at 10% sliceylével with a O.S“rps scan

rate, the maximum attitude error is 0.2° or $0.1° variation
from the portion indicated'fdf a ﬁbminal‘average radianée.

A similar approach may be apﬁlied for the cése_qf‘
the earth appiication. Fof the 20f40 microﬁ speétfél’fénge,
the lowest equivaleﬁt»temperatures as seen from Figure 2-1
(radiance for variousvatmOSPheres in the 20-40 micfon region)'
are about 200°K. The radiance in this spectral interval is

e e 103 » Ak 1n-3  watt
AN200°K (20-40u) w29 % 1077 % .35 = 10 CZ; ster

which is about 25 times higher than for a 90°K moon. The
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signal developed at the detecto; will be about 1 millivolt.
The error at a low slice level will be extremely Small and is
li@ited by phenomenological conditions rather than by the
syétemerrors to less than 0.05°.

3.2 Electronic Scan Horizon Sensor

3.2.1 General Considerations

One of the horizon sensor systems considered as a
poSSibilityrfor the earth/lunar horizon sensor application is
the multi-element thermopile systém using all-electronic
sampling of individual detectors in order to define the posi-
tion of the planet.

In view of the detailed descriptions which have
already been prepared for this system, we will dispense with
a discussion of the basic principles and performance of this
horizon sensor system and instead append a paper which covers
thé necessary background material.,12 In addition, to show

the most recent developments and improvements achieved, a

|

- "Electronic Scan Horizon Senscr,' presented at the Symposium on
Infrared Sensors for Spacecraft Guidance and Control, Barnes
Engineering Company, May 1965.

!

124, Monty Merlen, Jerome M. Pasternak, and Denton Pearsall.
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discussion is presented in Appendix A of results of recent
work on detector switching and sampling using MOS field effect
‘transistors.

In this section of our study, we will confine our-

selves to a discussion of the variations and modifications
which would have to be undertaken in order to adapt the existing
design to the application tc be considered.

The primary differences in requirements of these two
systems can be seen from a comparison of the performanceyfea-

tures of the present system and the design goals givéﬁ in Para-

graph 3.1.2.1 of the work statement for this program.

Parameter Design Goal - Present LPHS System |
1. Weight 8 1bs. | 25 1lbs./system
2. Size 6" dia. x 10" long 275 cubic inches - 1
Vol. = 283 cubic in. ]
3. Power 15-20 watts 4 optical heads -
~ 15 watts can be
reduced
4. Reliability 0.997 for 90-day  MIBF is about two orders
operation of magnitude less than

desired without redundancy

5. Accuracy 0.1° £0.5°




Parameter
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- Design Goal

Present LPHS System

6. Repeatability

7. Signal-to-
- Noise Ratio

8. Spectral
Region of
- Operation

9. Altitudes
of Operation

- 10. Attitude
~ Error for 2°
- of Vehicle

~ Motion

lla. DC Error
Signal

11b. 5% Error
Signal up to 10°

lﬂé. Noise not
to Exceed Error
of 0.01°

+0.1°

10-12

20-40u

100-300 n.m.

for earth = 137°
to 155° subtense
with 50-150 n.m.
for lunar orbit
137°-155° subtense

10 mv/deg. min.

10 mv/deg. min.

- 10 mv/deg. min.

+0.5°

threshold set at
S/Nyps for 100°K moon

14-50u

22° to 170°
planet 10° x 81° FOV

i0 0,5._0

300 msec/scan can be
reduced to 0.1 sec.

digital output with
positive indication
over entire transfer
function

+0.1° (for earth)

In reviewing the individual specifications, we find

certain discrepancies which should be elaborated. Insofar as

Y Y Y U

oy e e g e
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the weight is concerned, the present system is seen to exceed
the specified design goal. _This is not considered to be a
fundamental limitation since no major effort has been made to
minimize,the’weight of the existing sensor. The Single com-
plete head which has been constructed uses an aluminum casting
and employs individual photoconductor/meon sampling switch ele-
ments. An eventual flight system would be built with a mag-
nesium casting and WOuld use field effect transistor switches
made in the form of an integrated circuit array which would
result in a signifiéant reduction in weight.

'LikéWisé, unless major changes in the optics are
undertaken to improve resolution or signal-to-noise ratio,
the volume of the sensor can be kept within the design goals.

The power requirements listed can be, and would be,

further reduced through use of field effect transistor sampling‘

switches in place of the photomodulator/neon combination of

the present unit.
It may be thought that the reliability of the all-
electronic horizon sensor will be far greater than that of a

system using moving parts, even if the mechanical system has

- TR et _.I
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very slowly moving elements. This is somewhat deceiving be-
cause the multi-element, no-moving-parts system requires many
more components {(principally, the sampling switch elements

and counters). Only if we can assume that high reliability

integrated circuits are used for these components and that
multiple redundancy is incorporated can we expect comparable
reliability figures for this type sensor. The reliability
: % comparison is carried out in greater detail in Section 5 of
this report.

Another consideration is the nature of the output
signal. Since the design requires that, if the output is
digital, an analog signal should also be provided, additional
circuitry must be used which further degrades the reliability

of this system.

3.2.2 Accuracy Considerations of All-Electronic Horizon Sensor
‘ : The cbmpariSbnnchart in the preceding section shows
that the accuracy of the present alléelectronic horizon sensor
is‘t0.5°. This is established by the resolutionJOf the sensor

coupled with the mode of operation. 1In a digital system, as

represented by the existing sensor, we obtain only one piece of
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information: the sampling position at which we have crossed

a threshold level, indicating wehther signal is present or

absent. Therefore, with an elemental detector resolution of

approximately 1°, the digital system can be made to respond

in such a way that, if sufficient energy is received by one
detector, plamnet presence is established for the one detector
count. Thus the system is capable of detecting, in each co-
ordinate (for each axis), two crossover positions within its
detector 'resolution capability, resulting in an accuracy of
+0.5°. 1In order to improve the accuracy to the desired figure

of 0.1°, it will be necessary to either increase the detector

resolution by a factor of five without degradation in signal-
to-noise ratio or to improve the existing signal-to-noise ratio

by a factor of at least five ard then resort to analog inter-

polation to define the position of the horizon more precisely
with the existing detector subtense. Both of these approaches

are difficult to -arry out, as will be shown below.

3.2.3 Increase in Optical Resolution | BT | |
The present all-electronic horizon Sensor:system

uses a 5 cm focal length concentric optical system and has o }
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detectors which subtend 0.9° by 10° fields of view. The de-
tector size becomes £.1 x © = 5 cm x 0.0157 = 0.079 cm (6 =
0.0157 radian for the 0.9° dimension). The length will be
11 times greaﬁer for avlod'subtense.

One wéy in which the resolution may be improved is
through an increase in the focal length by a factor of five
with a corresponding increase in aperture dimensions. How-

? é’;ever,a~25 cm focal length becomes rather unwieldy for this
space application, particularly if we keep in mind the need
for four optical heads. We have just examined the weight and
volume design goals and have concluded that the present design
comes close to the desired dimensions and leaves no reserve
fpr the possible increase in the size of optics which could
be considered. | |

An alternative possibility is to reduce the dimen-
sions of the detector. In considering such a step we must
remember that it is essential that the existing signal-to-noise

ratio be maintained or exceeded in order to make the approach

feasible. The construction of the present 2l-element thermo-

pile blodkfis'seen in the sketch following along with some of

the performance characteristics.,
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—wt 012" f—

’ .023"J _‘_\__ .

| .008"

| ’ |

T | —e - .03" = 0.9°

| 004" |
' |

The minimum size elemental active area and separation
between elements with existing techniques is considered to be
0.003 to 0.004. Since the existing detectors are larger than

the minimum value, one would conclude that an area reduction can

be used to increase the number of detectors and, consequently,

the responsivity.




'
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However, a closer examination reveals that this may
not be accomplished so simply. The present design shown in
the sketch above, while it does not use the smallest element

size and separation, does provide an efficient thermal sep-

aration between adjacent fields of view through use of channels
or grooves between rows of detector elements. Also, this form
of‘construction permits SOme thermal isolation between the
_juéctions and the aluminum blocks leading to a slower response,
but also a higher‘responsitity.

A more standard serpentine arrangement of minimum
size elements would afford neither of these advantages. We
estimate that the latter geometry with an aluminum base 1/4 mil
my lar substrate and minimum size elements would result in a
responsivity approximately equal to that of the present system.
However, there would be about 30% cross-talk between adjacent
fields of view, i.e., if one elemental field of view alone

were illuminated to produce an output of 1 microvolt change,

* the channel next to this would experience a 0.3 microvolt

change, and so on.

This is considered to be an intolerable amount of Lk

cross-talk, since it would not be possible to obtain a 0.1°
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resolution with such a system. Other compromises in terms of
greater separation of elements to permit use of isolation

channels or barriers would relieve this problem but would re-

sult in a reduction in responsivity which would make the S/N
ratio too small for lunar horizon sensing.

Summarizing the foregoing considerations of the
all-electronic horizon sensor, we find that the present system
has a sensitivity just slightly below that required for satis-
factory operation in a lunar horizon sensor. A factor of at

least two improvement in S/N is required to insure operation

for a target temperature of 90°K. Such a factor of two, it is
believed, can be achieved through some improvement in thermo-
pile efficiency presently being‘investigated, coupled with ‘i@
some reduction in noise and drift at the input which is also
believed to be possible. However, these improvements may not
be forthcoming in the time allowed for completion of an en-
gineering model earth/lunar high accuracy“horizon sensor.

It must also be remembered that the increased resolu-

tion requirement for such a system dictates an increase in the %
primary optics dimension with the consequent increase in volume =

and~weight.
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As a result of these considerations, we cannot pres-
ently recommend use of this approach in a system whose en-
gineéring model is to be built in a period of about 8 months.
Conéiderations of cost, not covered in this study, may also
dictate against the choice of:this system.

In a later section we wili explore the possibility
of combining the advaﬁtageous features of the electronically
sampled thermopile technique with an edge tracker through use
of only three thermdpileé.' This would be a hybrid arrange-
ment using a small number of electronically sampled thermopiles
in combination with a servoed search movement as used in the
edge tracker.

3.3 Edge Tracking Horizon Sensors

We can place edge tracking horizon sensors, as de-
veloped to date, in two basic categories: one in which we
oscillate over a small angle in the vicinity of the horizon
edge and a second type in which we switch fields and compare
radiation from one field in outer space with that from another
field at the edge of the horizon. The first of these is char-

acterized by the fact that a null position or correct attitude

Fmetis et 54
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is established as the absence of second harmonic in the signal
waveform. The angle of oscillation is normally small (of the
order of 2°) in order not to stress unduly the mechanical com-
ponents producing the oscillation and also to utilize a minimum
of scanning time and electrical bandwidth.

The second type in which fields are switched uses
the normally generated signél waveform for a servo drive and
has an electronic bandwidth established by the chosen filter
characteristics in a demodulator circuit. This bandwidth and
the field switching rate are independent of the displacemenﬁ of
the fields of view being sampled.

Both systems include a search mechanism driven by a

motor, usually in a closed loop system. The motion of this k
o 1

system is slow and, once the planet is aéqﬁifed, only small

and slow movements are required to maintain "lock' onto the | j

planet edge. Frictional forces and wear are therefore not |

severe in either system. Both approaches are aigo adaptable

to what has become known as "azimuth scan,"

a sweeping back
and forth of the fields of view along the planet Peripheryﬂf

which tends to average out the inhomogeneities.in the radiance ,3
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emanating from different portions of the planet. Inevitably,
such an "azimuth scan'' requires a more complex mechanism with
attendant decrease in reliability and increase in mechanical

and electronic parts.

3.3.1 Scanning Edge Tracker

3.3.1.1 Second Harmonic Type Edge Trécker
l | Insofar as the potential performance is concerned,
: g the second harmonic typeledge~tracking horizon sensor has some ‘
intriguing features.13 The Advanced Technology Laboratories' 1

edge tracker, using the '"Positor' scan mechanism, is capable

i

of the accuracy and other design requirements for the present
system if we limit ourselves to operation in earth orbits, If
one operates in the 15 micron CO2 band of the spectrum with the
second harmonic type processing, then it can be shown that ac-
ceptable accuracy is achievable when locking on to the earth's
reasonably uniform CO2 layer in the upper atmosphere.

Let us examine the case for operation in a lunar

orbit. Regardless of the spectral band selected, the second

- 13Sheldon Knight. '"Infrared Horizon Tracking for High
Precision Attitude Measurement,' presented at the 10th National
Infrared Information SympOSLum, October 1-3, 1963 at Fort
Monmouth New Jersey.
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harmonic type processing would cause the system to search for
a null output from the second harmonic filter. Such a null
would be as readily obtained at a crater edge somewhere within
the confines of the lunar disc as at the edge. In fact, it
would be difficult to obtain such a null at the edge in a re-
gion where the radiance level is very high and the dynamic
range requirements are staggering. (50:1 variations in signal
when viewing target temperatures of 350°K and 909K.)

3.3.1.2 Edge Tracker with Azimuth Scan

It is felt that for lunar operation a wide angle
"azimuth scan" would be indispensible in conjunction with the
second harmonic type systems. A scan mechanism of this type,
as developed by ATL, is not considered to be compatible with
the high reliability goal of the present system. It has been
estimated by ATL officials that the life of this system is
about 500 hours andyfalls very far short of the goals set for
this program.

Another possible drawback of the system as presently
executed is the susceptibility of the flexural motion drive

mechanism to vibrational forces. 1If used in powered flights.
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under heavy vibration, severe errors would result in the output
signals, if not possible damage to the mechanism. Reliable
operation is thus confined to earth missions in free flight

and is severely limited for use in lunar orbits and in powered
flights or during booster operation.

3.3.2 Field Switching Edge Tracker

The limitations ascribed to the system above do not
apply to the field switching edge tracker, since it does not
rely on a null in second harmonic and normally switches be-

tween two fields which are sufficiently separated (at least

5° to 6°) to insure that one field views outer space as a ref-
erence. While there are a»number of possible ways in which the
field switching edge tracker can be designed to operate, a
simple form will be used by way of example to illustrate how
the error in attitude determination may be kept within the
desired limits. 1In the case of an earth orbiting mission,

we will choose to operate in the 15 micron CO2 band in order

to avoid possible érrors»due to clouds at the edge of the

horizon we wish to track. In the case of lunar operation,

we will make the system capable of tracking on an edge of the

L
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lowest conceivable temperature. The sketch below shows the

errors which may be expected under the most extreme conditiomns.

Horizon
Temperature!

/////;ot Horizon 350°K

90°K
f | (85) Threshold
| E— AX) 9 of
: ////;;01 Horizég\\\‘ Ope:atio ]
. e ' 7 ) - f .
(8x), << 0.1° § (Ax)y = 0.1° | error
- —>= Ax
degrees

In this system, the tracking servo is made to lock

- on when a given threshold level is exceeded,l For a 1-inch
éaperture systém and a 1 cps bandwidth, we have compﬁtéd a S/N
E'of_loo for a 90°K target, which fuliy'i11umiﬁ5tes the detec-
étor. (See Table 4-1 for further parametefs'bfiﬁﬁis system.i

%If we set our threshbld level at 10 times rms noise (about two
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times peak-to-peak noise), we will exceed the threshold when
1/10 of the detector is illuminated. The error committed
under this condition is thus 0.1° on one side of the planet.
In practice, this error would be reduced as a result of the
fact that it is averaged between the readings on both sides

of the planet. 1If inStead of é temperature of 90°K the planet
edge to be traéked had a temperature of 350°K, then about 50
times more energy would be received‘for a totally illuminated
detector field of view. The threshold level would then be ex-

ceeded at a point 1/500 of the vertical subtense 0% 1/500 of

a degree, which is essentially at the very edge of the planet
disc--a negligible error.

For a system operating in the 15 micron centered
CO7 band and viewing the earth's upper atmosphere, the maximum
radiance variations which may be encountered are approximately
twé to one. The signal-to-noise ratio expected is about ten

times larger than in the case of a 90°K lunar region. It is

therefore possible to exceed the threshold with a signal
l/lOO.Qf the“tdtél, or covering only 0.01° of the 1° vertical

- subtense. For the two to one dynamic range of radiance levels,

(L8
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the error is thus seen to be only 0.005° which is less than
the expected phenomenological errors.

3.3.2.1 Description of Switched Field Edge Tracking
Horizon Sensor 1

We examine, next, methods of implementing a field

switching edge tracker. One systemhés beenfdeSCribed in some
detail in a paper byHG. Fglbel:‘*4 which outlinesAthé conceptof
the "FIRM" horizon scannef. About 1-1/2 years ago, Barnes

Engineering Company began work on a piezoelectrically actuated

frustrated internal reflection modulator (FIRM) intended for a

variety of applications, including radiometry and horizon sensihg,

in which it would be possible to chop radiation without the needi

for moving parts (i.e., with motion of only a few microﬁs re-

quired to produce full modulation) and with a minimum of power.
More recently, supported by the Company's independent

R&D program, a complete horizon sensor was built using the

"FIRM" principle. qun coﬁpletion of the engineering model,

a thorough evaluation’waé made of thissystem, whiéh revealed

both encouraging and some very discouraging features.

14Gerald Falbel. 'High Accuracy Horizon Sensor using FIRM,"
presented at the Symposium on Infrared Sensors for Spacecraft
Guidance and Control, held at Barnes Engineering Company May 1965.
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On the encouraging side is the fact that the edge

|

tracking function, the search system, servo design, circuitry,
readout, etc., function quite well. Furthermore, provided
1&hatvthe modulator works with an efficiency of at least 25%,
%good'sensitivity is obtained with all indications that'the

figures referred to in Paragraph 3.3.2 above can be achieved.

On the discouraging side of the picture we have dis-

covered,some difficulties with the eperation, in its present
form, of the piezoelectrically modulated frustrated internal
| refleriion modulator. In its present»construction, we have
,observed a change in the separation of the optical elements

due to dimensional changes in the barjium titanate transducer.

This resulted in»a reduction in the gap separation for a given

excitation field, with consequent decrease in modulation ef-
ficiency The result of such decreased efficiency was the B
appearance of multiple ghost space fields and the possibility
of aperture chop in the event that the Optical elements do not
have a homogeneous ambient temperature. Details of theseih

" problems with the modulator built for the engineering model

horizon sensor are given in Appendix. B of this report, since

R
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these observations are only peripherally of interest in this

study and other methods of edge tracking are available.

As part of its independent R&D effort, Barnes is
continuiﬁg its work on the FIRM modulator. kVarious individual
elements of this problem can be solved, e.g., the multiple\
field problem can be avoided thrddgh use of a different optical
geometry in which the two prisms of the FIRM are identical and
an exact symmetry exists in the path of rays reaching the de-
tector in the open and closed;posifions of the gap. Because
of the observed positional variations;(creep) of the barium

titanate transducer, we are also investigating a magnetic

actuator for the FIRM prisms as a substitute for the piezo-
electric elements. If a definite and complete solution to this
problem is found within the next two or three months, the

possible benefits of this accomplishment will be available to

|
|
:
1

us for the system being contemplated.

3.3.2.2 FIRM using Magnetic Drive
Irrespective of the outcome of present design work
on the piezoelectrically actuated FIRM field switching hbriZoh

sensor program, evaluation of the basic sensor concept has
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demonstrated to us its potential for meeting the fundamental
goals of the present program. Since othervméthods of fidld
switching are available, we wiii next diséuss,sevérai-alter—
ﬁatives. One such system ﬁhich uses compdnents that have Had
wide use already énd cah be demonstrated’to yield a very high
teliability figure repléces the piezoelectric modulator with
one which employs a magneticvdrive to open and close the gap
of two prisms which transmit or frustfate transmission df the
incident energy. A new design with butting dove prisms avoids
the '"'ghost'' field problem.v In other characteristics, this
modulator is similar to the existing FIRM cell.

3.3.2.3 Field Switching Edge Tracker with Vibrating Reed
| Actuator

A detector's field of view may be switched back and

forth between widely separated positions by means of a vibrat-

ing reed mechanism such as a tuning fork drive system. Such
a tuhing fork vibrator, apart from its wide use in precision
Qscillators and time standards, has had some considerab}e use
és a light or radiation chopper in infrared systems. Among
dther systems, Barnes Engineering Company has been using such

a modulator in its radiometric microscope.

[P e A




A number of versions of field switching using a
tuning fork vane actuator are described below.

3.3.2,3.1 Simple Field Switching Edge Sensing Device

- This system has the simplest configuration and is
applicable for earth or lunar missions. For,earfh applica-
tions, the accuracy can be somewhat improved by working in a |
narrow spectral band in the 15 micron COjp region,-avoiding
cloud loék-on. In the case of lunar missions, the aécuracy
is dependent on the S/N achievable for cold edges of the moon .,

Various optical systems may be chosen for this system,
only one version being shown by way of examplé; This uses the
Cassegrain system already designed and built for the 13-155
horiéon sensor system. The arrangement is shown in the sketch,
Figure 3-24,

A dual mask in the focal plane defines two fields
separated by some convenient angle, say 5°. These masks may
define a field of view of 29 X 4°’and must be preéiSely‘made
and positioned. A vane actuated by a tuning‘fork,tine does
not require)g precisely defiﬁed amplitude of osciilatibn;flt

simply opens one or the other of the masks to allow radiation
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Figure 3-24 FIELD SWITCHING EDGE TRACKER USING TUNING FORK MODULATOR
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E | to be‘inter:upted and reach the detector. An optical filter
may be placed over the openings of the mask. Travel of the

: | vane must be at least 2° or about 1 mm, which is quite simple

by tuning fork standards (100prs;may be a convenient chop
frequency). A condensing cone may be used to éoncentrate\the
energy on the detector and improve the system f/number. Fdr>
the long wavelengths at which the cold side of the moon has
its peak radiance, the condensing cone detector cbmbination
may be superior to a silicon-immeréed detector. If a signal-

to-noise ratio in excess of 20 is achleved for the 100 K por-

tion of the mooh (for the 2° x 4° field of:zyiew), then we

~should be able to "lock on' Aat a. p01nt w1th1n 0.1° of the planet |
edge. Higher planet temperatures would theé’cause slight errors ::
as the horizon is acquired with the planet subtending a somewhat :
smaller portion at the bottom of the detectoris field of view. ;:

Errors for low planet temperatures and errors due to the sun

may present problems.

3.3.2.3.2 Dual Detector Field Switching System-
A somewhat more sophisticated version of this system
uses a second detector along with a time-shared vibrating vane

chopper system. As shown in Figure 3-24, the second field of i
{
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view is displaced both in azimuth and elevation from the first
field. This naturally multiplies the detector and associated
electronics by two. Ho&éver, it results in very significant

advantages which may make it worthwhile in some applications:

(a) 1In the event that the sun appears in either
field'(it cannot'appear‘in both as a result of the choice of
greater than 1/2° displacement) the system can be made to

; i ignore the output assbciated with the sun.

| | : (b) The uppef field output signal is normally in

| control of the torquer drive. The lower field output becomeé"

a radiometric vernier correction signal which adjusts the pre-

éise level at which the upper detector is stationed with

fespect to the horizon. This will work properly only for a

homogéneous radiance condition in the vicinity of the two fields.
(¢) In the event of failure of either of the two

signal channels, the electronics can be made to operate on the

remaining one. If it switches over the lower field (as a re-

Sult of a failure in the upper one), then an offset signal

will autcmatically set the readout to a position 2° higher.

We thus have complete redundancy in detector and electronics. |
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3.3.2.3.3 Single Detector Chopped Radiometric Balance System

A technique which is applicable for operation over
a region of homogeneous radiance ( for example, 15 micron
CO7 band) has some advantage in S/N over the methods above
because of the fact that the target area illuminates one-half
of the field of view when the system is correctly oriented.

The chopper mask arrangement is shown in the sketch below.

Signal for Planet

Mask Centered on B
Openings
J. Signal for Planet
: -d=d-d-d—-1— - Covering Small
e Part of B

Planet

o /‘f

Vane
Motion

'L Signal for Planet
-— L - Covering Large
Part of B

e e e - -

Tuning
Fork Vane

We can see that, in the position of the vane as
shown, the lower half of window B is illuminated. When the
vane is in the lower position, window C is fully illuminated,

presumably from a target area of the same temperature.

" i N ——
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Window C is exactiy one-half of window B. The detector, which
sees the dotted rectangle, gets the same amount of energy and
a null output is created after demndulation. Other waveformé
show the output under conditions off null for which the torquer
is madé to move in the appropriate direction. An output must
bg provided for this system in order to show when the planet
has been acquired. A simply rectified output (hot passing
tgrough the synchronous demodulator) will indicate acquisition,
provided we always start our search from one extreme space.

In the case of lunar applications, possible local
v?riations in radiance (craters) would make this system in-

accurate. For lunar application, the other techniques des-

cribed in this section are therefore more appropriate,

3.3.2.3.4 Local Radiance Disturbance Cancellation Schemes
The systems described in the previous section can

achieve good accuracy if the region over which the sensor

operétes has a homogeneous radiance pattern. In the presence

of such disturbances, e.g., craters on the moon or clouds on

earth when viewing the radiance pattern in a broad spectral

region, these systems become inaccurate. In view of the

L L A e R e P i i
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availability of a moving vane (tuning fork or other vibrator),
it is possible to average out to a large extent énch local
variations simply by exposing the detector to the small local
radiance variations while the vibrator prodnces an azimuth
averaging operation. This lateral motion may be performed by
one tuning fork which, in addition, does the field switching
discussed earlier. In this case, the lateral motion may take
place at higher frequency so that the detector need not respond
to the local radiance variations but instead puts out a signal
representing the average radiance in a given region.

3.3.2.4 Field Switching Edge Tracker with Slow Spin Rotating
Chopper

This system combines the advantages of the narrow
bandwidth and consequent high signal-to-noise ratio of the field'

switching edge tracker (using reflecting optics) with the vi-

constrained in bearings. In terms of the tracking function,

the system is similar to other edge trackers, employing a

closed loop servo system with a torquer drive. Insofar as | ;
the field switching function is concerned, the optical system i

is very similar to that which was used successfully on the -
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Mariner 11 Venus fly-by mission tﬁo-channel infrared radiometer
which was made by Barnes Engineering Company. This radiometer
:employed'a slow féfiecting éhopper whiéﬁ-allowed a thermistor
detector tb>view, altérnatély, tﬁé fields separated by.é fairiy
.large angle and permittad comparisoﬁ of radiance on the planet
with a field located in space at some fixed angle from the
planet. The chopprer rotation may be slow and selected as any
convenient value within the time constant capability of the de-
;ector. The output may be synchronously demodulated and filtered
l io provide a very narroﬁ‘Bandwidth and a high signal-to-noise
?Atio for tracking on a planet edge having low radiance, such
as the dark side of the moon. The basic scheme is seen in the

;ketch below.

