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ABSTRACT

This is a Final Report on Advanced Manned Missions Guidance and