Horizoom ™

Detector
Torqued
A 4{/1ﬁirror
ﬁ =S

Rotating Mirror
Chopper
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The principal difference between the Mariner radiom-
eter optical system and the edge tracker being considered,is
the fact that mirror B, which in»the radiqmeter épplication was
kept in a permanently fixed position, will be the pivoting arm
to perform the search and track function in the edge tracker
and will be positioned by the torquer as controlled by~the
servo loop. If prime space is available on the spacecraft ahd
a window can be‘uSed~through which a wide field may be covered
(as much as 180°), then a further refinement may be emp loyed
whereby two sensing positions may be tracked within one head
using a single chopper} A sketch of this configuration is
seen in Figure 3-25. Figure ‘3-26 is a block diagram of the
processing.

A sample calculation of sensitivity for this system
is shown in Section 3.3.2.5.

3.3.2.4.1 Problem Areas with Edge Trackers

We wish to examine next any conditions which may

lead to difficulties with this approach to horizon senSing as

- with any other technique we have considered. The principal

~conditions we wish to examine are the following:
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(a) The possibility of the sun appearing in one
of the fields of view of the sensor.
(b) Possibilities of aperture chop producing errors.

(¢) Readout systems and their accuracy.

3.3.2.4.2 Sun’Problem Elimination

The simple system sket’ched in Figure 3-25 ‘may be
upset by the possible presence of the sun}in one of its fields
of view. One solution to this problem is to install a second
detector which is displaced from the first by an angle large
enough so that the sun cannot be on both détéctors simultaneouslyf
Such an edge tracker is shown in Figure 3-27, It will be noted
that two detectors separated by more than 2° in ézimuth are
used, each'having a separate signal précessing loop. This
arrangement is use& for-a dual pufpose:

(a) To prevent a false lock-on on the 1/2° sun or
2° earth (in lunar orbit use).

(b) To pro?ide complete electronic redundancy of
 the signal amplification circuitry and thus greatly improve
the reliability_of»the'system.

The”signal processing”involves a servo loop into

which a fixed downward bias is applied. This bias is bucked
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out by the signal generated when the bottom field position of

- both detectors intersects the planet. In order to prevent a

false lock-on on the sun (or a 2° subtense earth when this

sensor is used in a lunar orbit), a logic circuit does not

disable the search mode until . s;ignal is seen in both detectors.
Due to the 40 to 1 «; _.mic range of the lunar surface

IR radiance, a ''bang-bang'' servo loop is used. This type of

- servo loop has the same stability characteristic independent
of the 40 to 1 signal variation for the same angular indentation

~of the lunar horizon by the detector field of view.

This edge tracker configuration uses the same servo

~components that have been used in the FIRM horizon sensor. Due
- to the aforementioned developmental §ﬁatus of the FIRM cell,

- the field switching mechanism in this seﬁsor would be a motor-
driven mirror chopper, as shown in Figures 3-25 and 3-27..

?3-3-2-4-3 Aperture Chop Considerations

In any sensitive radiometric system it is important

?to insure that the detector develop only signals representing
@»Variations in target area radiance and that it be insensitive

ﬁto temperature differences in the optics, which may give rise

At oo
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to a chopped signal just like that of the target. 1In the
system sketched in Figure 3-25, we must make sure that the

detector develops measurable chopped signals only from the

target area radiance variations and not from internal sources.
If the chopper blade and the tracking mirror had high emissivity
and varied greatly in temperature, then the detector would be
exposea alternately to the self-emission of the chopper blade
and the tracker mirror and would develop a signal at the chopper
frequency.

Our désign calls for a highly reflective gold-coated

chopper blade and tracking mirror (0,99ﬁ reflectivity is obtain-
able) and for an effiqient thermalvdesigh which will insure a
homogeneous temperature environment for the critical elements.
By way of illustration, let us suppose that the re-
flectivity has become degraded to a level where the emissivity 
[ | of the surfaces is 1,5% and that a 1°C temperature differential
exists between the two surfaces at a 25°C ambient temperature.

The radiant emittance is:

W= cpT4 |
L W 3 ‘
---—A == |

and AT opT
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Which, at 25°C is:

px 2 x 10 -4 _watts per °C
cm2-ster

Since p, the emissivity, is 1.5%, the differential radiance

£

= 3 x 10'6 watts/cmz-ster

Only about 20% of this energy is in the 20-40 micton
region which a filter in front of the detector passes. The
effective differential radiance becomes 0.2 x 3 x 106 =
6 x 10~7 watts/cm?-ster.

As we have computed earlier, a cool sector of the
moon will have a eadiance of about 10-% watts/cm2-ster in the

20-40 micron region. When one-tenth of this energy falls on

the detector an error of 0.1° ensues Thus a radiance of

107 5 watts for the cold side of the moon will correspond to a

'0.1°‘att1tude error. The 1° temperature difference we have

hyoothesized will produce an error of (6 x 1077)/(10f5) = 1/16

%dof this 0.1° value, or O. 006° which is negllglble
. 3.3. 2 4.4 Readout System

The search mirror system shown in Figure 3-25 has

the advantage of multiplying the optical field of view
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displacement angle by two. Thus a 10° movement of this mirror
produces a 20° sweep in space. The advantagg in requiring
small mechanical displacement is somewhat offset by the need
for a more precise readout of the position of the trécking
mirror. Since we require a 0.1° system accuracy, we must in-
sure a superior readout resolution so that its error does not
seriously degrade the system accuraCy,‘ Devices are available
for obtaining the desired accﬁracy in either digital or analog
form. -Analog readout may be obtained to an accuracy of iO;OZf
by means of an ahgular readout induction potentiometer made ‘
by Kearfott Division of General Precision. Optical encoders
are also available to produce the desired readout accuracy

in digital form from the Baldwin Piano Company.

3.3.2.5 Sensitivity Considerations for Field Switching Edge
Tracker

As has been pointed out eérlier, the field swi.tching
edge tracker réqqires_the smallest electronic bandwidth of all
the systems considered. This is so because no time is wasted
in scanning over regions of planet or space in which there

is no useful information to be obtained. The chopper frequency

ST TR R D T e o L T T ST G P e = R T A s S T e ot B b




may be selected pretty much at will and will probably be chosen

in the vicinity below roll-off of the detector response. With
the exception of the modulation efficiency and possible trans-
mission factor, the various field switching systems would have
the sahe sensitivity, bandwidth being chosen as small as possible
within the constraints_qf system response requirements. In
general, the aVéilable optical clear aperture will be somewhat

r - more limited than in the case of the conical scan syStem’be-

e cause of the need for a search mirror motion whose dimensions

must be képt-within reasonable limits.

In our example of a sensitivity calculation, we will
assume'an all-reflecting system (using the chopper field
switching approach) with a clear aperture of 5 cm2 and an elec-
trical bandwidth of 1 cps. Other parameters of the system are

assumed as follows:

Field of View...vvveeeroonon 1° x 5°
~ w=1.52 x 10’3 steradians

!D?teCfbr Size..ivveevrinnnes 0.2 mm x 1 mm

,Cﬁop Frequency.............. 20 cps

Switched Field of View - | ;
Separation.........c00ieen.., > 6° %
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|
! Optical Efficiency....... cene 0.5
Detector Size......... ceeasen 0.1 x O.S‘mm immersed

Detector Time Constant....... 2 milliseconds

Detector NEP = 6.3 x 10-10 vV0.05/2 = 10-10 watts/cycle

Degradation Factors:

Noise Figure = 6 db = 2
Bias Reduction = .1.4
Rectification Loss = 1.4
Thermistor Bridge Factor = 1.4
Total = 5.6

Effective NEP = 5.6 % 10"10 watts

~For a 90°K 1lunar temperature, AN20-40u = 4 x 1073 wagts
| | . cm4 =

Pp = AN € Ag o = 4 x 10~ x‘;S X 5‘x 1.52 x 10-3 o ;*

Pp = 1.52 x 10°7

The signal-to-noise ratio will be | | ?;

= 1.52 x 107 _ 599 ,‘ o 3
5.6 x 10-10 - 3

z v'.d
s

On the basis of peak-to-peak noise, this becomeé 270/5 = 54/

cycle. For a 5 second integration time, noise is reduced




|
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&

by 71/2# S sec € 5.5, and the signal-to-noise ratio becomes

54 x 5.5 = 300.

Since the field of view is 1° vertically and we re-
quire a O.1°'accuracy, we must set our threshold level at a
point where the system will track at 1/10 the detector subtense
at the very edge of the detector. With 1/10 the detector illum-

inated, we obtain a S/N,_, = 300/10 = 30, which is quite con- i
servative and more than adequate. |

3.3.2.6 Electronically Sampled Thermopile Edge Tracker

The all-electronic horizon sensor with its inheient

advantage in eliminating all moving parts has been shown to re- |

quire_ra;héf far reaching, time consuming, and costly changes in
order to be cépable of the accuracy desired for the present pro-
gram. The FIRM ;ensor is likewise seen to require more develop-
meht, reéulting in a reliable modulator or, alternatively, a
field switching methbd such as may be effected with a tuning
fork vibrating vané.

In this section we will discuss an approach which
utilizes ééffain elements and techniquéé of both systems which

have been worked out and are considered to be reasonably -

successful. Such a system would use the torquer search and

positioning system along with the,readbutkmethod designed for

A
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the field switching edge tracker and with electronically

scanned thermopiles replacing the optically modulated

thermistor detector.
By insuring a sufficiently large signal-to-noise
ratio in such a system, one could attempt to track the edge

of the planet at a position where the planet illuminates

| only a tinyyextremity of the detector which may generate suf-
ficient signal to exceed a threshold level determining the

|
:
F '~ point at which the tracker stabilizes. It will be well to

compute and examine the signaléto-hoiSe ratio for a system
with the required parameters. Assume the system to haVe a
form such as is shown in Figure 3-28,‘ The opticsywould con-
sist of a l-inch diameter collector wi;h a speed of‘f/l;

The thermopile detector would have to have the highest de-
tectivity which we can obtain. Bismuth tellutiumlfhefmopiles
which we have been evaluated for apptoximately one year have

characteristics as follows:

Type.ieaceeecennecnacnas radial thermopile with 20 active
- | and reference junctions

Specific Responsivity ' 0.35 volt/watt/cm2
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Resistance.......oe... .. ~ 15,000 ohms
Time Constant.,.cceceeee 150 milliseconds

Size of Active Element.. 2.5 mm diameter

Detectivity.......;..... 4 x 107(cm#cp51/2)/watt‘ 

The voltage developed for a detector fully illuminated

from a 200°K earth is:

 8Naq-a0 R' € 2.8 x 103 x 0.6 x 0.35 x 0.6
Vn = & o N L0 X X 2.0 X Y. X 2e2 . 2.7 x 1074
D~ 3 £2 4 1 .

- 270 v
Optical efficiency, €, is assumed to be 0.6.
Sinée we require an accuracy of 0.1° or better and
tﬁe detector subtends 2° in elevation, we must exceed a threshold
lével when only 1/20 oﬁ the detector is illuminated. This would

result in a 13.5 microvolt signal, Peak-to-peak noise and drift

will be of the order of 2 microvolts. We are ‘thus left with a

| rémaining S/N of about seven, which is considered satisfactory

fdr_operation against earth targets. Indeed, we could do even
better byv0peratiné in the CO2 band which would permit use of
a radiation balance system in which half the detector may be .

illuminated rather than only one-tenth, as shown‘following:
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A
= at the correct attitude
/ o A"’C_”
=B - C
C 2

Next, we wish to examine possible use of this system

for lunar use. For a possible 90°K temperature: ‘

ANggex = 1.25 x 104 x 0.5
14-40u

= 6.25 x 10'_5 watts/cm?-ster

The:radiance in this spectral interval for a 200°K
2earth was 1.67 X 10‘3. We thus get only 3.7% of the energy we
;had available in the preVious case and the new S/N would be re-
iduced tb 0.037 x 2.70 = 10 for a 2° fully illuminated detector.
o obtain.a 0.1° accuracy, the S/N is O.wahich is ciearly in-
%adéquaté; The System accuracy for lunar'application is at
éﬂest of thekbtdér of 0.2° without qllowing any’safety margin,
%Improvements may be considered in several areas, including

%a faster optiééi syéﬁéﬁ»(f/O.S), detectors with more junctions
1apd thus proviéinghhighér responsivity, and a more favorable

%detector geometry, perhaps with the detector subtending 1° x 10°.




4., REVIEW OF CHARACTERISTICS OF THE HORIZON SENSOR SYSTEMS
DISCUSSED IN THIS STUDY REPORT

Table 4-1 summarizes the important performance

pérameters of some systems which have been discussed in the

|
pfeceding sections. Some of the figures used are, of nec-
essity, provisional. More exact figures could only be given
after design, construction, and évaluation of the system, - The
table does, however, present an over-all view of the relative
merits and potentiél of thé“various systems discussed, at
least from the standpoint of technic31 peffo;mance factbrs;
To this should be added such factors as development time, budge-
tary conSideratibns, cdnfidence level in thg proposed system,
and degreé of experience With‘tﬁe tecﬁniéai andwébmponents re-
quired to translate the design to WOrking hardware.

It is evident from Tab1e44-1 that we can expécﬁvto
meet the design goals for accuracy with at least one ﬁersion
of the field switching‘edge trackér and with two versioné of
conical scan sensors.

Table 4-1 shows a substantial superiority of the

field switching edge tracker in terms of S/N for the long

integration time of 5 seconds. This signal-to-noise ratio

B . K B . o L 5 [ | _
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EARTH APPLICATION

TABLE 4-1

LUNAR APPLICATION

Comparison of Characteristics of Various
Earth/Lunar Horizon Sensors

PHYSICAL CHARACTERISTICS
FOR ONE HEAD

S/N,, ,

for 200°K S/Np-p for Clear Spectral MTBF
Type Sensor Earth ‘ Error 90°K Moon - Error Aperture Response Size Weight Fower (hours)
Field Switching 6600 for +0.05° 300:1 for full *<0.1° 5 cm? 20-40u 6'"D 12 1bs % watts  42,C00
Edge Tracker total earth limited by illum. with : 1° x 5° x 8'L each
with Thermistor 660 at anomalies. 90°K moon FOV head
Detector slice level 1in radiance 30:1 for ..

- illum of 1/10
- of detector

Conical Scan 750 for +0.05° 33 +0.1° 22 cm? 20-40u 6'" dia 12 1bs 4 watts 42,500
(leading edge total earth limited by 2:1 S/N at 1° x 3° x 6YL twsc heads each
type) signal anomalies slice level FOV plus head

10 at slice in radiance mixer box

level
Conical Scan 90 +0.05° 4 +0.1° 22 cm? 20-40u 4-1/2" 10 1bs 4 watts 42,000
with Slope 1° x 3° dia x two heads each
Recognition Fov 5-1/2"L plus head
(noise pred.) mixer box
Field Switching 7:1 for 0.1° 0.5 for 0.2° 5 cm? 20-40u 500 12 1bs 3 watts 60,000
Edge Tracker illum. of illum of 1/10 cu.in. for % 20 watts est.
with Thermopile 1/10 of of detector heads seak at

detector not maximum

satisfactory torque

2nd Harmonic estimated  0.05° not suitable est. 14-16u 5.5 13 1bs. 8.5 watts 20,000
Type Edge 10:1 for due to craters 3 cm? for earth x 5.6" est,
Tracker 200°K earth
All-Electronic 12:1 +0.5° 0.5 not 13 cm? 14-50u 6" dia 8 1bs 15-20
Sampled ‘ suit- x 10"L per watts
Thermopile able sector

System
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is comfortably above what is necessary even for the lunar
application to permit either an increase in response time
should that be necessary or a possible reduction in the size
of the collecting optics, or even both.

The two versions of conical scan sensors, whose prime
characteristics have been tabulated, show an adequgté signal-
to-noise ratio for earth or lunarﬂmissions, though without as
much flexibility in the scaling doWn:of dimensidns of the optics
or increase in scan rate. »A possible'compensating feature of
the conical scaﬁmsensdr is a greater fiexiﬁili;y in search :
function, which may not be of great value in thé preéeht appli;
ca;ion. The sensor can be placed in a position tp scan almost
any angle that may be required and is felatively independent of
altitude.

The field switching edge tracker is shown in Figure 3-25
and scans over an angle which is twice the angle displacement of
the search mirror (due to angle multiplication of the mirror).
The requirement of the present system for a 10° range of error
signals plus the altitude variations which add approximately

another 10° is easily met by the system as sketched in Figure 3-25
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This range can be extended for a greater altitude range,
ﬁhough not quite as readily as with the conical scan sensor.
If much greater search range is required, the size of the

| ? search mirror and chopper must be increased.

Physical characteristics of these systems, such as
power consumption and volume, are likewise not too dissimilar
and fall in the range of the design goals. The exact figures
for these characteristics can only be established at a later
date when the design is weil under way.

The reliability of the three systems, following the

criterié of reliability handbooks and discussed in more detail

in Section 5; is so similar that it would require precise assign-
ment of dissipation and stréSslevei§ and COmpbnehtSeléétion
before one could reéch any conclusiqn’as,to which system has a
higher Mean Time Before Failure (MIBF). Only through use of an
auxiliary system with parallei redundéncy can we expect to meet

the 0.997 reliability for a 90-day mission which was cited as a

design goal. No high accuracy infrared horizon sensor system
which has as yet been built or which we can conceive at the

present time alters the conclusion that independent parallel ;




redundancy must be provided to meet the 0.997 reliability
| ? figure.

We have attempted to show some of the differences,

advantages, and disadvantages of the various horizon sensor
systems which may be considered for the present application.
The comparison was restricted to certain characteristics which
are of concern in the Earth/Lunar Horizon Sensor application.
For examplé, the mission is described as having a rather limited
range of altitudes and attitude error. It therefore doés not

require very wide acquiSition range and permits use of a limited

r

—

range of search angle for the edge tracker and a rather narrow
angle cone for the conical scan sensor (e.g.,'37°).' The optical
design of the field switching edge tracker is eased by theée
considerations. Similarly, the response requirements are

understood to be for a 5 second integration time which permits

slow scan speeds in the case of the conical scdn sensors and
a narrow bandwidth for the edge tracker. N =
We have not emphasized such factors as the possibility

of the sun appearing in the field of view of one of the sensors,

'possible physical location on the spacecraft of the sensor, and




the many other interface questions. We also did not go into

- details of the readout method and particular characteristics of

the desired output signal.

Except for the possibility of the sun appearing at

~ the very edge of the earth and grazing the detector field of

view (for which no system provides adequate means for insuring

:absence of any sun error), means are at hand for deactivating
or voiding data which is useless due to the effect of the sun.

- This applies to any of the systems to which we have given

serious consideration. In the case of the conical scan sensors,
a sweep across the field of the sun results in a blanked or

voided output when the high amplitude narrow pulse produced'by

- the sun is perceived by protection circuits which have been

designed.

For the field switching edge tracker, a double flake

~detector is recommended for each optical system which provides

zﬁbth a means for avoiding the sun problem and a redundant output

i
I

%ﬁurthermore, for a system with four heads, only three will be

!

§ﬁequireq_for attitude readout and the fourth one may be switched

Eout. This was discussed in more detail in Section 3.3.2.4.

R e e




We have not questioned the use of thermistor detectors

as the best choicez for infrared horizon sensor systems--adequate

justification for such a selection having been given in much of
the literature on the subject.

Insofar as the motor is concerned, whether for the
conical scan sensor or the field SWitching edge tracker, we

feel that the low spééds contemplated will avoid the problems

of excessive friction and wear. It will be necessary, however,

to provide a lubricant reservoir such as was used in'connéction
with the TIROS radiqmeters. It will be.recaiied that these -
motors functioned well over a period of more”than a year in
space with greater speeds and loads than are contemplatgd for
this application.

Our experience in a number of these problem areas
is well known, so that we can assign certain values to a
confidence factor. It is known, for example, that over 150
Barnes conical scah’hbrizon sensors have been floﬁﬁ in various
'space misgions. HThe reliability record in these flights has

been shown to be quite good;15 The TIROS 5-channel rédipmeter,

I5Lt. Col. William T. Jones and Kenneth A. Ward. ‘"Perfor-

mance of Horizcn Sensor Systems in Earth Orbit,' presented at
the Symposium on Infrared Sensors for Spacecraft Guidance and
Control, Barnes Engineering Company, May 1965.




with its motor designed for long life in space, and the Venus
radiometer with its field switching system (comparing raAiation,
from two separated regions of space and planet) likewise have
had an excellent reliability record, though on a smaller scale
in terms of number of units built. This latter experience with
space motors indicates that it is possible to use certain
special motors in a space environment without the requirement

| | for vacuum sealihg the sensor housing. This, in turn, eases.the

E ~f’sensor’mechanica1jand optical design and makes it unnecessary

| " to provide a thick window with its inherent sealing problems.

—_—
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5. RELIABILITY

5 5.1 General Reliability Considerations

Of‘all the specified design goals for the earth/lunar

horizon sensor, the reliability figure sought is the most
difficult to obtain; As has already been seen in the fore-
going discussions the performance figures danABé'achieved in
séveral sensor configurations. If we examine the reliability
figures for all existing sensors we find them to fall very far
short of the desired figure of a'reliability_of:.997 for a

90 day mission, We wish to state at the outset that such a

figure is not considered within the realm of the present state .
of the art without complete redundancy as applied to a sensor in |
which the most stringent care has been taken in all phases of a 1
design which emphasizes utmost simplicity. Preliminary figures 1
for a single system and one with parallel redundancy will be
discussed in the paragraphs which follow.

Since the reliability or probability of succéssful
mission completion R(_) is to be .997 and R(t) % e-xt where

T = mission time and A = Failure rate, The Mean Time Before

Failure (MIBF) being the reciprocal of A is to be approximately
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700,000 hours, obviously a most difficult requirement. By
way of example we can compare the MIBF for some of the existing
sensors. The Status Report on,Horizon‘Sensingléis helpful in
this area and cites figures wherever they are available. The
highest figure it quotes for any horizon sensor, other than
static radiation balance types, is 25,000 hours which is an
estimated and not computed figure. The Barnes Type 13-142A
' f conical scan horizon sensor is shown in this report to have
| an MIBF of 20,000 hours. Recent improvements made on a
standard type horizon sensor t64be'used for the BIOS satellite
vehicle has essentially doubled this value. Such efforts still
fall far short of the MIBF by a factor of about 50 which is
desired for the present program. Disregarding any mechanical
components, it wQuid'be difficult to meet this design goal even

with a simple two-transistor preamplifier without some redundancy.

Yet considerably more circuitry will obviouSly be required and

active electronic components are unavoidable.

lﬁDuﬁcan, Wolfe, Oppel, and Burn, Qg. cit.
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5.2 Mechanical Components

A primary consideration in the case of horizon sensors
is the question of what elements of the system represent the
greatest reliability risks. Ingofar as mechanical components
are concerned it cgn.be shown that flexing”members have certain
advantages since they avoid frictional forces and attendant
wear but that the latter can be reduted significantly by oper-
ation at lowspeeds;

A motor operating at high speed may generate con-
siderable friction,which, ih tiﬁe, will be a source 6foéi1ure.
By reducing the speed df-rotatian we reduce the frictional
forces and rapidly improve the reliability whichfimproveél
logarithmically with speed reduction. Thislis séenin,Figure
5-1 which is a reliability plot taken from RADC-TR-58-111
Reliability Notebook, Dec. 1961, MIL-HDBK-217.

For low rotational speeds we see that the failure
raté due to friction becomes negligible and, in the limit, the
motor reliability becomes equivalent to that of a transformer.

In our case, if we consider the prospects for a conical

scan Sensor, a low rotational speed (e.g. 180 RPM as would be
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desirable for other reasons in this application) would result
in a reliability figure for thé motor which is essentially the
same as that of a torquer in ah‘edge tracking sensor or a
vibrating'feed driver, etc. In,sucﬁ a design one would
naturally keep the numbér and diameter of‘bearingS'smallg,

‘An additional problem would be that of providing the
necessary lubrication for the moving parts. In the above

reliability figures it is assumed that proper lubrication is

~available. For a very long mission, provision of adequate

lubricatibn.would be a serious problem. For a mission lasting
90 days the téchniques presently available are coqsidered to be
quite adequafe. Spacelmotors in which a wick stofes lubricant
for an extended period of time have resultediin success ful long
life space missions. As an example the various TIROS satellites
carrying five channel infrared radiometers have oéeféted, at
times for a year and one half with loads greater than con-
templated for the present horizon sensor. The motor in the
TIROS radiometers is geared to and drives five separate choppers
each with its independent bearing. Motor speed for this radio-

meter is 2500 RPM, Thereforé, for a relatively short mission




such as 90 days, the motor bearing lubrication problem should

not be difficult to handle in the present application both

operating life and motor speed being lower than in the case
of TIROS application.

In the terms discussed above there appears to be 1
no material difference in the reliability figures for the

presently considered field switching edge tracker and the slow

speed conical scan sensor.

% % 5.3 Reliability of Electronics

PRy O .

‘We can consider, next, the reliability figures for

the electronics which would be reQuired forvthéfvarious sen-

sors considered. The figures ggmpared are of course only

provisional., They are necessarily based on very preliminary

circuits and their assumed component réquiremehts. In the

next phase of this study, after more cafeful reviéw of spé-

~ g cific ciréuits, it will be possible to present more exact
figures, sThe”tentéfivé figures given below are again'based

; ~ on Rome Air Deveiopment Centér data.* The figuréé are based

on the. straightforward circuitry with an analog output. If

* RADC-TR-58-111 Reliability Notebook, Dec. 1961, MIL-HDBK~-217
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‘it is required to add digital outputs, additional circuitry

would be required”which would somewhat degrade the reliability

figures. The reliability figures are based on circuitry as .

shown in the block diagrams, Figures 3-2b, 3-23a, 3-26. See
tables on the following pages for the reliability figures.

5.4 Redundancy

Redundancy has been treated in a number of texts
discussing reliability problems. The mathematical treatment
will not be repeated here. It should suffice to take the
results from a standard text. 17

It is shown that for a parallel and independent re-
duﬁdant éysteﬁ'in which two systems have the same .reliability

Ri (t) = Ry (t)

—— Ry (t),
' operating

—— Rgp(t)

R ()
stand-by

1’Bazovsky, Igor Reliability Theory and Practice, Prentice

Hall, 1962

<e'kT)
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Then if one uses the exponential expansion:
2 3 p3
e"M =1 - AT + A2 T2 O Sl
2 ! 3!
One can see that for values of AT < .1, which is the
 case with our System, the series converges rapidly and can be
- simplified to an approximate form of R(t) ~ 1 - AT
i E or, in the,original eQuation R(t) = e"M, we may replace the
| | failufeffate X”by a new vulue of Ap(t):s A2T for the com-

2 pletely and independently redundant system.

We may nbw examine the new reliability obtained through

% such redundéhcy. Aééﬁhing that we have picked a system and ob-
tained a final design leading to an MTBF = 40,000 hours, we

then have A = 1/40,000 = 25 failures per million hours.

For a 90-day mission, we require about 2000 hours of

operation.
The probability of failure for the redundant system
with a.2000-hourv0perating time, xp(t)T, then becomes:
A2 12 = (2.5%10-5)% x 20002

=2.5 x 10°3

3
[P R IPT S——
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:f | This is equivalent to a reliability of 0.9975 which ?
. 1s slightly better than the required value. Additional com- ;
é ponents will be required for the decision circuitry to switch ;
o?er from a possible inoperative system to the auxiliary unit.
:3 Alternatively, the decision to switch over from one system to
;i another may be performed by an astronaut or even through ground
i% | command.
Since the method of instrumenting the desired relia-
i bility goes beyond the scope of the Phase IA study, we will
l% | defer furﬁher discussionrénd design of such redundancy to a %
o later time. | i
| |
1
Lo
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CONICAL SCAN SYSTEM (LEADING EDGE TYPE)
RELIABILITY ESTIMATE
(see Figure 3-2b for block dlagram/

Failure Rate Q x Fr

Components (x 10-6 f/hr) (x 1()"6 £/hr)
Bias Supply |

Zitransistors | . 0.25 ~0150

8 resistors 0.01 0.08

6 capacitors 0.20 1.20

2 zener diodes 0.15 0.30

2,08 - 2,08
i Preamplifiers (2)

6 transistors each Q.ZS 1.50

12 resistors "o 0.01 0.12

3 capacitors " 0.20 0.60

1 diode " 0.15 0.15

2.37 x2 = 4.7

 Schmitt Triggers (4)

2 transistors each

0.25 0.50
5 resistors " 1 0.01 0.05
0.55 x 4 = 2.20
i Monostable Multivibrators (2)
2 transistors each 0.25 0.50
6 resistors " 0.01 0.06
2 capacitors " | | | 0.20 | 0.40 |
| 0.96 x 2 = 1.92
Gates (2)
4 diodes each S 0.15 0.60
4 resistors each - 0.01 0.04




&
|
;

Components

Flip-Flops (2)

2 transistors each

7 resistors "
2 capacitors "
2 diodes "

+ Referernce and Integrator

4 resistors
1 capacitor
2 zener diodes

OQutput Sampler

1 transistor
1 transformer
3 resistors

1 capacitor

Motor

Thermistor Bolometers (2)

Sun Correction Circuit

4 transistors
2 capacitors
1 diode

10 resistors

5 - 10

Failure Rate
(x 1076 £/hr)

0.25
0.01
0.20
0.15

3.00

0.375

Q x Fr -

(x 1076 £/hr)

(o No ol

WHrowunm
OONO

1.

N
~J

o No N o)

WO
oM

2.54

0.54

0,73
3.00
0.75

1.65
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Failure Rate Q x Fr
Components (x 10-6 f/hr) (x 10-6 £/hr)
- Power Supply
Z;transistors | 0.25 0.50
2 zener diodes 0.15 0.30
2 capacitors 0.20 0.40
4 rectifiers 0.15 0.60
1 transformer 0.25 0.25
6 resistors 0.01 0.06
2.11 = 2,11

Total Failure Rate/10® hours: 23.. 54

Mean Time Before Failure: 42,500 ﬁgurg{

it
Ik
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PREDICTOR-DELAY SYSTEM

RELIABILITY ESTIMATE

(see Fig. 3-23a for block diagram)

Components

gBias Supplv

transistors
resistors
capacitors
zener diodes

NN OoN

Preamplifier (1)

6 transistors
12 resistors

3 capacitors

1 diode

%Predictor-Delav

5 inductors
5 capacitors
12 resistors

Differential Post-Amplifier

4 transistors
10 resistors

D.C. Reference

2 zener diodes
2 resistors

Failure Rate
(x 10-6 f£/hr)

0.25

0.15
0.01

- Q x Fr
(x 10°6 £/hr)

ololeNe]
LWPH OoOWun
OO WO

-
N
oo

00O .
o ® L )

= O\ = W

Lo NO

2,

()
~

Or .
LA

HON
NO WU

2,37

1.28

2.37

2.37

1.10
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Failure Rate Q x Fr
Components (x 10-6 f/hr) (x 10-6 £/hr)
- Gates (3)
4 diodes each 0.15 0.60
6 resistors each 0.01 0.06
| 0.66 x 3 = 1,98 |
~ Integrators (2)
1 capacitor each 0.20 0.20 u )
1 resistor " 0.01 0.01 !
0.21 x 2 = 0.42 1
.~ Difference Amplifier |
| | ) T
I 4 transistors 0.25 1.00
10 resistors | 0.01 0.01 ]
1.10 - 1,10
i Manstable Multivibrators (2)
2 transistors each 0.25 0.50 |
6 resistors a 0.01 0,06 |
2 capacitors " 0.20 0.40
| 0.96 x 2 = 1.92 ‘
| Bistable Gate
- 2 transistors T - 0.25 3 0.50
13 resistors | | - 0.01 | 0,13
4 diodes 0.15 0.60
2 capacitors | - 0.20 0.40
1.63 = 1,63
'Read-Out Capacitor - 0.25 | 0.25 = 0,25
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Failure Rate Q x Fr

Cqmponents

Reference Pulse Generator

1 lamp |
1 photo diode
2 transistors

8 resistors

2 capacitors

Motor

The:mistor Bolometer (1)

Sun Correction Circuit

4 transistors
2 capacitors
1 diode
10 resistors

Power Supply

transistors
zener diodes |
capacitors |
rectifiers
transformer
resistors

A= PPN N

Total Failure Rate/106 hours:

- Mean Time Before Failure:

(x 10~ £/hr)

0.70

| 0.70
0.25 0.25
0.25 0.50
0.01 0.08
0.20 0.40

o 1.93
3.00 3.00
0.375 0.375
0.25 1.00
0.20 0.40
0.15 0.15
0.01 0.10

1.65
0.25 | 0.50
0.15 | 0.30
0.20 | 0.40
0.15 0.60
0.25 0.25
0.01 0.06

2.11

42,000 hours

(x 106 £/hr)

= 1,93
= 3,00

= 0.375

= 1.65
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SWITCHING MIRROR ELECTRONICS

RELIABILITY ESTIMATE .
(see block diagram, Figure 3-26)

| Failure Rate Q x Fr
| Components (x 106 f/hr) (x 10"'6 f/hr)
| Bias Supply
| thransistors 0.25 0.50
8 resistors | 0.01 0.08
2 capacitors | 0.20 0.40
2 zener diodes 0.15 0.30
- 1.28 - 1.28
| Preamplifiers (2)
| 5 transistors each 0.25 1.25
10 resistors " 0.01 0.10
3 capacitors " 0.20 0.60
1 diode 0.15 0.15
2,10 x 2 = 4,20

Operational Amplifier

4 transistors 0.25 1.00
- 2 capacitors 0.20 0.40
10 resistors 0.01 0.10
| 1.50 = 1,50

| Svnchronous Demodulators (2) | : |

3 létransistor each 0.25 0.25

- 1 capacitor " 0.20 0.20

3 resistors " 0.01 0.03
0.48 x 2 = 0.96 :
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Components

Schmitt Trigger

2 transistors
5 resistors

D.C. Amplifier

4 transistors
10 resistors

Gates (2)

4 diodes each
4 resistors each

Power Switches (2)

1 transistor
1 transformer
2 resistors

Variable Pulse Width
Monostable Multivibrator

3 transistors
- 2 capacitors
1 diode

10 resistors

5 - 16

Failure Rate

(x 107 £/hr)

0.25

0.15
0.01

0.25
0.25
0.01

0.25
0.20
0.15
0.01

Q x Fr

(x 10~ £/hr)

0.55

0.60
0.04

0.64

coo

® [ 3
O NN
XX

o
W
N

0.75
0.40
0.15
0.10

X 2

1.40

0.55

1.10

1,28

1.04

1, ‘40
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Failure Rate Q x Fr
Components (x 10~ £/hr) (x 10-6 f/hr)
Tachometer Chopper ;
1 transistor 0&25 0.25
- 2 capacitors | 0.20 0.40
5 resistors 0.01 0.05
0.70 = 0,70 r
Rectifier and Filter .
| 1 transformer 0.25 6.25
2 diodes 0.15 0.30
- 3 resistors o 0.01 0.03 |
~ 2 capacitors 0.20 0.40
0.98 - 0.98 |
Mirror Drive Oscillatdg : | 1
4 transistors 0.25 % 1.00
1 transformer 0.25 | 0.25
2 capacitors 0.20 0.40
6 resistors 0.01 0.06
1.71 - 1,71
Torque Motor (assume use of 3.00 3.00 = 3.00
motor as a tachometer readcut ~
through time sharing)
~ Thermistor Bolometer 0.50 0.50 = 0.50
- (3 flakes) o . |
Read-Out Potentiometer 0.25 0.25 - 0,25
Sgn Correction Circuit | | |
54 transistors 1 0.25 1.00
2 capacitors | 0.20 0.40
1 diode 0.15 0.15
0.01 0.10

10 resistors




Components

Power Supply

2 transistors

2 zener diodes
2| capacitors

4 rectifiers

1 transformer

6 resistors

|

a

. ~ Total Failure Rate/10
h

6

Mean Time Before Failure: 42,000 hours

hours:

5 - 18

Fsilure Rate x Fr
(x 10=6 £/hr) (x 10~ £/hr)

onvdNP LWL
(o W0 R, NoNoNe

o
N
o

OO0 O0OO0O0

N
=

=
i

2.11 f
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6. CONCLUSIONS AND RECOMMENDATIONS

The foregoing analyses and discussion have convinced
us that the system best suited for the Earth/Lunar Horizon
Sensor and which most readily meets the desire@ performance
characteristics for this program is the edge tracker with field
switching, as outlined in Section 3.3.2.4. We therefore rec-
ommend that Phase 1B of this program concentrate on the detail
design of a horizon sensor based on this principle and that tiis
design be carried on to the hardware stage and an engineering
model of it be built in Phase II of this program.

This conclusion is based on a number of features and
factors, the details of which have been discussed in earlier
sections pf this report:

(1) The signal-to-noise ratio is superior to that
i of any other system considered (with the exception of several
? vafiations in the mechanization of the same horizon sensing
E principle). . |
(2) Thehéomfortable sigﬁal;to;noise ratio provides
éSome flexibility in decreasing size and weight of the optics,

§Speed-up of response times, and other parameters.

Py
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1N,

(3) Readout of the attitude error is simple and

[

can be provided with equal ease either as a digital or analog
i | output sigﬁal. N a

(4) The reliability figures for a singlé sensor
are shown to be of the same order as those of certain conical
scan sensors which could meet the sensitivity and accuracy

goals. The feliability goals can only be met through redundancy.

(5) We suggest a dual detector configuration (as
described in Section 3.3.2.4) with separate processing to

both provide a means of avoiding errors due to the sun appearing

in the field of one detector and also to improve the reliability. .

(6) We also recommend edge tracking at four points,
only three of which are needéd to establish pitch and roll
errors. The fourth edge tracking point provides redundant data
and increased reliability.

(7) If it is possible to“mount the sensor ih é:posié
tion to view fieldé sepafatédAbyAnearly 180°,‘thén'a Single
optiCal head may bekuséd for'tracking twdledges‘df the plénet
and possibly four. This would represent a substantial saving

ﬂ ? in power, volume, and weight.
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These conclusions and recommendations are based on
the analyses and study which have been conducted for the past
2 months of this program and which are summarized in the data
presented in earlier sections of this study report.

In Section 2 of this report we pointed out that the
20-40 micron spectral interval appears to be both a satisfactory
andrdesirable range to use for both earth and lunar operation
of the horizoﬁ sensor being considered. It will therefore bé
unnecessary to modify the optics or detector‘package_when
P E changing from an earth to a lunar mission. 'The only}change
which is foreseen is a new signal threshold'setting_for the
two conditions. This may“be accomplished by a simpié éwitch;»j
which changes a resistance and effects a scale factor change.

In Section 3 we.have discussed a large variety of
horizon sensor concepts and systems, including the one we have
recommendedf Details of the optical and electronic system
are presented along with a calculation of the energy expected
for the earth and lunar missions and the resulting signal-to-

: E noise ratio§ and accuracies.
Section 4 sumﬁarizes the imﬁortant features of the

 various systems and peints out the principal differences and

[FOTST
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their significance for the intended application. Table 4-1
shows the important features of some of the systems which
have been discussed.

Section 5 is concerned with thevfeliability of the
various systems which, we feel, could meet the design goal of
accuracy and sensitivity for this program.

We have also shown that two modified”veréiqns‘of a
conical scan sensor are capable of meeting the basic require-
ments of accuracy and sgnsitivity for both earth and lunar
missions and, with the same redundancy recommended for the
edge tracker, can also be shown to attain the desired reliability
figure. Howevef, we feel that the sensitivity of these systems
is inferior to that of the edge tracker and that the latter has
more flexibility and‘growth potential. We also feel confident
that we can execute the remaining phases of this program within
the timetable which was set up in our proposal and which is
part of the work statement of éﬁrjcentrgctj :

One further rgcommendétion which we make is thét a
meeting be held betweén théuébgnizaﬁékNASA, MSC authorities

and Barnes Engineering Company technical personnel to discuss




the results of our study, obtain unanimity on the course chosen
for the balance of the program, and resolve any interface prob-
lems concerning the sensors, spacecraft, and its mission in ad-

vance of commencement of the design and construction phases of

this program.
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APPENDIX A

Experimental Low Level Commutator for use |
with Electronic Scan Horizon Sensor




Experimental Low Level Commutator for use
with Electronic Scan Horizon Sensor

T

A single-pole, five-throw MOS FET switch was con-
structed with the necessary associated electronics to demon-
strate the feasibility of a solid-state, microvolt-level
commutator. Incorporated therein were the necessary tech-
niqﬁes to eiiminate the'auélproblems relating to spurious
thérmal potentials and to amplifier saturation from commutation
transition spikes.v

The commutator was'téStéd ét”;50°C, +25°C;’andﬂ490°C
ambient-tempéfatures; Spurious poteﬁfiéié éeﬁeféted-within
the commutator’were less than #1 micfovblt over the test range
of aﬁbiént‘EémperatureAéonditidné.’ ﬁy refining‘tﬁéﬁtééhhiqﬁes
utilized, these spurious potentials can be further reduced.

The basic COmmutator utilized'fiﬁe‘FET's. They were
mounted on an isothermal test fixture deSigned to minimize
temperature differences between each tranSistor and its

associated leads. The five transistors were interconnected

 to function as a five-input, single-output commutator switch.

Low-level d.c. input signals were provided thereto by five

e
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associated logarithmic potentiometers and five subsequent

'1000:1 attenuator networks. The output impedance of each

attenuator network was 1000 ohms, which simulated the output
impedances of the thermopile detectors that are eventually

to be commutated.

A five-stage ring counter was used to sequentially
provide -20 volt pulses to the gates of the FET commutator N

transistors. These pulses caused the transistors to be sequern-

tially gated on, permitting their associated inputs to be
sampled one at a time. |

The transition spikes at the commutétbrwoutput"
(caused by the‘capacitive coupling of leading and Ef&iiihg
edges of the gating drives through the FET gate to source and
drain capacitances) were reduced in amplitude by means of a |
0.0047 microfarad bypass capacitor. The resultant spikes
were sufficiently small in amplitude so saturation did not
occur in the subsequent low-level (approximately 1 microvolt
input noise) ZSOdjgain signal amplifier. The amplifier's
bandwidth (high énd lbw frequency cut-offs of 3 and 3000 cps,

respectively) was adequately wide to permit commutator
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sampling times of 2 milliseconds duration to be accommodated
without causing excessive '"overshoots,' signal "droops,"
or "stretching" of the transient commutator spike into the
sampling period.

The sampling time of 2 milliseconds was obtained
from an external ''clock' square wave oscillator. This drove
| a 500 microsecond mondstéble multi-vibrator, and the leading
eage of the resultant pulseé therefrom were used to trigger
thé five-count ring counter.

The 500.microsecond pulse was also applied to a
high level transistor»Switch which was chnnected, in series,
betﬁéen the”signalﬂamplifieris ohtpht ahd a subsequent low |
pass final output filter whichvsét the system's upper fre-
quency respohse limit to 800 cps,v The pulse frhm the monostable
multi-vibrator‘"opened" the series’butput switch simuitaneously
with:the arrival df the input commutator transient ﬁspiké"'and
hgld it oﬁéh fbf’ayperiod of SOOVmiCroSeconds. 'This éffec-
tively prevéhted the amplified'spufious gating pulse (which,
kréferred to the'ihput, decayed to under a microvolt in less

than 150 microseconds) from being fed into the 800 cps low pass

1
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output filter. The output switch was permitted to close for
the 1.5 millisecond remainder of each 2 millisecond sample
period, allowing the output filter to be driven tb the ampli?
fied level of the input,signal being sampled. |

The system block diagram is shown in Figure A-1.
Figure A;z shows oscilloscopé phdtogfaphs of‘gating~driVé
signals, transient "spiké" waveshapes, and commutated signals
taken at indicated points on the blockddiagram.‘ |

In the tests described, the Z‘miiliSecdnd.sahpling
time should not beregarded as allimiﬁ to ﬁhe sampling rate |
wﬁich may be used. This rate was selected fo: convenience E
in the tests which we. conducted. It may be réédily changed
to a 10 kc rate for the present applicatioh; Hoﬁéver, i: is
sﬁill felt that switching at a megacycle rate, such as would
be required if each detector element were sampled once every
frame, is not presently feasible with the MOS FET switch.
Instead, we recommend using this switching system to sample
each element of one line at the frame rate and combining the'
liné outputé ét #hé‘final outputs to obtain the desired.video
signal. This teéhniqug is described in more detail iﬁ ﬁhe

body of the proposal.

- . ok dah ;H‘M




An example of our successful use of low-level
switching using the proposed "gatihg-off" technique with
field effect devices is illustrated in the oscillographs of
Figure‘A-Z; A signal only 1/1000 the amplitude of the
transient pulSe is shown first in relation to the transient
pulse and then with the transient pulse gated off. The dif-
ference is quite dramatic. | |

Scale factors are listed in the lower right hand
| corner of the figure.

Photograph A presents the yoltage and time scales.
Tréce 1 is the preamplifier output pulse which is brought

about by gating "off"k?ETl and, 30 microseconds later, gating

"on" FET2. Trace 5 is the "off" gating pulse on FET].

Trace 6 is the ''on'" gating pulse on FET2. The voltage transient
in Trace 1 is about 3‘millivolts‘referred‘toﬁthe input of the

wide band preamp. 'It would be quite hopeless to try to read

a few-microvolt“Signal through this transient without the aid |
of the gating tééhniQue described.ﬂm
Photograph B shows that there is randomness as to

the exact form, duration, and amplitude of the transient pulses 1
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encountered. Trace 1 is the preamplifier output with a
different time base. Note that the second pulse has a difé

ferent appearance due to a different gate/source, gate/drain ‘

capacitance of the second FET. Trace 2 is the output of a

' post-amplifier with a gain of 6 and a phase'inverSibn{' The

coﬁstant departure from the zero line, dwarfed by the large

e T T

switching transient, represents a 150-microvolt signal which,
by thermal imaging standards, is in itself quite large.

‘Photograph C, Trace 2 is the post-amplifier output

with a 150-microvolt signal in one FET channel. Trace 7 shows
| synchraﬁous pulses generated by a one-shot multi-vibrator

which will be used for blanking the leading and trailing edge
transients. The pulse duration is sufficiently long to outlast
the longest transient pulses expected. |

Photographin; Trace 2His’preampiifier output showing
a 20 microvolt signal'with wiae band noiSe. The-transient
pulse extends well beyond thé upper andlbWéf édges of . the

photograph. Trace 3 shows a 20 microvolt signal as seen at

the output of the transient blanking circuit. The transient

pulse, having been gated off, has disappeared.

1l
i
i
1
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Photograph E, Trace 3 is the same as above--20
microvolt signal with wide band noise after blanking. Again,
the transient pulse, having been gated off, has disappeared.
Trace 4 shows a 20 microvolt signal after an 800 cps low-pass
filter network.

Note that we can easily distinguish one-micrbvolt
levels with no disturbance from the switching transient which
 has aipeak-to-peak amplitude of about *2 millivolts referred
~ to the input,r~This'performanCe has been established over a

- range of ambient temperatures from -50°C to +90°C.
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APPENDIX B

Description of Difficulties with the Present
Piezoelectrically Actuated FIRM Component
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Description of Difficulties with the Present
Piezoelectrically Actuated FIRM Component

| We discussed certain difficulties with the FIRM
gieZOelectric modulator in Section 3.1.3 while explaining
the nature of the problems which we observed and possible
solutions to them.

In this section we wish to outline the nature of

these problems and the steps being taken to correct them.

- Two sources of difficulty were uncovered: a re-

a

duction in modulation efficiency, and a group of auxiliary

fields sbaced‘at discrete intervals_from the primary field.
(a) The gap problem’identified;with creep in the
BariumyTitaﬁété tranédﬁcef‘wﬁich reéﬁited in a
change in the gap between.the,FIRM optica1‘e1ements.-
A change of about .5 microns in the open gap di-
rection was observed over a period of about one
month.
(b) Multiple fields in the FIRM cell. As is in-
Qiéated in Figure 1, due to the double pass through'
the gap of the optical rays, multiple fields can
exist in the FIRM, each field being of lower in-

tensify. These multiple fields become a problem
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only for the case where full Chopping efficiency
of the FIRM is not reached. However, it should

be mentioned that, if all of the rays from the

multiple fields do not get out of the FIRM cell
aperture but are trapped within the cell, then the

éossibility of an ambient chop exists which would

h | produce an erroneous signal when the FIRM horizon
} | sensor was scanning cold space. As many as five
separate fields of view have been detected in one

of the FIRM cells——each field being less intense by

r ; approximately a factor of two. Further quantitative
‘measurements of these auxiliary fields are being con-
ductédJ The effect of these auxiliary fields on
system performance would be to maké the systemeore
susceptible to sun iﬁterferenée; since,more than.two
fields are scanned in space, vThis_mu1tip1e fiéid
prdblemYCan, deCOUrse, bé cured if'thelFIRM can be
madettbﬁﬁodulaté‘betwéen fofél tranéﬁission,and total

thihction. Therefore, the elimination of this problem

is tied in with the soidfion:to'obtain an adequate

drive force to assure greater modulation efficiency.

i e e oA



Ethan would be needed at the aperture)\*

Solutions are being investigated for both of the

problems discussed above. The gap change is believed to be
?a%sociated with dimensional changes in the Barium Titanate.
ZA different drive mechanism using magnetic actuation is pre-

‘sently under consideration.

By making the FIRM cell with two butting prisms of

;iﬁentical geometry; we can avoid the multiple field problem.
%Ohe configuration is shown below in which we have insured
?cbmplete symmetry with no more than one reflection for each
iray at the gap interface. Iﬁ»this design the FIRM cell is

in a convergent beam and will employ smaller optical elements

N

Y
Another interesting configuration uses optical ele-

&@nts with convex surfaces to converge the incoming radiation

to a focal point at the gap. It, therefore, requires contact

o

o
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and modulation only in a small region of the optical elements
thus easing the problem of obtaining a high modulation effi-
ciency Qith negligibly émall drive power.

g | If work presently being performed on these systems
én the Company's R & D program yields satisfactory results ih
the next month or two, it may still be possible to incorpbrate

a newly designed modulator into Earth/Lunar Horizon Sensor

systems.
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Explanation of Logic Circuit Operation for
Sensor using Noise Prediction Processing
A few words of explanation may be in order to show
how the processing electronics identifies the first and last
! horizon crossovers and thus measures the attitude with re-
]
]
' spect to a fixed optical reference point. The sketch below
shows typical waveforms expected for an assumed horizon profile.
} | ,
! | R Sync Reference
SRN— ! . - Pulse e
' Planet | L e
. Radiance
- Profile __ _
s | v -
 Output of o o
- Predictor ,MJ - N J\wAA, el A j\ ‘ |
: s Yo mh NSAAS A \’"‘\v‘ V‘W W U Vo
~and Delay \/\ Av o N“f'
- Networks | | o
| v | | - |
' - | |
 Ranmip o o
Gengrator P
f Qutpuc
Boll Sync Refererce . o - Read Cut Rolil
. g L 3 1 PR .
Arms Readout Catea 7 Signal and Hold

Read”Out Pitch

o

and Hold =

Pitch Sync Reference Arms o ' _Erro
Readout and Inverts Slope | \ {

y
I :

Pitch

S .
“f Error T




Roll error is the difference between the roll signals
of two channels viewing opposite sides of the planet.

As is séen in the sketch, a ramp generator is started
by each signal pulse exceeding a prescribed value. The next in-
coming pulse discharges the ramp output and starts a new one at
zero. The value of the ramp output voltage is a measure of the
time from the start of the ramp at zero volts. The last pulse
when the detector field of view leaves the planet in its trans-
itibn to space starts’a ramp whi¢h continues uninterrupted
except on cpmmand from a readout and hold gate.

A refefenéé signal generated optically when the scan
motor reaches the midpdint in the outer space scan performs
t&o functions: it arms a gating circuit to~ready}it for actua-
tﬁon when the‘nekt pulse arrives (the crossover of the field
of view from space to planet edge); and it alsc inverts the
direction of one ramp in order to measurékthe difference in
time between the trailing planet edge and the reference time

and the leading planet edge and reference time {pitch). The

%,éiosing of the gate by the first pulse (leading planet edge

%‘crossover)yafter the Space reference pulse hclds and isolates

p

PPN
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the net diffefence in the rising and falling ramp voltage to
provide the pitch readout.

Rolivreadout is obtained in a similar fashion ex-

cept that no ramp direction reversal is required. The first
planet crossover pulse turns on the gate (armed earlier by

the reference pulse) and holds the charge representing the

maximum ramp value. A difference amplifier compares this
maximum ramp voltage emanating from two oppbsitely directed

sensor heads and registers the difference as the roll error

and provides both direction and magnitude attitude data.

> i

Delay:
ﬁ Readout Gates
- | )
Positive }— s{Discharge
Ramp o | and Start I
| Invert
Syﬁc : Slope .
Reference | ¢
Pulse |
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APPENDIXKX D
ﬁHorizon Sensors for Vertical Stabilization of
Satellites and Space Vehicles"

QInfrared'Horizon Sensor Techniques for Lunar
and Planetary Approaches"

"High Accuracy Horizon Sensor using FIRM"
"Electronic Scan Horizon Sensor"

""A High Accuracy Conical Scan Infrared Horizon
Sensor Operating in the 15 Micron CO2 Band"

thadenemtadhiuii il




i WIS - e 2 B T Bl S AT S e g nstter
. e ™ o o i o e e eg e, ki :
) o o e catiunr Ve

i BLANK PAGE

eatiiaaeiianaaitss v ad e T




HORIZON SENSORS FOR VERTICAL STABILIZATION OF
SATELLITES AND SPACE VEHICLES

Reprinted from:

PROCEEDINGS
of the

by
r Morris H. Arck and M., Monty Merlen
|
r
|
|

L ational Specialists Meetmg

v

; LY uidance of/ l(ernspace Vehicles

' BOSTON, MASSACHUSETTS

//,
May 2311960




" ence for establishing the local vertical.

B e e L iR ek L W N SN T e o]
T TR R S _*,~..3i%9\ ‘_;‘Eq{ B s RET ey ; ¥ %

HORIZON SENSORS FOR VERTICAL STABILIZATION OF SATELLITES AND SPACE VEHICLES
by
Morris H. Arck, Project Manager and M. Monty Merlen, Project Engineer
Horizon Sensor Systems
Barnes Engineering Company, Stamford, Connecticut

Introduction

The Local Vertical has long been used as
a reference for navigation on the surface of the
earth. With the launching of missiles and satellit~
es, it has also come into importance as a reference
for space navigation and for control of the attitude
or orientation of space vehicles. The local vertical
at any point near the surface of a celestial object
is a straight line between the point and the center
of the celestial object. If the body is a homogen-
eous sphere, the local vertical lies along a radius
of the body. Under these conditions the local ver-
tical has two properties by which it can be deter-
mined; it is perpendicular to the plane of the hori-
zon as seen from the point of observation; and it
coincides with the gravity vector through the point.
At a point in space the local vertical is thus a dir-
ection relative to a nearby celestial body and it is
not an absolute direction.

Gravity sensing systems determine the
local vertical by detecting the direction of the
gravity vector. Such systems are of limited use
where in addition to the gravity vector the system
experiences other forces due to accelerations.For
an object in free-fall or for an orbiting body, where

" weightlessness occurs and the net force is zero,

the gravity detector is useless.

Inertial guidance systems establish an
absolute reference in space. With the proper data,
the local vertical can be computed. The use of
these systems is limited by their relative size and
complexity. The required information is derived by
computation, and the system {5 subject to drift.

The visible horizon is a convenient refer-
Its use is
precluded at night or under obscuring weather con-
ditions when the horizon is not clearly visible.

It will be shown that the infrared radiation
received from the earth at a point in space clearly
delineates the earth against {ts space background
under all weather conditions and by day or night.
By detecting this thermal horizon, the local vertical
can be erected for objects in space flight. Attitude
control of the pitch and roll axes  of satellites or
space vehicles may then be accomplished by refer-
ence to this vertical. For this purpose, horizon
sensors have been developed with high sensitivity
i1 the far-infrared spectrum. These sensors are
compact units, completely automatic and passive
in operation.

This paper describes several sensor syst~
ems, reviews the history of their developmentat

‘Barnes Engineering Company and discusses the in-

frared and electro-optical techniques employed in

34

their design.

' Basic Principles
The Thermal Horizon

The infrared radiation received from the
earth at a point in space is contributed by two
sources: diffusely reflected radiation from the sun
and thermal self-emission from the earth and its
atmosphere. Essentially zero infrared radiation is
received from the space background; the contribuiion

from stars and distant planets is.negligible compared

with the earth's radiation. There is thus a sharp
radiation discontinuity at the horizon, between the
earth and space background which can be used both

-day and night for vertical position sensing.

Therinally-Emiited Radiation

As the horizon sensor scans across the
earth's surface, it will receive thermally-emitted
radiation and reflected solar radiation.The therm-
ally-emitted radiation will come partly from the
earth and partly from the atmosphere.The earth's
contribution will be in spectral regions where the
atmosphere is transparent; the atmosphere itself
will radiate in the spectral regions where it is
opaque. When one looks close to the horizon, the
thickness of the air layer becomes very great, and
theoretically the atmosphere defines the emission.
The primary source of infrared emission in the
atmosphere is the water vapor concentrated in the
troposphere. The radiance seen at the horizon
would be expected to be of a black body at the

‘temperature of the top of the tropesphere, or the

tropopause. This temperature has been reported to
vary between 220°K at the poles to 200°K at the
equator. As we scan across the earth's surface to-
ward the nadir, the effective black body temperature
should increase since we see through less atmos-
phere and hence see more of the earth's surface,
which is generally much warmer than the tropopause.
Theoretically, the horizon discontinuity which must
be detected is between black bodies at 0°K and
200°K. This represents a radiance difference of
0.003 watts~cm2 - steradian™!. The location of
the horizon gradient should be well-defined and
would be much steeper than any others to be ex-
pected, such as gradients across geographical
features of the earth's surface. The steepness
should not be deteriorated appreciably by the finite
height of the atmosphere. One reason is that the
gradient should occur primarily at the tropopause;
another is that at operational altitudes the
horizon is so distant that the vertical thickness
of the atmosphere subtends onlya fraction of a degree.

Reflected ES‘olcxr Radiation

The -accuracy with which the ‘earth's infrars
ed horizon can be determinedis affectedadversely by
the presence of reflected solar radiation which
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could produce other discontinuities from cloud
edges, topographical features or the terminator
(night-day division). Fortunately, spectral filter-
ing can be used to separate reflected sclar radiat-
ion from the earth's self-emission. Solar radiation
has a color temperature of about 6000°K and appears

~almost entirely in the spectral region from 0.2 to

2.0 microns; the earth, at a much lower temperature,

- radiates in the long wavelength region beyond 5

microns. By using a filter which eliminates the"
short wavelengths and a thermal detector which has
high sensitivity at long wavelengths, a system can
be made almost completely independent of solar
radiation. A suitable combination is ¢ germanium
filter and a thermistor detector. Germanium is

- completely opaque below 1.8 microns and trans-

mits well between 1.8 and 20 microns. Figure 1l
illustrates the spectral distribution of radiation
received at a point in space from the earth and the
transmission characteristics of germanium. The
thermistor detector, itself, has a flat response
over the entire region shown. About 92% of the
reflected solar energy is removed by optical filter-
ing; residual reflection effects are eliminated by
signal-clipping techniques in electronic systems.

Historical Development of Horizon Sensors at
Barnes_Engineering Company

Barnes Engineering Company undertook
development of horizon sensor systems in mid-1958
with the design and fabrication of Narrow Scan
Angle Sensors for General Electric, MSVD, Philade}l-
phia. Two different systems were developed in
Each system consisted of three
scanner heads and a central electronic mixer box
which resolved the information from each head to
yield both pitch and roll error signals. Each
scanner head, in both system versions, employed
a thermistor detector to sense the horizon. The
earlier version employed a chopper wheel through
which an 18° vertical by 1° horizontal field of
view was examined. The horizon location was
determined from the total radiation received, and
stabilization was accomplished by comparing
outputs from head-pairs. The three heads were
mounted in the configuration shown in Figure 2.
Thus, heads 1 and 2 yielded roll information while
heads 2 and 3 yielded pitch information after the
signals were processed in the mixer box. The later
version utilized pulse-width information obtained

-. from each scanning head by means of a Nipkow

scanning wheel upon which a series of holes was
arranged in a spiral path. The mounting of heads
and combination of head-pairs were identical with
the earlier version. Both versions were test-flown

in THOR missiles with the sensor outputs monitored

but not controlling. These tests extabilshed the
existence of a reasonably sharp infrared horizon,
but several deficiencies were disclosed, among
them limited altitude capability and excessive bias
po'.:aer and lowered sensitivity resulting from the
extremely large detectors required.

The successor to these‘eurlger systems
was designed under contract to General Electric,

-~ .prised a system.
‘conical pattern with an apex angle of 78 to detect
radiation discontinuities existing at the horizon.
‘The operating principles of the conical scan sensor
‘are discussed in a later section.

110°.

MSVD. Under this concept, two sensor heads com-
Each sensor scanned space in a

Subsequent development of horizon sensor
models led to use of conical scan angles of 90 to
These wider angles improved acquisition
capabilities and increased the range of operational
altitudes. One version, developed for ABMA,
utilized a rotating mirror assembly with a 120° scan
angle. This sensor is shown in Figure 3. As fur-
ther developments incorporated more severe envir-
onmental requirements, the rotating mirror assembly
was replaced by a rotating prism assembly, and the
entire sensor package was complately sealed
against external environments. The present sensor
design is shown in exploded view in Figure 4. This
configuration is used for sensors delivered to ABMA
and for McDonnell Aircraft Corporation. For ready
comparison, Table I lists the characteristics of
some of the sensors developed.

Wide Angle Prism Scan Svs tems

The present wide angle horizon sensor,
shown in Figures 4 and 5, is representative of the
conical scan sensor which was designed to meet
severe environmental specifications. Each sensor
is a completely self-contained unit which is

~ flange-mounted. The backbone of the unit is a
circular baseplate which supports a rotating prism
assembly, drive motor, synchronous choppers, a

. processing and power supply electronics.

germanjum~immersed detector and the entire signal-
A cylind- -
rical rear cover encloses the electronics A metal
front cover with a germanium window encloses the
rotating mechanism. The unit is sealed with O-
rings.

Before the operation of the horizon sensor
ts described, certain design features will be
pointed out and explained.

(@) Sealing of the sensor urut was required
in order to prevent moisture from entering during
storage and during long hold-periods on the launch
pad. As an adjunct, the sensor is pressurizedwith
dry nitrogen at 3-5 psig.

(b) A centrifugal sun-shutter was provided
for applications requiring an intermittent duty cycle

- with the output of the horizon sensor coupled to the

reference gyros. In this application, the horizon
sensor system operates for a relatively short time

at periodic inteivals. Its prime function is to
correct the drift of reference gyros which operate
continuously to keep the space vehicle properly
oriented. Whereas the sun may be scanned with no
damage to the detector, the energy of the sun con-
centrated for extended periods on a detector will
cause it to deteriorate. The latter condition could
occur during one of the "off " periods of the horizon
sensor. Therefore, a sun-shutter is incorporated
for this contingency. A centrifugal design has the
advantages that it is self-activating, fail-safe,and
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requires no additional power.

Horizon Sersing With a Conjcal Scan Sensor

Two horizon sensors, properly oriented in
a space vehicle as shown in Figure 6, will estab-~

" lish a local vertical with respect to the earth.

When the vehicle is oriented so that the earth is
present in the scanning path of a sensor, there
are two points at which each scan intersects the
earth's horizon. The sensor detects the change in
radiance level between the earth and space at the
two horizon points. It then compares the time
interval between alternate horizon crossovers with
fixed references aligned with the space vehicle.
From this, the sensor generates linear error signals
proportional to the angle of tilt between the normal
to the chord connecting the horizon crossover
points and the fixed references. These error
signals can be used to control attitude about one
axis by a suitable reaction mechanism. By using
two sensors, attitude control about both pitch and
roll axes is possible.

rat ctin sm Sens
The operation of the Rotating Prism Sensor will be
described in terms of its scanning system and
electronic circuitry.

Scanning Svygtem:details, including the

sensor optics and scan mechanism, can be seen
in Figures 4 and 5. The infrared detector is fixed
to the center of the circular plate, and its 2°x8°
field of view extends through the circular opening
in the center of the scanning assembly. The
scanning prism deflects the detector field of view
55° from the normal. As the prism rotates it
swings the line of signt around the ax{s of the
sensor, generating a.cone with an apex angle of
110°.

A drive motor geared to the scanning
assembly rotates the scanning prism at 30 rps.
Closely associated with the prism drive assembly
is a reference signal generator. The output of
this generator is a square wave signal at 30 cps;
this is the fixed reference to which the detector
horizon signals are compared. The reference
generator is triggered by the interaction between
a nagnetic pickup coil and a semi-circular steel
vane embedded in the under surface of the scan=
ning prism assembly gear. As the gear rotates,
the vane passes over the pickup coil, generating
reference pulses. These pulses trigger the phase

' reference generator to yield a phase-locked 30

cycle square wave.

The collecting optics consist of a ger-
manium objective lens which focuses the radiation
upon a thermistor detector attached to its rear
surface. Germanium, in addition to its spectral

filtering characteristics, is an ideal optical mat-
erial because of its high index of refraction (4.0)
and low dispersion. A fast lens can be made
without excessive curvature. The detector is

oriented so that its iong dimension is parallel to .
the horizon during the conical scan, giving maxi-
mum resolution. Use of an immersed detector
produces an optical gain almost equal to the indéx
of refraction of the germanium. The principle of
immersion (i.e., embedding a detector in the rear
surface of a lens) is the same as for an oil-
immersion microscope objective. In addition, the
detector area for a given field of view is reduced,
substantially reducing the bias power requirements.

The Infrared Detector consists of two
thermistor (thermally sensitivé resistor) elements
connected in a bridge circuit s shown in Figure 7.
One arm is the active flake which receives the in-
coming radiation; the other arm consists of a

‘similar compensating flake which is shielded from

external radiation. The two flakes are oppositely
blased, and their junction is connected to the in-
put of the preamplifier.

Radiation impinging upon the active flake
will change its temperature and therefore its
resistance. The junction voltage changes accord-
ingly. The result of the radiation changes during
a complete scan cycle is the generation of a rec-
tangular wave signal at a 30 cps frequency.

Ele n

The electronic circuits of the horizon ;
sensor are shown in block diagram form in Figure 8.
They combine transistor electronics und printed
circuit techniques in a compact assembly. The in-
dividual circuit blocks are described in the follow-
ing paragraphs. ’ o

. The Preamplifier and Booster Ampljfjer

provide impedance matching and raise the level of
the detected signal. The junction-of the thermistor
flakes is direct-coupled to the input of the pre-
amplifier. Direct-coupling provides good low-
frequency response and prevents phase-shift.
Feedback is used to stabilize gain and provide
high-frequency boost compensation for the detector
time constant in order to preserve the steepness of
the sides of the rectangular radiation signal wave-
form. The booster amplifier simply provides addi-
tional gain. ‘-

The Signal-Centering ngm;'as,sures that
the output signal reflects only vehicle tilt. The

amplifier output signal is limited in order to make
the error signal dependent only upon horizon angle
and independent of variations in the earth's radi-
ance, detector sensitivity, amplifier gain, or
power supply voltage. The amplitude limiter em-
ployed samples a thin horizontal slice from the
rectangular waveform. This slice must be taken
at a point of minimum phase variation. This con-
dition occurs at the center of the waveform. Were
an RC circuit used to couple the signal to the
iimiter, it would balance equal areas of the signal
waveform above and below ground. Changes in the
angle of horizon depression would then cause a

i




shift in the D-C signal level. Therefore, a signal
centering circuit {s employed before the limiters
to assure that the same center slice is sampled
for phase shift under all conditions. In this way
the signal amplitudes rather than signal areas are
balanced about ground.

The Phase Inverter and Limiter provide a
clean push-pull signal for rectification.After cen-
tering, the signal next enters the first of a pair of
cascaded feedback amplifiers, each of which acts
as a limiter and phase inverter. The first stage
output is a limited rectangular wave which swings
10 volts either side of a fixed 10-volt level. Part
of the output signal is fed to another limiter amp~-
lifier. substantially the same as the first where it
is amplified and inverted to yield the mirror image
of the output from the first section. The total

~ output is a dual signal which then proceeds to a

phase detector.

' The Phase Reference Generator consists
of a free-running multivibrator which is synchron-

ized to the rotating prism motion by the reference .
pulses from the magnetic pickup. The resultant
square wave is amplified and used to drive two
high-speed SPDT synchronous switches (Syncro-
verters) which comprise the phase detector. Accur-
ate phasing is assured by correct initial adjust=-
ment of the pickup vane.

: The Phase Detector and Filter converts
the limited push-pull signal into a proportional
D-C error signal by synchronous rectification.
The input signal is connected to one pair of
stationary switch terminals, and the output is
connected to the other pair. The moving contact
arms are connected to capacitors and they are
phased so that when one capacitor is sampling
the input signal, the other is connected to the
output. terminals. The voltage transferred from
input to output by each capacitor corresponds to
the integrated charge accumulated during the
previous sampling cycle. The principle is similar
to that of the box~-car mtegrator uséd in radar
systems.

i The iron vane of the scanning prism as-
sembly is initially aligned so that switch-over of
the synchronous switches occurs when the radial
sector of the scanning beam crosses the vertical
reference mark of the sensor; switch-back occurs
180° later. Thus, when a storage capacitor is
connected to the signal input, it receives part of
the sky radiation pulse and part of the earth radi-
at!on pulse. The capacitor is charged positively
durmg the switched-in portion of the earth pulse
and negatively during the switched-in portion of

the sky pulse. If the sensor horizontal is parallel -
to the earth's horizon, each capacitor is negative-.

fly charged an amount equal to the pcsitive charge,
and its net charge is zero. If the sensor is tilted
with respect to the horizon, the positive and neg--
ative charges placed on one capacitor during a
sample period are no longer equal, and a net

error signal is produced which indicates by its
polarity and magnitude the direction and degree of
tilt. Figure 9 illustrates the signal waveforms and
the reference signal switch points for a centered
and a tilted horizon respectively.

The D-C Qutput Ampliffer isolates the
sensor from the load circuits at the input of the
D~-C amplifier. The outputs of the phase detector
are combined and filtered by an R-C network. The
output of the amplifier may be adjusted for 0.1 to
1.0 volt per degree of tilt; for the sensor under
discussion, it is approximately 0.3V per degree.
The output transfer function is linear over the range
of £35° of tilt and is constant outside this range up
to £ 90°,

The Void Signal Circujt puts out a “disre-

gard output” signal under two conditions. Spurious
error signals may be generated either when (a) the
sun appears in the scan or(b) the horizon is lost
because of vehicle perturbations. Void signals pro-
duced under these conditions trigger a logic circuit
which indicates by its output that either of these
effects prevail. This output is used to disconnect
the D~C error output from the vehicle guidance
system so as to prevent erroneous control by inher-
ent system noise.

e ) nd Re ts
derive all required operating voltages from the 400
cps, 115-volt supply. Semi-conductor regulator
circuits supply the divers regulated voltages re-
gquired by different portions of the system. The
ABMA horizon sensor provides for 12Volt D=C input.

mmsum_z_s_u;guﬁ_ A smgle multi-

pin connector at the rear of the unit provides all
the electrical connections to the sensor. In addi-
tion to the power input and error signal output, a
number of test points are provided at this connect-
or for use in check-out and troubleshooting.

Environmental Tests

The Wide Angle Horizon Sensor has
successfully completed a Qualification Test Program,

meeting severe environmental requirements of re-
- duced pressure, temperature, humidity, acoustic
'noise, vibration, shock, and acceleration.These

tests were desiqned to slmulate environmental

in flight .

Test Fligh sults

Telementered data from an ABMA horizon
sensor mounted in a Jupiter’ miss,ile yielded valu-
able information. Although the error signal output
was not used for control purposes (control being

- delegated to a gyro stabilized platform during

these tests), two output were monitored. One of
the monitored signals was the unlimited preamp-
lifier output signal which was observed to determine
the earth-space radiance difference. The other
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monitored signal was the error output. This was
compared with the gyro platform attitude.

Information from the preamplifier output
channel disclosed that the temperature difference
at the earth-space horizon was approximately 275°
K. This implies that the discontinuity is at the
earth horizon rather than at the tropopause.

During the same tests, the error signal
channel showed that the horizon sensor output
over its linear range differed from the gyro-platform
attitude output signal by no more than £0.3°. This
was a factor of three better than the design require~-
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ments of £1.0°.

Conclusions

- The Horizon Sensor demonstrates the
feasibility of employing the infrared horizon as a
reference for vertical stabilization. The systems
have performed satisfactorily under the conditions
encountered while placing and maintaining a
vehicle in geocentric orbit. There are good reasons
to believe that the same system can be used to
establish a local vertical with respect to other
celestial bodies in close proximity during space
flight, for example, in moon approaches and land-
ings.
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- form over the surface of the planet.
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INPRARED "HORIZON SENSOR TECHNIQUES FOR LUNAR AND PL..NETARY APPROACHES

Gerald Palbel, Technical Planning Staff
Robert W. Astheimer, Chief Engineer, Development Engineering
garnes Kngineei.ug Company

Introduction

It is necessary to establish the attitude
of most orbiting and interplanetary vehicles at
various times with respect to some external co-
ordinate system. This is usually accomplished by
sensing the position of some combination of the
sun, stars, or planets. If the object is at ‘a
distance such that it appears as a point, the
sensor is called a star tracker, while 1if the
planet is close enough so that a definite disc
is perceptible, it is usually called a horizon
sensor. In the latter case, the direction toward
the center of the disc is desired. This paper
will consider the problem of determining the
horizon position by means of the thermal self-
emission of the planets, particularly the earth,
the moon, Mars, and Venus. The infrared emissive
characteristics of these planets will be reviewed
and various sensing techniques discussed. A com-
parison of the accuracy which may be achieved by
the various methods 1s given.

| .
In order to sense the position of a planet

by its thermal self-emission reliably and with some

degree of accuracy, three properties of the planet
are desirable.’ First, it must be warm enough so
that a detectable thermal discontinuity exists be-
tween the horizon and the space background. Second,

- for a good accuracy, this discontinuity or gradient

should be very sharp; and lastly, system problems
are simplified if the radiance is reasonably uni-
The last
condition can sometimes be attained fairly satis-
factorily by selecting the spectral region of
operation.

A plot of the apparent temperature dis-
tributionlalong a diametral scan of the earth, g
the moon, Mars, and Venus is shown in Figure 1 A
logatithmic radiance scale for the total thermal
emicsion is also shown since it is the radiance
rather than the temperature which produces the
received gignal. Each object is assumed at half
phase with the terminator bisecting the disc in
order to illustrate the difference in signal level
between the dark and sun illuminated sides. This
figure is a great over-simplification but is
useful for comparing the gross radiant character-
istics of the four objects. . It must be pointed
out that these characteristics may be very differ-
ent in restricted spectral regions, particularly
in the absorption bands of atmospheric consti-
tuents; however, restricting the spectral region
can only decrease the apparent radiance, although
it may also reduce the dynamic range of signal
that must be accepted.

A minimum detectable radiance level is
shown at 0.1 milliwatts/cm?-ster agsuming an im-
mersed thermistor detector with a 2-inch diameter
collecting aperture, 207% optical efficiency, a
1° x 1° field of view, a 250 cps bandwidth, and a
signal 10 times rms noiae. These are realistic
parameters for a system as will be shown. It is
seen that the horizon of all planets is readily
detectable with such a system. We conclude then

that all these planets have enough thermal emission
to make infrared horizon sensors of reasonable
aperture practical.

The accuracy with which the horizon can
be determined will depend upon the steepness of
the horizon gradient which is a function of the
density and composition of the atmosphere. The
moon, possessing no significant atmosphere, has
an infinite gradient; end the ultimate accuracy is
limited only by terrain irregularities. 1In a
practical system, however, the detector noise would
probably be a limiting factor because of the low
temperature and emission from the dark edge.

The uncertainty caused by the fuzziness
of the horizon discontinuity of a planet with an
atmosphere is a function of altitude. At very low

~altitudes, the error could be quite large, while

at high altitudes, the entire subtense of the at~
mosphere may become negligible. The earth is the
only planet on which horizon sensors have been
used, and considerable data has now been accumu=’
lated from Mercury and Discoverer vehicles with
wide spectral band systems. The accuracy of these
systems has genersally been limited by the size of
the detector field of view rather than the horizon
gradient. A number of theoretical studies? have
been made of the gradient to be expected in differ-
ent spectral regions, some results of which are
shown in Figure 2. - The spectral regions of
grzatest interest are the CO2 absorption band at
14 - 16 microns, the water vapor bands extending
from 20 - 35 wmicrons (and beyondj, and the so-
called transparent atmospheric "window" between

8 - 12 microns. It will be seen that the horizom

. gradient is quite sharp in the atmospheric window,

but the range of signal level is greatest here be-
cause of cloud cover. Operation in the 14 - 16
micron CO2 absorption band masks clouds and will
present a very uniform signal, but the gradient
will be more gradual, extending over almost 1° from
an altitude of 400 miles. Accuracy at this al-
titude is probably limited to & few tenths of a
degree by the indistinctness of the horizon itself.

Much less information is available re-
garding Mars and Venus. The atmosphere of Mars is
fairly tenuous with few clouds and will probably,
not diffuse the horizon significantly even at low
altitudes. Venus has a very dense atmosphere of
unknown depth; however, the top of the cloud deck
appears to be quite distinct and of uniform temp-
erature. Therefore, a sharp gradient should exist
in a spectral region where the clouds are opaque
and the atmosphere above transparent,

| One of the most troublesome problems in
| horizon sensing is caused by large variations in
temperature or radiance over the surface. Some
difficulties of this nature were experienced with
early earth horizon sensors because of unexpectedly
 cold cloud tops associated with large storm areas.
_ Spectral filtering and modifications of the elece
tronic processing systems were required to achieve
reliable operation for all weather conditions. The
sitvation is much worse with the moon as indicated
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in #igure 1. The radiant emission from the sun-
baked side is 100 times greiter than that from the
dark side, and there are additional small "hot"

and "cold" areas caused by sun-illuminated crater
edges and shadows. These variations in signal
strength may not only produce errors due to satura-

.tion and time constant effects but could cause the

system to confuse the horizon with the terminator,
since the terminator discontinuity is 50 times
greater than the dark edge horigon discontinuity.

The planet Venus seems to present the
easiest object for infrared horizon sensing, but
the sharpness of the horizon gradient in various
spectral regions, which depends upon the atmos-
pheric structure, is still unknown,

Reflected solar radiation will be super-
imposed on the thermal self-emission of the sun-
{l1luminated portions of all the planets. - This is
in general an unwanted disturbance and can be sub-

stantially removed by filtering out wavelengths

shorter than 8 microns. Such filtering also
greatly reduces the signal produced from direct
viewing of the sun which could saturate the system
or even damage the detector.

Detector Considerations

: |

It has been shown that the range of ap-
parent planetary. temporatures to be sensed extends
from 120°K to 380°K. Detectors sensitive to such
thermal radiation must respond to long wavelengths
from 8 to 40 microns. Photoconductive detectors
highly sensitive in this recgion have been developed
such as copper or zinc doped germanium3 but these
all must be cooled to temperatures in the neigh-
borhood of liquid helium. Reliable cooling to
these temperatures for long periods of time is
presently impractical for space systems and often
also for ground use because of logistic restric-
tions. The only suitable detectors are the thermal
types, particularly thermistor and metal bolometers
and thermocouples. Of these, the thermistor bolom-
eter has found greatest uge to date.

The thermal detectorSQOperate by virtue
of the heating effect when incident radiation is
sbsorbed on the sensitive element. The very small
temperature change resulting effects some physical
parameter such as the resistance which can be read
out electrically. An inherent difficulty in the
use of such detectors is the identification or
separation of the temperature change caused by the
desired radiation from the very much larger am-

-bient temperature variations. For example, in a

typical horizon sensor, the increase in radiation
received when the fileld of view scans from space
onto the earth 1ncreases the detector element
temperature about .001 °C. ‘The sensor must be de-

E'ligned so that this temperature differential may

be detected in spite of ambient temperature vari-
ations 10,000 to 100,000 times greater.

The most common way of separating the
desired temperature change from unwanted internal
effects is by optical-mechanical scanning or
chopping. This modulates the external radiation
signal at a relatively high frequency, while the
internal signals are very slowly varying d.c. and
can be.removed by capacitance coupling to the

electronic amplifier. It is important to notice
that such modulation must be done on the radiation
signal before detection and not on the electrical
output. Electronic chopping will modulate both ex~-
ternal and internal signals and is of no value in
this respect.

Thermal detectors which depend upon a re-
sistance change for signal generation, such as
thermistor or metal bolometers, are more subject to
internal temperature effects than thermocouple
types. The reason for this is that in order to
sense the resistance change a bias current must be
used to convert it to a voltage signal. The de-
sired signal thus appears as a very small c¢hange
superimposed on the much larger bias voltage.
Bridge arrangements of detector elements may be
used to buck out the large bias voltage, but it
is practically impossible to maintain the degree
of balance necessary over a wide ambient tempera-
ture range. Optical modulation, of course, solves
the problem since the d.c. bias voltage is filtered
out, therefore these detectors are seldom used
without optical modulation.

Thermocouple detectors do not require
biasing and are thus free of this problem. The
only voltage appearing is the thermoelectric EMF
produced by the radiant heating of the junction,
and this is not superimposed on a biasing voltage.
Unmodulated optical ‘systems are therefore feasible
with thermocouple ‘and thermopile detectors. Howe-
ever, even with these detectors, care must be taken
in the design to eliminate spurious signals from
internal temperature gradients and self-emission
of optical parts.

The elimination of optical chopping and

- scanning mechanisms is highly desirable for space
- missions where very long life and low power are
" necessary. The spurious signals or drifts, ine

herent in unmodulated systems, make them relatively
less accurate than optically scanned systems.
Therefore, thermopilc detectors arc most suitable
for low accuracy, long life applications such as
antenna pointing.

@gsic Sensing Techniques

The infrared emission characteristics of
the planets and suitable detectors for sensing this
radiation have been described. Such detectors must

~be employed in an optical arrangement to provide
. information from which the coordinates of the center

of the planetary disc can be determined to the de=-
gree of accuracy desired. A complicating factor is
thhat for most planetary objects the radiant emission
will be highly non-uniform over the surface,and for
high accuracy, the system must be independent of

the radiance level.

A number of systems have been developed for
this purpose. These can all be shown to be versions
of three general categories which we ahall designate
as follows:

(l} Conical scan.

7
(2) Edge tracking.

3) ' Radiometric balance.
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The detector field of view and scan pat-
tern associated with these techniques are shown in
Figure 3. 'In the conical scan, which could also
be called a wide field scan system, the instan-
taneous detector field is relatively small and is
caused .to scan through a large cone whose apex
angle may be as much as 180% With a 180° apex
angle, the scan describes a great circle, although
a more usual apex angle is between 50° to 120°.
The detector signal generated will be an approxi-
mately rectangular waveshape repetitive at the
;ean freguency. This waveshape is usually limited
‘a some fashion to eliminate amplitude dependence,
~.nd then position information is derived by a

‘1ase or pulse width comparison technique. Two
angors are used to generdate pitch and roll atti-
‘de information.

Most horizon sensor systems flown to date
nave been of the conical scan type because it
possesses & number of very significant advantages,
It has excellent acquisition capability, attained
without additional search modes because of the wide
conical scan angle. The attitude information is
derived from time characteristics of an amplitude
limited waveshape and is therefore made insensi-
tive to radiance variations over the surface of
the planet, which as we have seen can be very
large in some planets. Another advantage is that,
bacause of the wide scan field, it is certain that
some portion of the scan will leave the planet and
view space. This provides an absolute zero radi-
ance level against which any portion of any planet
must give a positive contrast. Use can be made of
this reference in setting limiting levels so as to
prevent the system from confusing radiance dis-
continuities on the planetary surface, such as may
be produced by the terminator or clouds, with the
true horizon. This can be a serious problem with
edge tracking systems as will be discussed in the
next section. The primary disadvantage of the
conical scan sensor is the need for high speed
rotating elements which present life and lubrica-
tion difficulties in spaceborne applications.

Some sensors have been developed which
combine the functidn of the two scanners by pre=
ceasing the basic conical scan to produce a
rosette or epicyclic pattern.’ These systems may
‘be considered essentially versions of the conical
scan system and the same general remarks apply. '

The basic concept of the edge tracking
system is shown in Figure 3B. A small detector
" field of view is caused to lock onto the radi-
ance discontinuity of the planetary disc. This
is usually accomplished by oscillating the de-
tector field through a small angle normal to the
horizon edge and moving the entire sensor or the
oscillating field until a balanced waveshape 1is
obtained. Multiple sensor heads may be used, in
which case at least three are necessary, or a
single oscillating field may be caused to trace
around the edge. In either case, the horizon
position is determined by reading out the posi-
tion of the center of the oscillating field with
regpect to spacecraft coordinates, i.e.; angles
61, 83, 03, and 64, in Figure 3B.

For equivalent optics and detectors, this
type of system will have a better signal-to-noise
ratio than the conical scan because of narrower

~planet.

electronic bandwidth as will be discussed later.
It leads to a much more complicated system how-
ever because of a separate search or edge tracking
movement must be provided on each sensing head
along with precision position readouts.

A high price i{s paid for this narrow
bandwidth and consequent, greater sengitivity.
Without the wide scan motion, the previously men--
tioned space reference is lost and there is no way
for the system to sense whether the signal is the
true horizon or some other discontinuity such as a
cloud edge or terminator which can be much greater
than the horizon signal. Various devices such zs
guxiliary detectors may be employed to prevent
locking on false edges, but they even further come
plicate the system. The edge tracking type of
system would appear best suited for application
where spectral filtering to an atmospheric absorp-
tion band can eliminate radiance variations over
the planetary disc. An example for earth horizon
sensing would be to filter to the narrow CO, ab-
sorption band at 15 microns. The increased de-
tectivity of this type system would compensate
for the large reduction in signal caused by the
spectral filtering.

The former two systems are scanning types
where the scan is usually accomplished by optical=
mechanical means. It should be pointed out, how-

- ever, that a stationary array of detectors could

be used whose outputs are electronically sampled.
For example, in a conical scan system, instead of

- mechanically causing a small detector field to
. scan over a wide circle, a stationary array of de-
. tector elements can be placed to view the same
" circle,

and the array sequentially sampled elec~
tronically. Thermopile detectors with photo-
sampling are particularly well suited for this
technique, and a system of this type is being
developed.

The radiometric balance type sensor is a
non-gcanning system and operates by comparing the
radiation received from opposite portions of the
Very wide fields of view are used to
achieve acquisition and also to average radiance
variations over the surface. A typical arrange-
ment of detector fields is shown in Figure 3C.
Four wide angle stationary fields are employed
designated a, b, ¢, and d; and attitude informa-
tion i3 obtained by the difference in radiant
pover received from opposite fields, t.e.,

Pc - Pg and Py - Pq. This is obviously only
correct if the planet is uniformly radiant, and
therefore this system is only suitable for use with

- planets of uniform radiance such as Venus or where

cnly approximate pointing information is necessary,

The great virtue of this system is its ex-
treme simplicity and consequent high reliability.
By using thermopile detectors no moving parts are
necessary and very long life can be achieved.
Non~-uniform radiance effects can sometimes be mini-
mized by spectral filtering. Also, by the uge of
an overlapping field scheme, to be described later,

~-radiance variations can be cancelled at a specific
‘altitude.

In the remainder of this paper, a more de-
tailed description of these systems is given with
an analysis of thgfggcuracyweach is capable of on
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the plenets of interest. Wherever possible, ex-
perimental results from existing horizon sensors
sre factored into this accuracy analysis.

Analysis of Errors for Various

Horizon Sensing Teehniguos

This section will discuss the effect of
the design parameters of various horizon sensor
configurations on the achievable accuracy of these
sensors. We will deal with three horizon sensing
techniques:

(1) Conical scan technique.
(2) Rdge tracking technique.
(3) Radiometric balance technique.

Conical Scan Technique

Mechanically Scanning Sensors Horizon
sensors which obtain vehicle attitude indications
based upon a wide angle conical scan have provided
the largest source of flight test data. In this
scanning technique, the instantaneous field of view
defined by an infrared detector is scanned in space
through the use of a motor-driven prism or mirror,
When this scan intercepts a planet, the infrared
emission from the planet causes a signal pulse to
be generated which we shall herecafter refer to as
the "planet pulse."

As was discussed previously, signals in-
dicative of the vehicle attitude relative to the
planet's local vertical are obtained based on the
phase of this planet pulse 'relative to a mechanical
reference point in the horizon sensor. In conical
scan sensors, such as those used in the Mercury
flights, this planet pulse phase indication i3 ob-
tained by comparing the width of the "squared-up"
planet pulse occurring before and after a refer-
ence point. This "squared-up" planet pulsge is
obtained by limit amplifying the pulses above a
preset threshold level. The reference point is

- mechanically oriented such that it points toward

the center of the planet when the sensor output is
null.

It will be seen that for this signal
processing concept the accuracy of such a conical
scan sensor is determined by the time definition
of the planet pulse edges. This uncertainty in
planet pulse edge position can result from &
number of error sources: :

(1) System aigﬁal-to-noise ratio.
(2) signal threshold level setting.

(3) Temperature differentials at opposite

planet limbs. "

(4) Detector-preamp time constant.

The system sigoai-to-noise ratio defines
the amount of time jitter that will take place due

to the presence of noise on the leading and trailing

edges of the planet pulse. Most conical scan sen-
sars have instantaneous fields of view subtending
1° -« 2° in the scan direction and have scan rates
of 20 to 30 per second, such that depending upon

; detector-preamp time constant approaches or ex-

the scan cone apex angle the planet pulse risge
times are of the order of 200 microseconds to 1
millisecond. The noise frequency components in
this rise time period are smoothed by the 1 to

2 cycle low pass filter situated at the output of
the sensors, such that it is only necessary that
the threshold level be above the peak noise level
expected during the period when the sensor scans
space. :

For a given optical system and spectral
bandwidth, the achievable system signal-to-noise
ratio is a function of the scanning speed and the
infrared detector's field of view dimensions. The
higher the scanning speed and the amaller the field
of view dimension in the scan direction, the
"sharper'" the planet pulse edges become and there-
fore the higher the bandwidth that is required in
order to maintain the fidelity of these short
pulse rise and fall times.

The effect of temperature differentials at
opposite planet limbs as well as that of the de-
tector-preamp time constant is shown in Figure &.
This figure shows that the effect of temperature
differentials at opposite planet limbs causes an
asymmetric phase shift in the planet cross-over
indication given at the time when the signal
crosses the threshold on the leading and trailing
e¢dges of the planet pulse. Thisg error occurs. even
if the detector-preamp time constant is much less
than the horizon cross-over time for the finite
field of view. Figure 4 also shows that an addi-
tional asymmetric phase shift error (whose asym~
metry is accentuated by the temperature diffeven-
tial at opposite planet limbs) results if the

ceeds the horizon cross-over time (7).

The presence of a cold cloud in the scam
path (such as could be the case on the earth or
Mars) can cause a large error if its radiance
level 1is low enough to penetrate below the thresh-
old and thus '"chop out" a portion of the limit~
amplified planet pulse. The resulting sensor
error is then equivalent to the angular subtense
of the cloud.

_ The threshold must therefore be set below
the lowest dip in the planet pulse caused by a
cloud or other cold area on the planet. Since
cloud dips on the earth are equivalent to up to
80% of the peak "earth pulse'" amplitude, the
threshold is usually set at a fixed level equiva-
lent to 10% to 207% of the peak pulse amplitude.

If the threshold could always be maintained at 50%
of peak amplitude level, the errors due to the
detector-preamp time constant could be compensated
for by inserting a fixed phase lag into the ref-
erence signal. However, this would require the
physical elimination of cloud dips for operation.

The elimination by spectral filtering of

‘cloud dips caused by all but extremely high altie-

tude clouds has been theoretica11y2 and experi-
uﬁntallys evaluated. In this technique, the
sensor's spectral region is limited to the atmos-
pheric CO, absorption region centered at 15 microns.
However, although this technique could result in a
"smooth' planet pulse when operated against the
earth, there is approximately a 10 to 1 reduction
in signal level produced by the resulting decrease
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in spectral bandwidth. This results in a corres-

. ponding degradation in signal-to-noise ratio and
thus affects the safety factor level for sensor
operation, which is usually provided to allow for

- a possible signal-to-noise degradation with time.

- Purthermore, this technique is not applicable on

. the moon which has no atmdsphere, and on Mars the
altitudes of the various types of Martian.clouds
relative to the absorbing constituents of the
Martian atmosphere are not yet clearly established.

We will therefore analyze the effect of
these errors of the conical scan sensor on the
. basis of a 20% threshold level, since this tech-
'nique is more generally applicable i: ail planets.

Let us take the following system parameters
. for a conical scanner such as has been used on the
' Mercury program.

7 = instantaneous field of view in scan
, direction = 2° | .

' = gcan cone apex angle = 110°
@ = scan rate = 30 scans per second

It can readily be shown that the horizon
cross-over time, T, can be expressed as :

7 cse g
¢ .“336_;75 =226 microseconds

; Since thermigstor bolomcters have time con-

| stants of approximately 2 milliseconds, a treble

- boost 18 required in the detector-preamp in order

~ to make the detector-preamp effective time constant '
- (Te) equal T/2.

; This treble boost amplifies the system

. noise considerably and resulis in a practically

. achievable system peak-signal-to-peak-noise ratio’
. of approximately 4:1 when scanning a 275°K earth.
Based on experimental data, this signal-to-noise

. ratio results in a random etror at the sensor

' output of approximately +1/4 °. :

‘ The phase lag in the planet pulse is
_approximately equal to Tc/2 or 1.2° and can be com-
pensated out if it is the same on both the leading
and trailing planet pulse edges. However, for the
planet radiance profile and threshold setting shown .
1n Figure 4, which would be the case if the sensor
were scanning Mars, a phase shift difference of

;1.2 .occurs between the leading and trailing edges.
'Since this phase shift {s averaged between the two
. edges, the resulting angular bias error is 0. 6:°,

‘ f This random error can be reduced by in-
:creasing the optical aperture and thus increasing

| the signal-to-noise ratio., The phase lag error can
be reduced by reducing Te/To. This can be accom=-
plished by reducing @, w, or increasing 7 all of
‘which serve to 1ncrease Tc. An increase iny will,
1n addition, increase signal-to-noise ratio, but
this may not necessarily improve the random error
_since the input ramp function produced by the
horizon cross-over will subtend a larger angle.

we have dealt so far with a simple conical
scan system. The errors discussed above can be

“in a breadboard model.

‘determined by thermopile size and spacing.

iR SRRSO Y R R e g IO AT T IR S T TR e T T

reduced by using a different conical scan mode. An
example of this is the four-leaved rosette scanner/
In this scanner, which was designed for planetary
approaches to: Mars and Venus, the IR detector's
instantaneous field of view alternately sweeps
forward and backward across the planet. This
serves to cancel out the sensor errors due to
asymmetric planet temperatures to at least a first
order.

As is discussed previously, the dynamic
range in infrared radiance between the hot side and
the cold side of the moon is of the order of 100:1.
This dynamic range can be reduced to 30:1 by setting
the system's spectral response so that it is sen=-
sitive only above 15 microns. However, even for
this improvement, in order to sense the 120°K cold
side of the moon in its first or last quarter,
the pulse ' threshold level would have to be set
at less than 37 of the maximum planet pulse am-
plitude, and the sensor error produced by lunar
temperature asymmetries would increase expo-
nentially. Therefore, a simple conical scan
horizon sensor using normal signal processing is
not directly applicable for lunar operation if
both the cold and hot side of the moon are to be
simul taneously sensed. For the lunar case, a
different scanning method is desirable in order
to eliminate the '"trailing edge error." This
would involve the design of a scan which always
entered the planet from space, or a so-called

"space scan." S$ince this type of scan inherently

" eliminates the trailing edge of the planet pulse,

the errors produced by planet temperature asym-
metries can be greatly reduced. An all-electronic
conical scan horizon sensor which uses this "space
scan" principle is analyzed in the following
sectiop.

Electronic Scanning Sensor A conical
scanning system which uses no moving parts is
under development. This system uses a newly de~
veloped, solid-backed, vacuum-deposited thermo-
pile’combined with a photomodulator technique.

In this sensor, several thermopiles are
arranged in a closely adjacent array situated at
the focus of an optical system. As is shown in
Figure 5, when this array brackets the horizon
edge, the thermopiles viewing the planet below
the horizon will produce a higher d.c. signal
than those viewing cold space above the horizon.
The sequential closing of a light souce illumina-
ted cadmium selenide photoconductive switch cone-
nected in series with each of these thermopiles
thus effectively samples the signal output of
each thermopile at the detector level. This ef-
fectively causes an instantaneous field of view

Jdefined by each thermopile to be scanned in space

(in step function movements) by all-electronic
means. Such a configuration has been mechanized
This model consists of
five linear thermopiles situated at the focus of
a collecting mirror. These thermopiles are se-
quentially sampled by cadmium selenide photo-
conductors operated by ring-counter-driven neon
bulbs as shown in Figure 6 By increasing the

__number of thermopile deteetors, it can readily be

seen that relatively large fields can thus be
electronically scanned with an angular resolution
Work
is presently being conducted on an all-electronic,
wide-angle sensor with 50 or more thermopiles in
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each of four optical heads situated 90 ° apart in
azimuth. In this system, the instantaneous field
of view in each optical head is scanned inwardly
from space to the planet surface, thus achieving a
"space scan."

A transfer function indicative of null
axis angular displacement from a planet local ver-
tical is obtained in this system by sensing the
phasa of the first horizon intersection (or
positive-going signal) in each optical head.

Since the output of each thermopile in
the array is sampled in a step function manner, the
transfer function output of this type of scanner
takes the form of a staircase versus angular devi-
ation. This transfer function can be smoothed out
by using an analog interpolation technique which
senses the magnitude as well as the presence of
the signal in each thermopile. By making a radio-
metric comparison between the signals present in
the thermopile straddling the horizon edge and its
adjacent thermopiles which are respectively fully
above and fully below the horizon, a smooth
transfer function can be produced.

By minimizing the elevation engular sub-
tense of each thermopile in the array, the accuracy
of the sensor is inherently limited only by the sys=-
tem sensitivity to the infrared radiance of the
various planets. :

The thermopile signal (e¢) generated in
such a sensor for the coldest planet, namély, the
120°K dark side of the moon, can be computed for
a typical sensor configuration using the following
assumed system parameters. It can be shown that:

et-SMN)‘ (1)

where

R = thermopile responsivity. Assuming a 2~-inch
focal length f/1 optical system, a linear
array of 20 thermocouples can subtend
10° x .1°, thus making up one thermopile
detector. Such a thermopile can provide a
responsivityZof .05 volts/watt-cme.

N = optical efficiency. Assuming a silicon
window with the 15 micron cut-on, long-
pass interference filter having a 70%
average transmission between 15 - 40
microns, a 15% optical obscuration, and
a 98.5% reflectivity for the gold-plated
collecting mirror, the net optical
efficiency is 0.58.

f = system £f/number =1

Ny = radiance of a 120K black body located within
the 15 - 40 micron band, except for the
16 - 18 micron silicon absorption band =
1.9 x 1074 watts/cm2-ster

+ . ey = 5.2 microvolts

The error sources discussed in the prev-
ious section also affect the accuracy of this type

 of sensor but to a degree limited by the elevation

 differences along the thermopile array.
- bination of these noise sources exceeds the thresh-

subtense of the elemental thcrmopile. In other
words, for a 1.0° elevation subtense in the worst
case of a 30:1 hot/cold radiance ratio for opposite
planet horizons, it can readily be shown that the
maximum error that can accrue is equivalent to
one-half of the 1.0 °elevation resolution.

The limiting case for these errors occurs

vhen the noise level caused by either the peak

~ Johnson noise level of the scanning circuitry or a

"noise" voltage generated by random responsivity
If a com-

old set for the horizon signal and this threshold
is exceeded while the system is scanning cold

| space, an undesirable large error can result, For

thermopiles viewing a space background, a rela- .
tively high quiescent d.c. level exists at their
output. The quiescent d.c. voltage in a thermo-
pile viewing a complete space background in the
foregoing sensor can be obtained by evaluating
equation (1) in essentially a '"backward" direc-
tion. In other words, while we normally assume

that the thermopile sees a hotter object than its

ambient temperature, in this case the active
thermopile junctions effectively see a background
close to absolute zero through the optics. There-
fore, fo? a 300°K ambient, since radiation inter-
change is bidirectional, the thermopile signal
will be approximately equivalent to that obtained
if its ambient were O°% and it was seeing a 300%K
extended source. Under these considerations, the
thermopile output signal for the above sensor when
viewing only space will be given by:

et = %'% M, (0°k) = MA(300°K)

where

N) (300°K) = the radiance equivalént to a
300°K black body within the
15 to 40 micron region

.~~.:’et (quiescent) = =140 microvolts

It is quite difficult to closely match
the responsivities of the relatively large number
of thermopiles used in this type of sensor.
Therefore, a 10% responsivity variance along the
array would be intolerable considering the 5.2

“microvolt signal generated by the cold edge of

the moon. However, this thermopile quiescent
voltage can be greatly reduced by using a radi-
ative temperature offset technique which involves
the mounting of a controlled heat source in the
optical aperture. This heat source equally ir-
radiates and "heats up' all of the active junc-
tions in the array of thermopiles.” The thermopile
having the highest elevation angle in each optical
head always sees space; it is thus used as a ref-
erence to control the output of the heat source so
as to insure that all of the active junctions in
the thermopile array closely approximate ambient
temperature. With this closed loop radiative
temperature offset, a 1 microvolt residual qui=-
escent d.c. level is considered obtainable., Under
these considerations, a 10% responsivity variance
would produce a peak-to-peak noise of only 0.1
microvolt.
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‘ The Johnson noise of this system is pri- the sensor cannot inherently discriminate between
marily a function of the impedance of a closed ‘ a temperature difference of 0°K to 200°K and a
photoconductive switch rather than the thermopile temperature difference of 200°K to 300°K. Further-

impedance. This is true since each pair of thermo-  more, since the radiant emittance of a black body
couple junctions in the thermopile has an impedance  varies with the fourth power of its absolute temp-

of approximately 1 ohm, such that each elemental erature, the signal produced by a temperature dif-
thermopile would then have an impedance of only ference of 200°K to 300°K is approximately four
20 ohms. The lowest short circuit impedances of times that produced by a 0°K to 200°K temperature
currently available cadmium selenide photoconduc- differential. (This can be related to a similar
tors are of the order of 500 ohms. Therefore, cloud condition in the conical scan sensor in
the effective Johnson noise generated in the which the detector signal can dip to a level
. scanning circuitry will be equivalent to that of a equivalent to 20% of peak planet pulse ampiitude.)
~ 500-ohm resistor. Assuming a 100-cycle noise bande Therefore, unless some absolute radiometric ref-
width, this would be equivalent to a peak-to-peak erence equivalent to the essentially 0°K of space
Johnson noise of 0.15 microvolts. . is provided in the edge tracking sensor, this
. sensor could falsely lock on to cloud edges below
Under these considerations if this Johnson the horizon and thus produce large errors.
noise level operation can be achieved, an excel- : :
~ lent signal-to-noise ratio would result, and an By limiting the sensor's spectral response
accuracy on the moon of 0. 5° would be achievable. to the 14 to 16 micron atmospheric CO; absorption
 However, a problem area is presently being en- region, the effect of clouds could be minimized to
countered in obtaining an adequate noise level  a great extent if the sensor is to be used on
- reduction of the preamplifier irput stage, thus earth, However, as is discussed previously, this
making the system amplifier-noise limited. 1In technique is not applicable for operation against
addition, dynamic short circuit impedances of the moon which has no significant atmosphere or
500 ohms have not as yet been achieved for high- against Mars where this spectral cloud elimination
. speed cadmium selenide photoconductors. Improve- is not as clearly defined. Therefore, unless some
ments in these areas are being investigated, and .peci‘i techniques are inserted into the edge
it is felt that accuracies of better than 0.5° tracking concept, this sensor is not considered
, ".will ultimately be achievqd against the moon. directly applicable for use on the moon or Mars.
~ Bdge Tracking Horizon Sensors 1f there 1s no cloud edge problem such as
L would be the case on Venus, the accuracy of this
In this horizon sensing technique, an sensor is defined by the resclver-type readout
infrared detector's instantaneous field of view usually required to define the elevation angle of
. 1s caused to oscillate in space about a horizon the tracking axis in each optical head and the sig-
edge, thus providing tracking signals which can nal-to-noise ratio in the tracking loop.
servo the orientation of the center of the oscil- ‘ ' _
~ lating scan, such that it points at the horizon , The signal-to-noise ratio in the tracking
" edge. The errors produced in these sensors are ‘loop can be related to the corresponding value in
~ subject to errors produced by their signalw=to- the conical scan sensor for the same optical
noise ratio, servo errors; and angular readout parameters on the basis of the major reduction in
. problems. These sensors also have a problem electrical bandwidth required due to the slower
caused by clouds or other intensity structure on __horizon cross-over time. This can be shown by
the planet surface. For a given optical system the following numerical example.
~ and spectral bandwidth, the edge tracking sensor ‘
~ has an inherent advantage in signal-to-noise rutio ; Assuming a+ 2° edge tracking scan at a
. over the conical scan sensor, since its scan moves 30-cyc1e rate, the horizon cross-over time for a
through relatively small spatial angles such that f2° field of view in the scan direction 18 5.5
~ its horizon cross-over time at a given scanning ‘milliseconds. Since this is a factor of 50 times
- repetition rate is much lower than for the conical lower than the corresponding value for the conical
' scan sensor. This reduces the required electrical scan sensor, the required electrical bandwidth 1is
; bandwidth, thus reducing the system noise level. also reduced by this factor. This major reduction
~ The effect of other factors such as detector- eliminates the requirement for treble boost in the
| preamp time constant are also commensurately re- preamp since the 2 millisecond thermistor time
; duced due to the slower horizon cross-over time. constant is entirely adequate to minimize the phase
- These sensors usually require an acquisition mode lag in the horizon cross-over signal. The effec- I
- in vhich the horizon edge is searched for. After tive noise reduction which normally varies as the o
- acquisition, the angle to each horizon is read out square root of the bandwidth is greater in this
by a servo resolver of some type. The angular case because of the treble boost. Therefore, the
. accuracy of this resolver therefore must be fac- '~ '50:1 electrical bandwidth reduction results in a
| tored into the accuracy of the entire sensor, and 30:1 reduction in the system noise level.
. precise analog voltages for energizing these re-
- solvers are USUGIIY required. : Quantitatively relating this to the
',; conical scan sensor performance, it can be stated |
; { The edge tracking sensor also has an : that an edge tracking sensor having the same
| &ccuracy problem resulting from clouds or other optical parameters as a conical scan sensor will
. temperature discontinuities on the planet surface. have a peak-signal-to-peak-noise ratio in the
§ Tpia comes about since this sensor:' tracks on the tracking loop of approximately 120:1 when viewing
- a.c, signal produced by viewing a temperature dif- a 275°K planet. However, because of the afore-
| fereritial during its scan. Since the infrared de- mentioned problem of false lock-ons on cloud ]
tector must be capacity coupled to the preamplifier edges, it is desirable to limit the sensor's |
-
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spectral region to the atmospheric COj absorption
band. This spectral limitation results in a re-
duction in signal of approximately 10:1. A further
reduction in signal is produced due to the fact
that since the earth, when viewed in the CO; band,
is much colder? than 275°K, thus resulting in ap-
proximately another factor of two in signal degra-
dation. The net result of this is that an edge
tracking sensor operating in the atmospheric COp
sbsorption region would probably have a peak-
signal-to-peak noise ratio of approximately 6:1
which is of the same order of magnitude as that
obtained in the conical scan sensor. The random
.accuracy of the two sensors when operated against
the earth is thus approximately equivalent for the
.assumed optical parameters and is equal to +1/4°,
The edge tracker has the advantage that there is no
"trailing edge" error as with the simple conical
scan sensor, such that different temperatures at
. opposite planet limbs do not contribute any signi-
ficant error when compared with the above random
error values. The other error contribution com-
ponent in the edge tracker is the resolver angular
readout. This error component can be held to less
than 0.1° by using precision resolvers. Of course,
these resolvers usually require precision drive
voltages in order to utilize their angular accuracy.
If the edge tracking sensor is used against Venus
which has no cloud problem the spectral response
can be again widened to the equivalent of the simple
conical scan sensor, such that with the 234°K Venus
cloud temperature the peak-signal-to-peak noise
ratio would be approximately 60:1 and the random
error would become essentially negligible. There~
fore, for operation against Venus, the edge
tracking sensor's accuracy is limited only by the
resolver readout accuracy.

Radiometric Balance Sensors

Thé simplest horizon sensors are the
radiometric balance types. In this sensor, the
planet is optically divided into four quadrants
defined by IR detector fields of view. The direc=
tion of the planet local vertical is indicated when
the infrared radiances seen in opposite sensor
fields are equal. -

Depending upon the optical configuration,
radiometric balance sensors can be used for attitude
stabilization of high altitude aircraft, low alti-
tude satellites, or interplanetary vehicles. A
nominal dividing point between the various optical
configurations occurs at a planet altitude of ap~
proximately 1000 miles. We will analyze the errors
in a typical radiometric balance sensor designed for
operation at planet altitudes above 1000 miles.

As shown in Figure 7, the optical config-
uration of this sensor design consists of a single
unit casting made up of four cone optics set in
quadrature. At the apex of each cone, a 20-eclement
thermopile detector of the vacuum-deposited type/
collects planet radiation that enters the cone's
35° diameter circular field of view. The cone axes
are set at such an angle that the fields of op-
posite cones bisect the planet as shown in Figure
3C. The amount of field overlap desirable depends
upon' the altitude range for which the sensor is
designed. In this design a 4° field overlap was
chosen. :

= The signal outputs of opposite thermo=
pilea are bucked out, and the difference is pro- °
portional to the angular deviation of the sensor
from the local vertical.

This four-cone structure incorporates all

: of the sensor optical components in one compact

unit. This is important since the whole system
concept is based on a radiometric energy compari-
son. Uniform temperature of the optical surfaces
seen by opposite thermopiles must be closely main-
tained or an angular error will result as will be
discussed later.

A protective outer shell designed for
mirimum radiation interchange between it and the
cones is :ulso provided. It will be noted that all
the detectors view the planet through a single
silicon window. If two or four windows, situated
at different angles to the sun, were used, each
window could be differentially heated by the sun;
and the resulting differential self-emigsion seen
by opposite detectors could cause a sensor error.
This window is also the spectral filter and is
coated for transmission above 15 microns with an
interference filter that has recently been devel-
oped by Optical Coating Laboratories, Inc. Since
silicon transmits in the far infrared to beyond
100 microns, the system long wavelength spectral
response will be .limited only by the absorptivity
of the thermopile's black coating. For small

. window thicknesses, the only silicon absorption

band occurs between 16 and 18 microns. Therefore, .
a 15 to 40 micron bandpass (except for 16 to 18
microns) can be assumed.

+ The specific thermopile configuration
used in this sensor is a circular array of thermo-
couple junctions as shown in Figure 8., Thermo-
piles of this type were fabricated and mounted in
a breadboard model. These 20-element detectors
exhibited a responsivity of 0.06 volts/watt/cm?Z.

In this sensor, the pitch and roll sig-
nals are obtained by photomodulating and ampli-
fying the differential d.c. thermopile signal
which is proportional to the vehicle attitude
and is obtained from a pair of thermopiles viewing
opposite planet quadrants. The photomodulsztor cone
sists of two cadmium selenide photoswitches il- ‘
luminated by neon bulbs. By opening and cliising
these photoswitches, the microvolt level d.c,
signal of the thermopile is thus electronitslly
chopped and can be amplified with normal a.c.
amplifiers. Through the use of this chermopile-
photomodulator. technique, no moving parts are
required in this sensor.

In order to determine the accuracy po=
tential of this radiometric balance sensor, a
theoreticel error analysis was conducted in which
possible sources of error were examined and values

- for thege errors, based to a large extent on ex=

perimental results, were assigned. The major

' gources of possible error are the following:

(1) Errors due to temperature differ-
enceg in oppoasite planet quadrants - €]

(2) Errors due to drift in the thermo-

pile signal modulator combination = 6
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(3) Errors due to the sun in one field of
the planet sensor - €3

i ‘ (4) Errors due to responsivity differencea
in oppostte thermopiles - 64

‘ (5) Errors due to ambient temperature
gradients in the optics seen by opposite thermo-
ptlo detectors - 65

€1 -~ Errors due to Different Temperatures
in Opposite Planet Quadrants These errors are due
to a temperature gradient on the planet surface
viewsd by the sensor.. These.gradients can be
caused by seasons, cloud cover, day-night differ-
entials, etc. The magnitude of this effect de-

pends on the specific planet viewed and the spectral

’ ' interval of the sensor. As discussed previously,

| the planets in consideration emit infrared radis
. ation equivalent to black body temperatures be-
tween 120°Kk and 300°K. Two basic approaches are
open to the designer in the choice of a spectral
interval so as to minimize the value of 6.

(1) Specify a spectral interval for the
sensor located within a strong atmospheric ab-
sorption band (if the planet has an atmosphere)
such that wide temperature extremes on the planet
surface and those due to cloud cover are not seen
by the sensor. An example of this is the atmos-

. pheric CO7 absorption band on the earth centered
| at 15 microns.

(2) Set the system spectral response to
wavelengths higher than the planet black body .
curve peak wavelength so that the planet radiance
varies as a lower power of temperature.

* *  The choice between these two approaches
1s based on & trade-off between the resulting
value for 61 and other errors which are a func-
tion of the sensor's een:itivity. For erample,
1f the CO, absorption region between 14.5 and
15.5 microns is used as in (1) above, the value
of €; can be expected to be minimized for an
earth sensor, but due to the reduced spectral in-

" terval, @& much lower signal is generated in'the
sensor per degree of tilt than would be the case
i1f the sensor responded to a wide band of wave-
lengths above 15 microns. Therefore, the values
of the other errors not related to system spec~ -
tral response will be equivglent to larger angu-
lar offsets due to this reduction in transfer
function scale factor.

Since the latter of the above spectral
respongse characteristics is more generally ap-
~ plicable to all the planets, this radiometric
‘balance sensor will be analyzed on the basis of
a 15 to 40 micron spectral bandpass.

For this sensor configuration, the 6;
values are a function of: (a) different infrared
radiance ratios between opposite planet quadrants
and (b) the altitude. The determination of these
€] values required the derivation of an equation
for the areas of the planet seen in each thermo-
pile's field as defined by the intersecting ‘
circles of Figure 3C. This equation was program-
med on an LGP-30 computer and a family of error
curves were computed. Planet subtense angles
were varied from'10° to 40°, and opposite quad-
rant planét radiance ratios of 1.05:1, 1.2:1,

3:1, and 50:1 were assumed for Venus, earth, Mars,
and the moon respectively. The resulting values
of €1 for these planets are shown plotted vs.
planet subtense angle in Figure Y for comparison
with other errors of this sensor.

For constant altitude operation, by using

- the orientation of the four-cone optics field of

view as shown in Figure 1),’ the 6] error can be
greatly reduced. In this configuration, the en-
‘tire planet is seen by each detector such that
temperature gradients on the planet surface do
not contribute to null error. The effect of temp-
erature differences at opposite planet limbs in

. this configuration would result in the asymmetric
 transfer function shown in Figure 10; but the 6}

error at null would be essentially zero. However,
it must be remembered that this configuration is
for the special case of a circular orbit or for
operation at one predesignated altitude in an
approach trajectory, Above this predesignated
altitude, the transfer function has a dead zone
at null, and below this altitude, the transfer
function has a double slope at null which-may be
intolerable for servo characteristics.

82-Errors due to Drift in the Thermopile-
Photomodulator Combination This error can be
computed as the angular equivalent to the meas-
ured drifts experienced with thermopile~photo-
modulator combinations.

The drift characteristics of a thermopile-
photomodulator combination and a photomodulator by
itself have been tested over an ambient tempera-
ture range for periods of several days using a
continuously running chart recorder.

A circular detector-photomodulator com-
bination, such as the one used in this sensor
configuration, was tested over a 3-day period at
laboratory ambient (which varied +7°C over the
measurement period). The total recorded drift
was *0.25 microvolts. Another thermopile-
photomodulator test was conducted in a tempera-
ture chamber which was varied between +50°C and
-25°C. Over this range at various soak temp-
eratures, an offset of 0.5 microvolts with a
variance of +0.25 microvolts was measured.

‘The drift of the photomodulator alone,
with a simulated thermopile input, was also
tested at ambient temperature extremes of -56°C
end +65°C, Only 0.1 microvolt drift was ex-
perienced in these tests, showing that the photo-
modulator apparently contributes only a very small
amount to the total system drift.

In view of the foregoing preliminary
test data, it is expected that over a reasonable

*‘ambient temperature range in the space vacuum en-

1v1ronment a long-term drift of less than *1 micro-
'volt will be achievable with careful thermal
Idesign. We will now compute the angular error
lequivalent to this il microvolt drift as follows.

An LGP-30 computation of this thermopile
scale factor for various planet subtense angles
was conducted using the equation derived for €
and the resulting scale factor expressed in square
degrees was converted to a thermonile output sige

" nal as shown by the following sample calculation.




Assuming & 250°K plénet, its radiance in
the 15 to 40 micron region (N)) equals approxi-
mately 3.5 x 10=3 watts/cm?/steradian.

For a 40° planet subtense, a 1° deviation
from null produces a differential signal in a pair
of opposite thermopiles equivaleat to a planet
solid angle (Q) of 67.4 square degrees or approxi-
mately 2.04 x 102 gteradisns. The resulting dif-
ferential irradiance (AH) at the sensor is given

by:
AH = N) .

AN = 7 x 103 watts/cm per angular
degree of tilt from null.

The detector area magnification .produced
by the cone condenser nas been discussed in'the
literature by Williamson8 and Hanel.9d As can be
seen in Pigurell, the optical gain of a cone col-
lector can-be expressed as:

H-L‘—li
Rdz

M = peac? (%) (2)

where

p = reflective efficiency of the come which is
an 'integral function of: (a) the number of
reflections of an optical ray bundle within
the cone before it reaches the detector,
(b) the area of the bundle, and (c) the re-
fléctivity of the cone surface.

R} = distance from the cone apex to the trunca-
tion where the detector is mounted, or
radius of the image polygon.

R4 = radius of the detector

@ = apex angle of the cone cbilector

Evaluating equation (2) for the assumed
optical parameters, Pp = .9, 0 = 35

.. M=10

The differential irradiance of the de-
tector HJ is therefore given by:

AH4 = Mn AH
where

N = optical efficiency of the spectral filter.
Using a thin silicon filter so as to mini-
mize absorption, it is expected that an
average tranemission efficiency of 0.7 can
be achieved in the 15 to 40 micron region.
Due to the strong silicon absorption band
between 16 to 18 microns which eliminates
20% of the radiance of a 250°K black body:
in the 15 to 40 micron region, the net
filter efficiency will thus be approxie-
mately 0.7 x 0.8 or

N = 0.56

'"in a similar manner to that used for 62.

_10_.

Hg = 3.9 x 1074 watts/cm?

The circular 20-element thermopile used in
this sensor configuration has demonstrated a re-
sponsivity of 0.06 volts/watt/cm®., The differen-
tial output voltage (ey) of a pair of opposite
thermopiles is: |

ec = 0.06 x 3.9 x 10°%

er = 23 microvolts per angular degree of
tilec from null

Therefore, at this planet altitude, a
%] microvolt thermopile-photomodulator drift would
be equivalent to a 83 value of *0.045°. '

A curve showing values of €2 versus ‘
planet subtense angle for earth, Venus, and dark
Mars is shown in Figure 9 to obtain a comparison
between the various sensor error magnitudes.

83 ~ Errors due to the Sun in One Field
of the Planet Sensor This error can be evaluated

Between 15 and 40 microns, available data
indicate that the sun's radiance approximates that
of a 5000°K black bodyl0 fnd approximately equals
0.3 watts/cmz-steradian.1 The sun subtends ap-
proximately 1.16 x 104, 5.9 x 10=5, and 2.6 x
10-5 sceradians, respectively, in the vicinity of
Venus, earth, and Mars. The resulting values of
AH for the sun in one field of the sensor when
viewing these planets are respectively 3.5 x
105, 1.8 x 10°5, and 7.8 x 10-6 watts/cm2. The
remainder of the calculation is the same as for
62. " The resulting values of €3 for this sensor
are plotted in Figure 9 versus subtense angle al-
titude for these planets.

As can be seen in Figure 9, the value of :

€3 increases markedly for smaller subtense planets. l
|

:

. This error can be reduced greatly by using four

visible-region detectors viewing the same fields

as the thermopiles. These detectors would be sen-

sitive only to the sun's energy with negligible

input from the planet albedo and would thus pro=-

duce a signal which could be used to buck out the
erroneous input of the sun in the thermopile signal.

The inclusion of these visible detectors is usually
required only for planet subtenses less than 30°, .

84 = Errors due to Responsivity Mis-Match
in Opposite Thermopiles This error comes about if
ti}e responsivity of thermopiles viewing equal radi- '

ance opposite planet quadrants is not equal, thus

~‘producing a false output signal at the true null,
" In the sensor described, each thermopile views

both the essentially O°K.o£ space and the planet
surface. For small subtense planets, the major
part of the thermopile's field of view 1s taken

up by cold space.

field of the thermopile views cold space, a rela-
tively large quiescent d.c. level exists at each
thermopile output, as is discussed in the section
describing the electronic scanning sensor.

For the worst case, where the entire '

~ Since the cone collector is an £/0.5
optical system, evaluating equation (1) "backwards"




 regponsivity mis-match due to aging.
_of the above considerations, it is expected that

for a 300°K ambient yields a thermopile quiescent
output of:

™ .06 x 0.5 -3
ey = 5v == (-6 x 10
€t 4 (0.5)31 ¢ )

- -560 microvolts

Since only four thermopiles are involved
in this radiometric balance sensor, their respon-

' givities can be matched by trimming in the labora-

tory so that the only remaining variation would be
due to aging. On the basis of responsivity tests
of sample thermopiles conducted over a 3-month in-
terval which showed no measurable change in re-

‘ sponsivity, aging effects on thermopile responsivity
- are apparently insignificant.

|
: However, as a safety factor, the compen-
sating technique applied to the electronic scanning

- ‘sensor involving the mounting of a small heat

source in the sensor window can also be used in
this sensor tc minimize the effect of a possible
On the basis

values of €4 can be held to less than 1/2° even
in the worst case when an extremely small planet
is viewed.

€s - Errors due to Ambient Temperature
Gradients Seen by Opvosite Thermopile Detectors
This error signal will be produced due to radiance
differences caused by temperature gradients in the
optical surfaces viewed by a pair of opposite
thermopiles.

In this sensor configuration, all of the
thermopiles look out through approximately the same
window area, so that temperature gradients in the
window should have negligible effect. The main
problem, if any, will come from differential emis-
sion by the inner surfaces of the cone optics. The
emissivity of the gold-plated cone surface above
15 microns is 1.5%.

Assuming a 300°%K ambient, the radiance

- change (AN) for a 1° temperature change at an emis-

sivity of 1.5% is approximately 3 x 10-6 watts/
cmz-steradlan, and since the cone optics are sit-
uated behind the optical filter, the detectors will
see all of this radiationm.

; Since the thermopile sees the cone optic
over a solid angle (Q0) of approximately 2.5
steradians, if ooposxte cones have temperatures
different by 1°C, it can readily be shown that the
different1al thermop11e signal will be:.

t»”RXAanV

ey = +0.45 microvolts

For a 250°K, 40° subtense planet, which
produces a thermopxle scale factor of 24 micro-
volts per angular degree, *0.45 microvolts would
be equivalent to an €5 value of only %0.019°.

Let us now thermally analyze this sensor
des1gn on a preliminary basis to determine the
maximum temperature difference expected in opposite
thermopile optics.

As can be seen in Figure 7, the four~cone
optical asscmbly is a single aluminum casting con-
ductively isolated from the window and the outer
shell of the sensor. The heat dissipation of the
electronics is conducted to the outer shell through
the connector located on the axis of the cylindrical
housing to assure transverse symmetry. The elec-
tronics' heat is also conductively transmitted
symmetrically to the four-cone optical casting.

llowever,, the optic casting is
from the shell; and its outer
as the inner shell surface
98.5% reflectivity in the far

conductively i{solated
surface as well
is gold plated with a
infrared region.

Therefore, very little of the electronics'
‘radiatively transmitted from the optic casting to

‘'to the 1.5% emissivity of the inner shell surface.

heat is

the shell, since the casting effectively '"sees it~
self." For the same reason, very little heat from
the shell is transmitted to the optic casting due -

Heat, due to solar absorption by the window, cannot
directly affect the optic casting since this heat
‘is conductively transmitted to the outer shell and
‘to the vehicle.

i Under these considerations, let us take
the worst case of asymmetrlc solar heating of the
sensor, in which the sun's rays are impinging
normal -to the axis of the cylindrical housing
and determine the maximum steady state temperature
difference (At) that can be sustained between op-
posite surfaces of the cylindrical shell. This
can be expressed as:

.As asix
K a(shell)

where

Ag = projected area of shell relative to
 sun = 130 cm

Q= golar absorptivity of shell con-
servatively assumed = 0,5 (usual
values of @ are 0.05 to 0.1)

.8 = golar constant = .137 watts/cm?
(in earth vicinity)

length of thermally conductive

Ax(shell)
element in shell = 5.5 inches

K = thermal conductivity of aluminum =
100 (Btu-ft/hr-£t2-°F)

a(shell) ™ cross- -sectional area of conductive
heat flow path in shell = 0.0625 x
6 = 0.37 (in)?

Converting to British units and
evaluating:

t = 55°F = 31°C

A At of 31°C at an ambient temperature'of |
300°K is equivalent to a black body emitted radiant 1
flux (W) of approximately &4 x 1072 watts/cm?.

Conservatively assuming an active radi=- |
ation interchange area in _the vicinity of each ' 1
thermopile equal to 10 cm? with a 1.5% emissivity




of the gold-plated interior surfaces of the shell,
we obtain a radiant power differential in opposite
thermopile optics of:

P(optics) = 4 x 10°2 x 10 x 0.015 = 6 x 10°3 watts

This is equivalent to a temperature dif-
ference in opposite optics, dt(optics)» given by:

PsogticQ A xgogticsl

At(optici) ® K a(optICS) ~

At(optica) - oOS°F - .028"0

It can therefore be readily seen that even
in this worst case 65 will be negligible.

Conclusions

This paper has described various config~
urations of horizon sensors that are in existence
or have been discussed in the literature. An error
analysis has been conducted for each of these
sensor configurations and accuracy values have been
assigned relative to the planets Venus, earth,
moon, and Mars. A summary of these accuracy ca-
pabilities of the various sensors is presented in
Table I. 1t should be noted that the accuracy
figures quoted in this table do not take into
account the following error sources:

(1) Errors caused by variation in the

horizon altitude in planets which have athospherea.

(2) Errors due to t0pogféph1c features on
the planet.

Both of these error sources have a signi-
ficant effect only at low planet altitudes (i.e.,
less than 500 miles). Furthermore, these effects
are so complex that they comprise subject matter for
another paper. .
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High-Accuracy Horizon Sensor Using FIRM

GERALD FALBEL
Barnes Engineering Company, Stamford, Connecticut

ABSTRACT

This paper discusses the design configuration and performance capabili-
ties of a high-accuracy edge tracking horizon sensor operating in the 14- to 16-
micron atmospheric CO2 band. The edge scanning function is achieved without
using mechanically moving parts.

At the heart of th'is‘horizfon sensor system is a Frustrated Internal Reflec-
tion Modulator (FIRM) which produces optical modulation of the incoming infrared
energy by piezoelectrically varying the spacing between two optical prisms. The
history, design, and performance of the basic FIRM cell, which has been developed
by Barnes, is discussed. It is concluded that this sensor will provide an accuracy
better than #0.01° in the laboratory and better than #0.05° against the real earth
horizon.

I. BACKGROUND AND DESCRIPTION OF THE FIRM TECHNIQUE

It is well known that if an optical ray within a mcaterial whose refractive
index is greater than one impinges on a surface of that material at an angle
greater than a certain value, depending upon the index, the ray will be totally
internally reflected and will not emerge from the optical material. However, if
another piece of the same optical material is moved closer than 0.1 wavelength
of the aforementioned light ray, the ray will penfetrate through the interface, and
total internal reflection will be frustrated. The amount of this frustration will be
~a function of the spacing of the two optical elements. This phenomenon is dis=-
cussed in greater detail in references 1, 2, and 3. -

i |

For the purposes of this paper, we will just briefly deScribe simple mech-
anizations of FIRM cells. One such configuration is an ambient chopper indicated
m Figure 1. This is composed of two 20° germanium wedges with the interface
sﬁpacing varied by piezoelectric driving elements. It will be noted in this figure
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FIGURE 3. FEASIBILITY MODEL, "FIRM" HORIZON SENSOR
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that 10-micron IR radiation is either aliowed to transmit through the interface or
is totally internally reflected and trapped within one wedge, depending upon the
spacing between the two wedges.

A second unit of more direct interest in the horizon sensor application is
a so-called field switching version of the FIRM cell. One configuration of this
unit is indicated in Figure 2. In this case, the optical elements consist of a
large prism and a small wedge.

In operation, this cell moves the field of view of an infrared detector
between two discrete positions in space. The area between these two fields is
not viewed. Therefore, this cell is not a scanner but a field of view switching
device. This angle between the two fields is controllable by varying the angle
of the small wedge shown in Figure 2. If the infrared energy seen in either of the
field-of-view positions is equal, no a-c signal wiil be produced in the detector.
Any a-c signal produced will therefore be proportlonal to the radiance difference
between the two field of view positions.

A feasibility model, shown in Figure 3, of a horizon sensor using this
field switching FIRM cell was constructed. In this case, the field switching
FIRM cell replaced an oscillating mirror scan drive mechanism in an edge-track-
ing horizon sensor engineering model. The field switching FIRM cell deviated the
field of a thermistor over the same 4° angle that it was previously scanned by the
oscillating mirror. The basic concept of this feasibility model is indicated in
block diagram form in Figure 4.

The hbrizon_was tracked by letting the lower field-of -view position, shown
in Figure 4, effectively "bounce" off the horizon edge. In this relatively simple
edge-tracking system, a fixed downward drive voltage is applied to the servo,
which thus searches for thq horizon. When the lower field-of-view intersects the
horizon a signal generated in the IR detector serves to buck out the downward drive
in the servo and thus produces tracking. Such a system was fabricated. The
tracking mirror servo was energized by the thermistor detector output, and rudi-
mentary tracking of the horizon was obtained. A tight tracking loop could not be
achieved because of the absernce of rate feedback in this horizon sensor model.

Some preliminary environmental testing was conducted with this feasibility
model. The ambient temperature was varied between -10°C and +50°C in an ottempt
to determine the effect of ombient temperature on the modulation efficiency of the
FIRM cell. Encouraging results were obtained in this test: it was found that a
total modulation variance of only 2:1 'over this temperature range was obtained.

Even this was a conservative figure since the short-waveiength infrared radiation
used in the test is a much stronger function of the interface gap than would be the
14 to 16-micron radiation desirable for use in horizon sensors. The problems
attendant to temperature compensation of the FIRM cell are discussed in more de~-
tail in reference 3.

: This feasibility model was also subjected to a vibration test in two runs.
The first of these was at 2 g's peak, 20 to 2000 cps; and the second at 5 g's peak,

o
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20 to 2000 cps. The FIRM chop frequency in each of these runs was 60 cps, and

no significant effect was seen in the chopped signal at any frequency in the vibra-
tion run, even when the vibration frequency was near 60 cps. The 5g vibration
limit was dictated by the breadboard nature of the horizon sensor rather than by

the FIRM cell itself, and it is felt that considerably higher vibration amplitudes
could have been applied to the FIRM cell itself. These higher vibration tests are
planned for future FIRM units. However, these preliminary tests provided great
encouragement insofar as the survival and operation of the FIRM cell in more severe
environments is concerned.

II. DESIGN PARAMETERS OF THE HIGH ACCURACY
FIRM HORIZON SENSOR

The FIRM horizon sensor that has been designed and fabricoted is shown
in Figure 5. The major design objectives of this sensor are the following:

(a) Accuracy of #0.05°, including horizon anomalies;
(b) wide altitude range and tilt range capability;

(c) long life and high reliability operation in a space environment with-
out requiring pressurization;

(d) high output frequency response capability.

In order to achieve a +0.05° accuracy against the real horizon of the
earth, the simple "bouncing" system discussed in the previous section would not
suffice. Even in the 14- to 16-micron atmospheric CO?2 absorption band, the
seasonal radiance variations that could be produced in opposite earth horizon
limbs would result in an error exceeding +0, 1°, In order to achieve an over-all
accuracy better than +0,1°, these horizon radiance variations must be compensated
for. In this regard, use was made of the work of Duncan? and Hanel® , who have,
on the basis of computer studies, postulated that a spatial horlzon edge variance
of only 0.05° will result if the radiance variations of opposﬂ:e horizon limbs are
normalized. In order to produce this normalizing function, we must effectively
measure the local radiance in the vicinity of the horizon limb being tracked and
correct the horizon declination angle in that head according ly, in this sense
performing an AGC function. Through the use of a dual thermistor detector in this
horizon sensor, this normalization or AGC function is achieved at the detector
itself, This is mechanized in a manner discussed in the following paragraph.

As with the simple "bouncing" horizon sensor system, the instantaneous
field of view of the horizon sensor is defined by a thermistor flake. However,
instead of using a single active flake, a dual flake, 1ndlccn:ed by Aand B in
Figure 6, is used. This dual flake forms an "crct1ve~o:ct1ve" bolometer bridge.

A horizon tracking signal is obtained by making the responsivity of the B portion
of the dual flake half of the A portion. This is accomplished by inserting a com-
pensating flake in the bridge which reduces the responsivity of the B flake by two.
If the FIRM horizon sensor is viewing space in both of its field-of-view positions,
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FIGURE 5. "FIRM" HORIZON SENSOR, ENGINEERING MODEL
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no a-c signal is generated, since irradiance on either the A or B flake does not
vary. However, if the horizon is intersected in one of the field-of-view posi-
tions, a signal is generated in the A and B flakes as shown below:

V, = N, Q, RA (1)
VB = Nx QB nB (2)
where

Vv = output voltage of the thermistor flake

N)\ = earth radiance

Q = solid angle of the detector flake subtended by

the earth
R = responsivity of the flake.

Therefore, it can be seen that if Ry = 2RB a null condition will occur
when the B-field is completely below the horizon but the earth subtends only
half of the A-field. Furthermore, if both the A- and B-fields are below the
horizon, one polarity of output signal will result, while if only the B-field is
below the horizon, another polarity of output signal will result. In thls way,
the transfer function for the servo input is generated at the detector, and since
N) (which is the earth radiance) appears in the equation for signals produced
by both the A and B flakes, variations in N) should not affect the null position.
The A-B bridge signal is processed as shown in Figure 7 and serves to position
the fields of view of the A-B bridge so that they continuously track the horizon.

The C detector, which is mounted on the same immersion lens, has a
dual function. One is to determine when the horizon is acquired, a function
whlch is necessitated by the fact that the A-B bridge output is zero both when it
is tracking the horizon and when it is looking at only space in both fleld positions.
Ai second function of the C detector is the elimination of sun lock-on. This is '
achieved by the 1.5° azimuth separation angle between the A-B bridge and the C
ﬂ!ake. Since the sun is only 0.5° in diameter and cannot be in two positions at
Tmiuce, it can produce a tracking signal but no acquisition signal, or an acquisition
31gna1 but no tracking signal. In either case, stable traCkmg of the sun above
the horizon would not be achieved. For the case where the sun is just on the
horizon, an error could be produced in one head. However, in this case, two-axis
‘attitude 1nformat10n could be obtained from the three remcunmg heads Wthh do not
see the sun. :

-] The mechanical configuration of the FIRM horizon sensor is illustrated in
‘Figures 8 and 9. The entire optical system and preamp assembly of the horizon
§,sénsor are mounted on bearings and pivoted to track the horizon. This is achievable
‘because there is no high speed moving part involved, and the system sensitivity is
"such that the optical aperture can be made small enough so that this type of optical

e et
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FIGURE 9. "FIRM" HORIZON SENSOR, DISASSEMBLED
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mounting is feasible. The use of microcircuit preamps also reduces the size of
the low-level electronics to such an extent that they can be housed in the pivot
member. The use of a pivoted optical system has the following three advantages:

R o

(a) The pivoted member is relatively light and has low inertia as compared
to a comparable flat mirror that would have to pivot the optical field of view over
90°,

(b) In order to cover the desired 90° sector to provide wide altitude and
: tilt range performance, a pivoted flat mirror would be relatively large and would
} 3 result in a commensurately large sensor head window.

(c) The use of a pivoted mirror requires twice the angular resolution for
the shaft angle encoder than would be required with this system, since the flat
mirror moves an optical beam through 26 for © rotation of its shaft.

In order to minimize power and eliminate any gears, a d-c brushless torquer
and tachometer are used to drive the pivoted member. Although a resolver readout
is shown in Figure 8, an ultimate system would use either a pair of inductosyn
 plates built into the pivot assembly (which would make the unit even smaller than
| ~ that shown in Figure 8), or a 16-bit digital encoder could be attached to the shaft

~in a manner similar to that shown in Figure 8.

A complete sensor system is composed of four tracking heads, each of
which includes all processing electronics except for the FIRM drive oscillator,
inductosyn drive oscillator, and power supply. This power supply module is
contained in a separate housing and drives all four heads and readouts.

III. PERFORMANCE PARAMETERS OF TI—IE HIGH-ACCURACY
FIRM HORIZON SENSOR

-~ A. Accuracy

An over-all accuracy determination for any horizon sensor can be resolved
into two main sources of error: '

(a) Instrument errors (i.e., errors produced on a perfect horizon in the
laboratory over the environmental range) .

(b) Errors due to earth horizon spatial variation.

: Of these errors the one more easily evaluated is the instrument accuracy.
A brief discussion of these and of the CO2 horizon variance error is presented
below.

1. Instrument Accuracy

At this writing, the accuracy performance parameters of the prototype
- horizon sensor have not been completely evaluated. Therefore, this discussion B
~ will be limited to the expected performance based upon the nominal system 1
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parameters. The errors produced by the FIRM horizon sensor in the laboratory
against a perfect horizon will be a function of (1) system signal-to-noise ratio
and (2) detector flake responsivity shift.

a. Random Noise Eguivalgnt Angular Error

The following calculation determines the expected system signal-to-noise
ratio when operating against a radiance in the laboratory equivalent to the minimum
earth radiance in the atmospheric absorption region.

| With a 0.5-inch diameter aperture and an effective system f/number of
0.21 produced by the detector immersion, the effective focal length is 2.7 mm.
Therefore, a 1° x 2° field will be subtended by a thermistor flake havmg approxi-
mate dimensions of 0.05 x 0 1 mm.

Assuming a detector noise limiting condition, the Noise. Equlvalent Power
Density (NEPD) of the system is given by:

G .Ad AN
6.3 x 10-10 e '
NEPD =
Aon
where . P . ,

Adl' = detector area in mm2 = 0.005 or 5 x 10~3 mmz
Af = no;se bandwidthk output bandwidth = 1 cpé
T = detector time constant in milliseconds = 2 milliseconds
Ao = dperture area = 1.2 cm2 -
n = optical efficiency = (window transmission) x (FIRM

transmission) x (CO9 optical filter transmission) x
(immersion lens transmission)

= 0,95%x0.8%x0.5%x0.5 = 0.19.

The factor 6.3 x 10710 is a thermistor figure of merit, while a factor of
3 is provided as a combined degradation factor for thermistor bridge factor,
detector bias reduction required for wide amblent temperature range, preamp
noise factor, etc.

- -3
6.3 x 10710 LA 0 —xd
+ NEPD = =5 x 3

4,8 x 10°10 Watts/c:m2
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With a field of view, {, of 1° x 2°, the received irradiance difference,
AH, when the field of view in one FIRM position is entirely below the horizon
is given by:
AH = AN AN Q
where

AN

AN minimum earth radiance between 14.2 and 15.8 microns

0.3 x 10-3 watts/cm2-ster (See references 6, 7, 8)

# AH = 0.3x103x6.08x 104

= 1.8 x 1077 watts/cm?

The peak signal-to-rms-noise ratio (S/N) will be given by:

AH 1.8 x
NEPD

=7
= 2T 8% 10-1

OIO

0=374

Zn

Therefore, the rms or 10 angular error of each head of the FIRM horizon
sensor due to noise with a 1 cps output bandwidth will be 0.5/374 = 0.0013°
or approximately 5 arc-seconds.

b. Errors due to Detector Flake Respongivity Shift

The second component of instrument error involves the responsivity match
between the three thermistor flakes used in the FIRM horizon sensor signal process-
ing. It will be seen from equations (1) and (2) that the responsivities ® A and RB)
of flakes A and B must track each other if null is to be maintained accurately. A
change in responsivity in one half of the bridge will result in an offset of the bridge
balance, and the horizon will be nulled at a difference elevation angle. The re-
sultino null shift can be defined as: (percentage responsivity mis-match) x (field
_ of view elevation subtense). For instance, for the 1° elevation subtense chosen

for each thermistor field of view, a 10% responsivity mis-match would result in a
0.1° null shift, Therefore, in order to provide an accuracy better than 0.01°, the
respon31v1t1es of flakes A and B must track each other to better than 1% with age
and over the ambient temperature range. In addition, the resistances of flakes A
and B and the compensator flake must be matched to 2%.

Encouraging results in the area of resistance and responsivity matching of
thermlstor flakes has been obtained experimentally at Barnes. It was found that
over a temperature range of -10°C to +50°C the responswlty and re51stance of two
separate thermistor flakes matched to within 1% . 1In this case, the situation should
bé even better since the A-B bridge is in essence one flake, so that the character-

‘;1stlc of the thermistor material between the two halves of the flake should closely
track. ~
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It can therefore be seen that this second component of error will predomi-
nate insofar as the instrument accuracy is concerned. It is felt that with a suit-
able combination of parameters,the FIRM horizon sensor system can provide a 10
accuracy of 0.01° if the horizon asymmetry errors are neglected.

o TRRERERET T . e e

2. Horizon Variance Error

As discussed in the foregoing section, extensive work on horizon profile
has been performed by Duncan, Hanel, and Wark, among others. This work
indicates that, if the horizon sensor is operated in the atmospheric CO9 band
and the seasonal radiance variation is compensated for, then the only remaining
spatial variation is of the order of #0.05° at an orbital altitude of 300 nautical
miles. Therefore, if an instrument accuracy on the order of 0.01° is achieved,
then the over-all accuracy of the FIRM horizon sensor system will be limited by
these horizon variance errors and will amount to approximately 0,905°,

IV. CONCLUSIONS AND PRESENT STATUS OF THE DESIGN

On the basis of the foregoing discussion, it is concluded that a horizon
sensor using a FIRM cell can be successfully fabricated in both a simple con-
figuration which is uncompensated for earth radiance variation and a more accurate
configuration in which the earth radiance is compensated for at the detector level.
The performance parameters of this earth radiance compensated FIRM horizon sensor
are indicated in Table I, and where applicable, are based on direct measurements
using the fabricated engineering model. At the writing of this paper, the engineer- :
ing model is undergoing final debugging procedures while tracking a simulated

earth horizon. All components of the system have been tested individually and

are performing close to the design expectations. It is therefore expected that when
the system debugging is completed the computed accuracy shown in Table T will |
be achieved experimentally.

i

Some comments about the peak power consumption and output bandwidth
are pertinent. The peak power consumption was measured on the engineering model l
with the torquer at maximum torque, a condition which would never be held for any
length of time for normal vehicle angular accelerations. In regard to the output 3
bandwidth, since the torquer can provide 3 ounce-inches of torque, and the rota- l
tional moment of inertia of the pivoted assembly is relatively low, the sensor !
should be capable of providing an output frequency response greater than 10 cps.
However, since the signal-to-noise calculation is based upon a 1 cps output,
there will be a trade-off area in signal-to-noise ratio when higher output frequency
response is desired. There is also the possibility of increased power consumption
for a higher frequency response output. However, since the FIRM cell can be |

- driven at any frequency up to 150 cps, the information theory limit for sensor out-
put frequency response is essentially at 30 cps.

| Therefore, in summary, it would appear that the primary advantages of this
high accuracy FIRM horizon sensor are:
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GENERAL CONFIGURATION

4 HEADS + POWER SUPPLY UNIT

TOTAL VOLUME

500 CU. IN (APPROX.)

TOTAL WEIGHT
(4 HEADS + POWER SUPPLY)

IS5 LBS MEASURED PROTOTYPE WEIGHT
WITH BREADBOARD ELECTRONICS

12 LBS (EXTRAPOLATED WEIGHT BY USING
THIN WALL MAGNESIUM CASTING ETC.

TOTAL POWER CONSUMPTION

AVERAGE POWER(WHILE TRACKING)®3 WATTS
PEAK POWER (MAX. TORQUE )~ 20 WATTS

COMPUTED
HORIZON TRACKING ACCURACY

+.01° AGAINST PERFECT HORIZON IN
LAB.

%.05° AGAINST REAL CO, HORIZON
IN SPACE

OUTPUT CHARACTERISTICS

INDUCTOSYN ANALOG(20 ARC SEC RESOL-
UTION)OR 16 BIT DIGITAL

OUTPUT FREQUENCY RESPONSE
CAPABILITY

>I0CPS

TABLE I. PERFORMANCE PARAMETERS OF "FIRM" SENSOR
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| (a) High accuracy cabability against the real earth horizon;
(b) low power consumption during tracking;

(c) extremely long life in orbit environment;

(d) no requirement for pressurization;

(e) digital or analog readout;

(f) horizon angular rate readout directly available from the feedback
tachometer.
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An Electronic-Scan Horizon Sensor

MONROE 'M.. MERLEN,, JTEROME M. PASTERNAK AND DENTON PEARSALL
Barnes Engineering Company, Stamford, Connecticut

ABSTRACT

A system that utilizes a linear array of sequentially sampled Thermopile
Detectors to provide scanning without moving parts is described. The techniques
used to reduce system noise and eliminate spurious target signals are reviewed,
along with simulated space environment test results. Potential future improve-
ments in implementing the basic principles are evaluated.

I. INTRODUCTION

| Today, in a time of expanding’ space: exploration, there is a need for a
reliable and passive means to establish a space vehicle's attitude with respect
to an adjacent planetary body. One method of accomplishing this task is by the
use of an infrared horizon scanner which uses the radiation discontinuity of the
épace-planet horizon to determine the vehicle's attitude. In presently accepted
horizon scanners, a motor driven set of rotating optics moves the field of view
(FOV) of a radiation sensing device in a set pattern across the planet's horizon.
The resultant detector output signals vary as the FOV crosses the radiation dis-
continuity. These signals are used to establish the vehicle's attitude with
respect to the adjacent planet..

| The perfection of an electronic method of scanning the FOV would result
in a completely solid-state horizon scanner. Such replacement of the mecha-
nical scanning elements increases the possibility for a compact, long-life,
universal-horizon scanner . Barnes has developed suitable electronic scanning
. techniques. ' :

Barnes has built a scanner unit employing these techniques. The unit is

B LT

- capable of determining a vehicle's attitude with respect to a wide range of planets
(Earth, Mars, Venus) or Moon which vary in blackbody temperature (120°K and up)

and angular subtense (2° to nearly 180°). It operates without interference from
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F unwanted foreign bodies, and because no moving parts are used, a 3 year, 90%
probability of success is realizable.

A, General Concept

The solid-state Lunar and Planetary Horizon Sensor system employs four,
accurately defined, rectangular FOV's which are orthogonally projected into space
(see Figures 1A and 1B). Each FOV is identified with one optical head in the over-
all system. In turn, the FOV of each head is segmented into discrete solid angles,
which have a one-to-one correspondence with a set of radiation detectors in a
‘linear array. The location of the thermal horizon within the segmented FOV is
readily determined because those detectors of the array being irradiated by the
energy from a planet have a different output signal than the detectors radiating
energy into space. The detectors' outputs are directly and sequentially sampled
by an electronic commutator. Thus, the necessary scanning is accomplished
without utilizing any moving parts. This method of scanning has the benefits of
digitalized processing initiated at the system's input.

The direction of scan from space-to-planet is used because space is a
relatively uniform radiation source. Therefore, during any single space-to-
planet scan, the first variation of radiation occurs when the planet's horizon is
initially crossed. If the direction of scan were from planet to space, the planet's
thermal gradients could produce confusion with the actual horizon crossover.

With subsequent electronic processing, attitude and altitude information
is derived fromthe sequentially sampled detector outputs in each head. The
serial information is in digitcl form but can be converted into an analog format.
Formulations that indicate the nature of the processing cre as follows:

X axis attitude = X - x2
Y axis attitude = vy, - vy
Altitude information "= = x + x_. = a function

of the angular diameter of g‘h lzanet as seen from the vehicle =
function of altitude

where xj; = number of detectors viewing space, or angular subtense segments
sampled before sensing the thérmal horizon in X1 sensing head FOV.
Similarly, X9, Y1+ and y, are related to the FOV's of X2, Y1, and Y2
sensing heads.

The resolution accuracy of the above technique is limited by the size of the
angular subtense of the individual field of view segments. However, the attitude
and altitude functions depend only on the presence of the thermal horizon within
the FOV and are not affected by the planet's magnitude, uruformlty of radiation,
or 1ts angular subtense.

The sensor will function propérly without interference from unwanted for-
eign (celestial) bodies in any of its FOV's. Rejection of signals from these
bodies is accomplished by requiring a definite number of detectors, that have
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planet radiation incident upon them,to be consecutively sampled before the sen-
sor verifies the presence of a planet's horizon. If the angular subtense of the
foreign body is less than the equivalent angular subtense corresponding to the
required consecutively sampled detectors, the signal from the unwanted body

is dismissed. As in the case of the desired planet, the magnitude of signal
from the interferring body is of no consequence.

The above concepts were used to develop and design the Lunar and Plan-
etary Horizon Sensor at Barnes.

B. Present Instrument

The Barnes solid-state sensor has the following elements associated with
each of the four FOV's: an optical system to focus the energy on the detectors;
an array of small, sensitive radiation detectors with thé ability to discern the
radiation difference between space (4°K) and the cold side of the moon (120°K);
a low-noise electronic commutator to sequentially sample the detector output
signals; a low-noise amplifier to process amplitude and time-varying low-level
detector outputs; and an amplitude-time threshold circuit to provide the foreign
body discrimination capability.

An uncorrected Schmidt optical system with 90° coverage is used to focus

an image of the horizon on the detector array. The detector array consists of
solid-backed thermopiles. These produce an output voltage (uv) proportional to
the difference between radiation incident on and radiation from their surfaces. -
A photocommutator is used for sequential sampling of the thermopile output volt-
ages. (Neon bulbs and photo-resistors are the basic elements of this low-noise,
solid-state, commutator). The commutator output signal is fed to a compression
amplifier.

The compression amplifier processes the dynamic microvolt signals W1th—
out serious interference from noise. It also has a unique filtering arrangement
that automatically varies the amplifier's effective bandwidth as a function of the
instantaneous signal intensity. A subsequent threshold level comparator circuit
is used to determine whether the amplifier's output signal is above or below a
preset level. This output is coupled to a spill-over counter. The counter pro-
duces a d-c output only when a prede'termined number of consecutive signal
samples have remained above the setting of the amplitude threshold level. The
output from this spillover counter comprises the final output from a smgle signal

‘channel of the Lunar and Planetary Horizon Sensor

II. SIGNAL PRQCESSI’NG

The electronic processing of the signal will be discussed in two phases.
First, the fundamental concept will be reviewed and second, the detculs re-
quired to implement the fundamental concept will be described.
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f , ; Figure 2A shows the fundamental concept of signal processing and an
idealized d-c referenced signal output from a single scanning head. The d-c
reference for the system is obtained by simultaneously shorting the input and

- output of the amplifier to ground during the last five steps in the commutator.

Since the net radiation interchange between space and the thermopile is
out from the detector to space, a negative d-c voltage was selected to indicate
this condition. Note that the most negative signals are produced by the "space-

~ viewing" detectors, and the signals produced by "planet-viewing" detectors

- are always more positive. Therefore the location of the horizon can be deter-
mined by establishing the threshold level amplitude slightly more positive than

| the space level

There are a number of problems not indicated by the foregoing idealized
presentation. The magnitude of the negative space voltage varies with the
detector's ambient tempérczture The higher the temperature, the greater the ra-

- diation loss to space, hence the larger the negative voltage. This precludes the
usage of a fixed voltage threshold. Also space-viewing detector outputs could
vary £20% during one scan, due to differences in individual detector responsiv-

~ities. These spurious variations in sequentlal detector outputs could be con-

P fused with actual planet signals.

. If the net radiation interchanges of space-viewing thermopiles were made

~ equal to zero for all operating conditions, the preceding problems would be elimi-
nated. The net radiation power on space-viewing detectors can be made equal

~ to zero by using a small heated radiation source. This source must be equally

- seen by all detectors. It must also have a net radiation interchange with the
thermopiles that is positive and equ1l in magnitude to offset the effective inter-

~ change between each detector and space. Furthermore, by using such a source,

~ the outputs from all the detectors, would effectively be referenced to zero volts,
thereby permittin_g a fixed amplitude threshold setting to be used.

| In the actual system, ¢ small temperature~ cdntrolled radiation source, :
| that obscures only a small percentage of the system's entrance aperture, achieves
~ the aforementioned results. The input power to this heated source is made pro-
portional to the negative signal outputs from the first ten detectors of a scan by

- means of an electronic sample-hold servo. Under normal operating conditions

' these detectors will be viewing space. Figure 2B shows this modified arrange-

- ment with its idealized output. ,

5 Figure 2B would not be practical as a universal sensor that has to oper-
~ate with respect to many celestial bodies whose angular subtense and radiation
_intensities varied widely. To accommodate the universal condition, the signal
amplifier would require an extremely low-frequency cut-on in order to prevent ex- ‘
cessive signal droop or overshoot. Extended low-frequency response is unde- |
sirable mainly because a transistor amplifier's noise increases at low-frequency, |
" and, this noise could produce false signals. By keeping the signal pulse duration
as short as possible, the low-frequency response requirement can be reduced.
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In the present system, shortening of the pulse duration wus accomplished
by using a "0-1" switch. This switch disconnects the amplifier's input from the
commutator output, and, reconnects it to a zero-volt reference after planet veri-
fication is achieved. Thus the maximum signal pulse width that the amplifier has
to process is limited to the number of counts required for horizon crossing con-
firmation. The confining of the signal pulse width in this manner is logical and
convenient. During any single scan of a FOV, no further useful attitude infor-
mation is obtained after verification of the planet horizon crossover occurs. The

 remainder of the scan time can therefore be utilized to zero-reference the amplifier.

The low-frequency noise problem was further reduced by varying, with
signal amplitude, the cut-on frequency of an R-C high-pass filter at the amplifier's
output. This was done by varying the "R" via the subsequent amplitude threshold
circuit to achieve two states: (1) for signals below the threshold, the cut-on is
relatively high but still capable of responding to the initial step input signal from
the planet horizon; and (2) for signals above the threshold, the cut-on is extended
downward to prevent excessive signal pulse droop, and subsequent overshoot.
Thus, for low-amplitude signal conditions, where the signal-to-noise ratio is

important, the effective bandwidth of the amplifier is reduced wrthout hindering

the system's response to the signal.

By returning the aforementioned variable "R" element to zero volts, the

~ amplifier's output is automatically referenced to zero volts through a low re-

sistance value whenever the signal is below the threshold level. This combi-

. nation of the "0-1" switch and the variable high-pass filter offers a more effec-
 tive means to d-c reference the system than that indicated in Figures 2A and 2B.
- With this method, the clamping function is maintained during practically the
entire scan interval and not just during the flnal portion.

It should be noted that a predetermined minimum number of detectors must

- receive the planet signal for the proper referencing operation to be achieved by the
~ improved method described. Under certain operational situations, large angular

~ vehicle tilts may preclude fulfilling this necessary requirement. By applying a
d-c potential to a number of commutator positions just subsequent to the final ,
 detector being sampled, a synthetic planet signal is produced at the commutator

- output. Since triggering of the threshold circuit is necessary for d-c referencing,
 the synthetic signal will perform this function if no adequate planet signal is
obtamed prior to its occurrence during the scan interval.

The final configuration for one head and its asso‘diated SiQnal processing -

- channel is shown in block diagram form in Figure 3. Typical commutator outputs,
. amplifier outputs and final outputs are shown in Figure 4. A photograph of a

prototype optical scanning head assembly and its associated commutator deck is
shown in Figure 5. Details of the controlied radiation source can be seen in
Figure 6. | | '
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FIGURE 5. PROTOTYPE OPTICAL HEAD ASSEMBLY

FIGURE 6. PROTOTYPE OPTICAL HEAD ASSEMBLY
WITH OUTER CASE AND WINDOW REMOVED
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‘ | III. PARAMETERS OF PRESENT UNIT

The present system has been designed as a wide-field, universal scanner
which can be used to supply altitude and two-axis attitude information with re-
spect to the Moon, Earth, Mars or Venus. Some of the existing limits on its para-
meters can be easily modified, but in most cases it will involve a sacrifice of
other parameters. For example, a reduction in weight and size can be achieved
by eliminating lunar operation requirements, reducing accuracy, or decreasing
the FOV. A list of the system's parameters, as they presently exist are enumer-
ated below: -

TABLE I - PARAMETERS OF A TWO-AXIS SYSTEM

Number of Optical Heads
Scanned FOV per head

Segmented solid angle
associated with indi-
vidual detector
Detectors per head/array

Spectral Response
Weight Per Head

Auxiliary Electronics
(master clock, commu-
tator drive, and threshold
devices)

- Weight

Resolution (digital)

System Accuracy

Operational Planet Size

Threshold Settings
Set for Planet Temperature
Set for Planet Angular Sub-
- tense |
Time per Single Scan
Signal Outputs*

Reference Output**

System Power Requirements
220 vdc
- +28 vdc (in vacuum)
- +28 vdc (in laboratory)
=28 vdc

bt
¥

2 per axis, 4 per system
10° x 81° (could be expanded
to 10° x 90°)

0.9x10°

90 (with 10° x 81° FOV)
100 (with 10° x 90° FOV)
14u'to 50u

6 lbs.

One per system

11b.

10

+0.5° | ‘ | |
22° to 170° (with 10° x 81°
field of view per head)

5° to 170° (with 10° x 90°
field of view per head)

100°K
5'0

300 milliseconds
Four separate outputs (one from

~ each field of view)

+10 volt pulses, synchronized
with scanning
;
7f.5 watts
5.5 watts
15.0 watts
0.5 watts
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TABLE I - PARAMETERS OF A TWO-AXIS SYSTEM (Contd.)

System Weight 25 lbs.
Stabilization Time 3 minutes
Operational Environment Space Vacuum
Operating Temperature Range ~-40°C to +60°C
Scanning Head Dimensions

(each head) 6.5" x6.5" x6.5"

* These outputs consist of repetitive rectangular pulses, 0 vdc during space
scan, +10 vdc subsequent to verified horizon crossover for remainder of scan.

** By relating the signal outputs to the scan position readout pulses, altitude
and attitude can be determined.

Iv. TEST RESULTS

The present system was developed by Barnes for Jet Propulsion Laboratories
in Pasadena, California. (J.P.L. contract No. 950470 under NAS 7-100). A proto-
type single sector scanning head was tested in a space environment test chamber
at the J.P.L. facilities during October 1964,

The scanner operated satisfactorily over a wide range of ambient tempera-
tures with various simulated target conditions. Only one minor problem was en-
countered, due to the non-similar spectral response of five of the ninety detectors
being commutated. This spectral mismatch was probably due to improper blackening
of the five affected detectors.

The delivered system utilized a window that transmitted radiation beyond
14 microns. This prevented the short-wavelength energy, from the sun and "hot"
targets, from reaching the thermopile detectors in the array. The long-wavelength
energy from "cold" targets, however, was passed without attenuation. In this |
way, the dynamic range of signals that the system had to accommodate was re-~
duced.

The scanner's controlled radiation source (which was used to offset the
detectors' 14 micron and beyond radiation loss to space) predominantly emitted
at wavelengths shorter than 14 microns. The aforementioned spectral response
mismatch caused detectors fifty through fifty four in the 90 detector array to pro-
duce a five-microvolt spurious output. In spite of this difficulty, the delivered

system could have operated against the Earth, Mars, or Venus. Only in the case

of the moon (where minimum signals of 2 mlcrovolts are anticipated) would oper-
ation have been precluded. e

The foregoing problem could be corrected by replacing the defective bank
of five detectors. Another more sophisticated and universal solution, which is
presently being 1mplemented would not require spectral matchmg of the detectors.

This solution involves replacing the present offset heat source, that emits "black

body" radiation; with one that selectively emits energy having wavelengths longer
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than 14 microns. Because the energy received by the detectors fromthe selectively
emitting offset radiation source will have nearly the same spectral distribution
as the energy loss to space, the spectral response of the individual detectors in
the array should no longer be significant. Further tests will be conducted after
this change is implemented to corroborate the effectiveness of this solution to

~ the problem.

V. PLANNED PRODUCT IMPROVEMENTS

| One major improvement is presently being investigated and breadboard

tested with successful results. This is the use of an MOS field-effect transistor
(FET) commutator between the detectors and the amplifier. The FET approach has
several distinct advantages over the photocommutator presently being used. It
will permit an extension of the operating temperature range of the sensor, are-
duction in the total system power requirement to about 3 watts, and an increase
in the scanning rate. The use of these transistors, in an integrated package
form, would result in a significant reduction in size and weight. :

Another anticipated area of weight reduction involves the scanner head
mechanical structure and collecting mirror. In the delivered system these were
,‘3 ~ fabricated of aluminum. By utilizing ribbed rigidized magnesium castings for
the structural members, and fabricating the collecting mirror by a replicating
process, the weight of each scanning head con be reduced to three pounds.

Further reduction in system weight and power requirements can be achieved
by substituting microminiature integrated circuits for the sitandard printed circuits
presently used in the electronic processing package. This approach also has the
advantage of yielding improved reliability. In addition, a high level of redundancy
can be incorporated into an integrated system with a negligible increase in weight
or power consumption.
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A High-Accuracy Conical Scan Horizon Sensor
Operating in the 154 CO2 Band

FRANK SCHWARZ, KENNETH A. WARD, and THOMAS FALK
Barnes Engineering Company, Stamford, Connecticut

ABSTRACT

The accuracy of most present operational horizon sensors is limited by
variations in the horizon gradient. A techitique is described for overcoming this
limitation by sensing only radiation emitted by atmospheric carbon dioxide,
electronically measuring the slope of the horizon gradient, and automatically
applying an appropriate correction. A laboratory model of such a system has
been constructed and tested with a CO2 band horizon simulator. The laboratory
model was evaluated using a pyroelectric detector with a scanner operating at
20 rps as well as one using a thermistor bolometer in a system with a 3 rps scan
rate. Results show that a nearly tenfold improvement in accuracy should be
possible by this technique.

I. INTRODUCTION

' Infrared horizon sens:.rs, since their development in the early phases of
our space exploits, have undergone continual evolutionary development. The
dfevelopment of the conical scan sensor, which in itself represented a major ad -
vﬁancement over other techniques developed earlier, went through numerious stages
of refinement in optics, electronic processing techniques and mechanical design.
Qf particular importance has been the achievement of greater accuracy in determin-
ixflg the local vertical. Earliest sensors used the broadest spectral response con-
erniently obtainable. Since the optical elements were generally made of Germanium
the spectral response had, as a rule, the normal 1.8u to 20p transmission charac-

, tjeristic of pure Germanium. It was realized fairly early that it would be advant-
~ageous to restrict the spectral response in order to reduce the larye variations in
signal amplitude which arise from solar reflections and scatter, clouds, etc.
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In recent years the various refinements in sensor characteristics and elec-
tronic processing techniques reached the stage at which the accuracy achievable
has become limited principally by the characteristics or profile of the Earth's
horizon. This being the case, further improvements in the accuracy of sensors
could only be obtained through recognition of this fact and use of particular
properties of the horizon gradient.

The sensor to be described in this paper represents one solution to the
problem of obtaining improved accuracy. It uses proven principles and hardware
that has been refined through application of new knowledge and newly developed
techniques. It achieves a significant improvement both in accuracy and sensi-
tivity. Performance of a laboratory model will be presented at the end of this paper.

By way of example, the sensor which will be described uses the well-
known conical scan system which was developed in 1958-1959 in the early years
of our venture into space. Over three hundred sensors of this basic conical scan
design have been built by Barnes Engineering Company and a good many of these
have been flown in various space missions. |

The salient features of the sensor to be descrlbed in some detail in this
paper are the following:

1. Use of the 15p COz band to make the Earth or planet appear
as a target of relatively uniform radiance. :

2. An electronic technique J’for establlshina a horlzon edge .
which is symmetrlcal abou‘L the local vertlcal and permlts
accurate determlnatlon of attitude. ‘ :

3. "Improvement in Signal_ to Noise rat‘io, to perrnit us,e of-a
narrow spectral band at 15p. This improvement is‘obtained‘
in either of two ways: ~ | |

a) A slowing down of the scan speed, which narrows the
electronic bandwidth to a range more within the ther-
mistor detector response time domain, :

b)  Use of a pyroelectric detector whose detectivity is
essentially constant to higherfrequencie‘s and with .
which a 20 Cps scan rate may be used.

Bty INFRARED CHARACTERISTICS OP THE EARTH! S HORIZON

Early hOI‘lZOI’l sensor data Cons1sted Chlefly of telemetered 31gnals from.
horizon scanners, some of which were flown as early as .1958. The data showed
that the Earth's profile, when v1ewed in the broad, infrared radiation. spectrum,

- is complex. Very large variations in signal amphtude resulted from radlatlon

M
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FIGURE 1. HORIZON PROFILE CURVES FOR 14-16p CO2 BAND
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l from cold cloud tops and reflections and scatter of solar radiation, A number of
} ~ studies and experiments have been conducted more recently in order to obtain a
j ~ better picture of the Earth's radiation profile in various portions of the electro-
[ magnetic spectrum.

III. USE OF THE CO2 BAND
; Data presented by a number of researchers, including Wark, 1 Rurn,? .
Hane13 and others, 4,5 show that in the 15pu CO9 band, the Earth's horizon looks
uniform and is devoid of the cloud effects which plague us when we use a broad
range of the IR Spectrum. Our own studies, drawing heavily on the data presented
in the references cited, show how much error results when we use particular sensor
parameters for a horizon scanner operating in the 15p CO2 band.

The TIROS VII meteorological satellite, which has been in orbit since June
1963, was equipped with a 5-channel radiometer, one of whose thermistor detectors
measured radiation in the 154 CO2 band. Data from this channel has been analyzed
by Goddard Space Flight Center scientists and others. The 5° x 5° field of view
employed does not permit detailed determination of horizon profiles, but the radi-
ance levels obtained can be compared with computed values. The agreement be-
tween Goddard SFC computed values (Hanel, Bandeen and Conrath ) and the values
actually measured is excellent, confirming the validity of the curves shown in
Figure 1. This is a conclusion reached in several reports published, including
W. R. Bandeen, M. Halev, and I. Strange in a NASA Report, X-651-64-218, titled
"A Radiation Climatology in the Visible and Infrared from the Tiros Meteorological
Satellites. "

A unique feature of the horizon profile in a narrow band CO2 spectral range
is illustrated in Figure 1. If we draw the slope lines of the family of horizon pro-
file curves passing through selected fixed values of amplitude (which we have
called ay and ax) , the lines would intersect in close proximity to Point 0 in the
figure. It follows that if we can measure and correct for a slope difference for any
scan position that we may encounter under worst geographic and seasonal condi-
tions, we can establish the position of Point 0 to a very high order of accuracy.
While the Point 0 should not be construed to correspond to the true Earth horizon,
it is important that we keep in mind the fact that Point 0 is symmetrlcally located
at the two horizon crossover positions with-respect to the local vertical regardless
of the radiance level encountered at either horizon edge crossing. Figure 2 shows
this symmetry of Point 0 about the local vertical drawn to a scale which is appro-
priate for the parameters listed including slope changes produced by a f1n1te fleld
of view and detector response t1me

A technique developed for”accomplish'in‘g this slope correction will be
-, described. Analytical as well as laboratory experimental results show that the
-, pitch and roll outputs for a system operating in the CO2 band may be corrected
to an accuracy of about 0.05° with reference to the local vertical.
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'} An RPC 4000 computer has been programmed to compute the errors which
; will result when we use particular sensor parameters including field-of-view,
', ~ detector time constant, scan angle, altitude, etc., all of which normally affect
} ! the accuracy of the local vertical determination. An error analysis was vperformed
with the computer programmed to use CO2 band radiance levels obtained with the
TIROS VII Radiometer on November 4, 1963. Considering a sensor system with a
detector whose time constant is four times faster than the horizon crossover time
for a 3° x 3° field of view, the system errors, before correction, amount to about
+0.5 degree 6f pitch output. After correction,the maximum error is reduced to
0.05 degree. (See Figure 3, in which the error after the slope correction is
shown on an expanded scale.) It should be pointed out that, although the treat-
ment below deals fairly specifically with conical scan sensors, the technique
developed for bringing about a correction in pitch and roll error works equally well
with edge tracking sensors and other systems where a slope correction is desirable.

Iv. ELECTRONICS PROCESSING TECHNIQUE FOR
TWO-SLICE CORRECTION SYSTEM

A. Normal Processing (Pitch Channel)

The standard conical scan horizon sensor processing electronics should
produce a normalized constant amplitude pulse starting at the time the field of
view first crosses the horizon and terminating when the scan leaves the Earth's
horizon. The duration of this constant amplitude pulse and its position with
relation to a reference pulse representing the vehicle vertical optical position,
provide the roll and pitch error data. The method of accomplishing this is shown
in Figure 4, where a slice level, ay, must be exceeded before the normalized
earth pulse is generated by a Schmitt trigger circuit. The output of the electronic
switch is fed to an integrator which has zero output when the two areas are equal
and a measured error output when the areas are not equal due to a change in pitch
angle. In practice,the value of slice level in a wide spectral band system may
have to be much lower than is shown in the figure, perhaps lower than ay to avoid
possible drop-out of the limited pulse in the presence of cold clouds.

B. Correction Signal Processing (Pitch Channel)
To derive the correction signal, a second slice level at a lower amplitude,

designated ay, is used to trigger a second Schmitt type circuit, as will be de-
~ scribed in the next section. By using two slice levels and generating a constant

profile in the region of the two slice levels (for a constant scan rate), we_"“obtain a
measure of slope which can be used to correct the pitch or roll errors regardless of
geographic regions and equivalent horizon temperatures over which the scan occurs.

The fndthematical fofmuldtion for this is fshown in Figure 5, which is an
expanded horizon slope dealing with only one edge. The equations show from
slope and similar triangle determinations that a correction factor t4 - ty may be
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obtained in the standard, single slice level processing procedure, The correction
pulse adds to the normalized earth scan pulse the amount required to stretch the
total pulse to the Points 0 at the two edges of the horizon over which the scan
occurred,

C. Processing Circuitry; Analog Approach

To implement the concepts of the improved accuracy horizon scanner, we
require, basically, the original circuits used for normal pitch and roll processing,
plus a few elements to produce the error correction outputs which will be integrated
with the common pitch and roll output signals. We will limit the discussion pri-
marily to the circuitry which provides the error correction, the more standard
processing having been covered in papers ond articles prepared previously by
M. Arck and M. Merlen®.

The block diagram, Figure 6, shows the nature of the processing circuitry
which is required. The standard circuits are shown in a somewhat simplified form,
pointing out only the principal blocks for the pitch error channel. The higher slice
level, for example, is achieved by setting the threshold level of a modified Schmitt
trigger circuit to a convenient level, say 50% of expected 240°K target. The out-
put of this trigger is a fixed amplitude square pulse of a duration which corresponds
to the earth scan period of the sensor from the time of ay threshold crossover at
the leading edge to its crossover at the trailing edge of the earth scan. It is the
output of this circuit which is further processed and used as the pitch output in
the more conventional horizon scanners. For roll error output, it is compared with
a similar pulse from a second head. ’

A second and identical Schmitt type circuit is used for the error correction
channel in the present system. This trigger is set to a lower threshold value, ax,
which may be conveniently adjusted to be 25% of the expected 240°K target tem-
perature preamplifier output signal level. The output of this trigger circuit is again

‘a constant-amplitude pulse but it is of longer duration because it is initiated and

terminated at a lower signal level of the earth scan. The Schmitt type circuits
used are of a design which insureg that hysteresis in their switching cycle is made

negligibly small. The leading pulseof Schmitt ay is next fed to one input of Flip-
Flop I, whose output is thus made to go positive., As soon as Schmitt ay starts
its normalized earth pulse, a signal from its output is fed to the second (disabling)

input of Fllp-Flop 1, thus turning off its output pulse. This output [ is thus seen

to be a pulse of standard amplitude and of a duration corresponding to the time
fbetween amplifier output signal crossover of the threshold levels 0x and ay. The
pulse duration is thus a measure of the slope of the leading edge of the earth scan
cycle. In an analogous fashion, Flip-Flop Il generates a negative pulse of a
duration corresponding to the trailing earth scan pulse's time differenticl in cross-
ing over the threshold levels ax and cty’ This pulse is a measure of the trailing
edge slope, and will be used to apply the desned correction voltcxge to precisely
define the local vertical,

Pitch output is obtained in the covlvenimlul scanner by inverting the polar y '

of the normalized earth scan pulse on a cownmaond from the reference signal generator
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The reference pulse occurs at midpoint during the earth scan when there is no
pitch error., The waveform thus generated will have equal areas for both the
positive- and the negative~going portions. After going through an integrator
( j dt I), zero pitch error output is produced. Error outputs different from zero
occur when the reference pulse divides the earth pulse into unequal areas.

Similarly, the outputs of Flip-Flops I and II are positive- and negative- ‘
going equal-amplitude pulses of a duration representative of the slope of the |
horizon edge profiles. After going through Gates I and II the pulses are fed to
an inegrator ( f dt II) whose output is a measure of the p1tch correction. This
error correction output is summed with the pitch output error signal to provide
the highly accurate output.

In similar fashion the roll error may be corrected through subtraction of
the two-slice-level error output pulses.

A feature of this error correction system which results in a significant
improvement in signal-to-noise ratio is a scheme for gating "on" at least the
lower slice level processing circuit at only those times when it is expected that
a signal will be received from the detector as it crosses over the horizon. Since
we know approximately at what point in the scan cycle the horizon edge will be
scanned, it is relatively simple to activate the sensitive, low-threshold level
circuit only at those times when it is expected that a signal will be received.

By restricting the tlme duration of the "acceptable" positive pulses to a
minimum determined by the longest expected horizon crossover time and resetting
the positive flip-flop for pulses that last longer than this pre-~set interval, we
can effectively discriminate against noise~-triggering during most of the scan period.

D. Digital Circuitry

- The techniques described above, while discussed in the form of analog
circuitry, are equally adaptable to digital use. An optical pulse generating en-
coder, mounted on the peri~hery of the scan mechanism, provides a pulse train
or code. In this method of processing, the preamplifier output signal, upon
reaching the first slice level, initiates an up-count. The up-count is terminated
when the second slice level is crossed. In an exactly analogous fashion, a
similar down-count is produced at the trailing edge of the earth scan, subtracting
from the accumulated leading edge count. The net difference in counts represents
the error correction. A similar up and down count is produced for the conventional
pitch (or roll) signals, commencing upon the crossing of the second threshold level
ay. inverting the count upon receiving the reference signal pulse and terminating
the subtraction upon crossing the Ay level at the trailing edge of the earth scan.
Upon adding the remainder pulses irom the normal pitch (or roll) output to the

v, LABORATORY MODEL SENSOR

Two sensors hcve been constructed cmd tested to demonstrote the volue of

M i et b it




!

e

I s

e et e T

Schwarz, Ward, and Falk " Page 85

(a) One uses the 20 cps scan speed and scan mechanism of conical scan
~ sensors of current design but substitutes a pyroelectric detector for the immersed
thermistor bolometer.

(b) A second version uses the standard thermistor bolometer but uses a
- nollow-shaft, multiple-pole, motor to operate at a greatly reduced scanning speed.
 This choice is dictated by the parallel need in all horizon sensors of a high order
of sensitivity and rapid response to permit precise determination of the crossover
point of a sharply defined edge. Present conical scan horizon sensors, using
thermistor bolometers with time constants of several milliseconds, use lead net-
works in the processing electronics in order to obtain a rise time equivalent to
 that of a 300usec. response source. Such compensation results in a severe re-
- duction in signal-to-noise ratio. 4

A, Pyroelectric Detector with 20 CPS Scan

A pyroelectric detector operating at frequencies beyond its thermal elec-
trical time constant has a sensitivity which is essentially independent of fre-

quency up to the frequency at which the amplifier short circuit noise becomes a
limiting factor. This is so because the detector, which behaves like a pure
capacitor, shunts out Johnson noise generated at the amplifier input, causing the

- noise voltage to decay at arate of 6 dB/octave of frequency. The responsivity

- beyond the thermal constant of the detector likewise falls off at 6 dB/octave.

- The signal-to-noise ratio for equal noise bandwidth thus remains constant so
long as the noise keeps falling at the 6 dB/octave rate. This is shown in the
paper presented here by S. Weiner, and it is seen that a satisfactorily high
detectivity is achieved up to frequencies of 1000 cps.

A pyroelectric detector was incorporated into an engineering model of the
- conical scan sensor for two reasons: its signal-to-noise characteristic and the
frequency compensation possible to simulate a 300psec. time constant., This
- occurred without degradation of its sensitivity per unit bandwidth. Because this
sensor maintains a 20 cps scan speed, the available system error output rate is
greater than that of the slower version described below,

B. Slow Scan Sensor Using Thermistor Detector and a
Hollow-Shaft Motor Scan Drive

A second version of conical scan sensor, also adapted to demonstrate the
edge correction technique, uses a standard immersed thermistor bolometer. In
this sensor the optical element, a venetian blind reflector, may scan at about
3 rps because it is mounted directly to the rotor of a hollow-shaft multipole motor.
- This construction eliminates the gearing between the motor and the optical elements. |
 As a result of the lowered speed and by eliminating gears and all bearings except
~ those of the motor, wear is decreased substantially and the reliability of the
- mechanism is improved. Figure 7 shows the scanning head of the laboratory model
- sensor,
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To evaluate the performance of the sensors, the optical heads were mounted
in the horizon simulator shown in Figure 8. A heated plate source can be adjusted
to provide the equivalent of a 240°K CO2 band atmosphere temperature or other
temperatures as desired. Signal-to-noise ratio measurements were made with both
sensors for radiance values equivalent to 240°K and 200°K CO2 band atmosphere
temperatures. The data is shown in Table I below.

In order to simulate a lower equivalent radiation level at one edge of the

horizon scan (as may occur when scanning over the arctic winter regions), an
attenuating screen was introduced at the horizon simulator edge. The radiation

TABLE I — COMPARISON OF PYROELECTRIC AND THERMISTOR SENSORS

| | | Pyroelectric Thermistor
Parameter Detector System Detector System
. Scan Rate | 20 RPS 3 RPS
Spectral Response E - 14 to 16p 14 to 16
Clear Area of Objective 8 cm? 8 cm?
Field of View | 20 x 4° 20 x4
Detector Area 1x2mm 0.2 mmx 0.4 mm

Germanium immersed

- Detector Time Constant 0.5 sec. compensated 3 msec.

' to 0.3 msec. , |

Detector Sensitivity NEP (500K,500,1) =  NEP (500K, 100, 1) =
10-9 Watts 0.36 x 1079 Watts

Detector Operating at
Room Temperature

| Preamplifier Banciwidth 0.5 to 500 cps | 0.05 to 400 cps
 Signal (Peak) 67 250

 Noise (RMS) (13.4 for p-p noise) (50 for P-p noise)

for 240°K radiance in
14 to 16p band before

slice level

Slice Levels L | 20% and 40% of maximum signal
- pulse from 240°K horizon

S/N p-p at lower slice level 27 : 10
Minimum Effective Temperature* 190°K 165°K

*The lowest COp band atmosphere temperature for which the correction system is

effective. Below this temperature the system will function without the benefit
of the edge correction system with an accuracy similar to that of a standard
conical scan sensor,

.;LA~
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FIGURE 7. EXPERIMENTAL CO2 BAND SENSOR HEAD

FIGURE 8. EXPERIMENTAL COj BAND SENSOR MOUNTED IN ‘
LABORATORY SIMULATOR |
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Ereceived by the detector from this region had an equivalent CO2 temperature of
'210°K (the highest value having been 240°K). While such a system of attenuation
of radiance at one side of the scan does not have the characteristic gradient of
the horizon profile curves, the finite field of view of the sensor makes the tran-
‘sition a gradual one. In the absence of correcting circuitry, scanning over these
jregions of dissimilar radiance results in an error in the conventional pitch output
 of about 0.5 angular degree. On adding the correction channel output signal to
éthe conventional pitch output the error is reduced to about 0.03°,

The data in Table I shows that the thermistor detector system operating at

;3 RPS is somewhat superior to the pyroelectric detector system operating at 20 rps.
‘However, it should be remembered that it will have a poorer error output response
time. With a scanner operating in the narrow 15p CO2 band and a 20 rps scan rate,
the required sensitivity cannot be achieved without some changes such as increased

size of the optical collector or the substitution of detectors capable of increased
response time. Among detectors which do not require cooling to liquid gas temper-
atures, the pyroelectric detector appears to be an excellent choice.
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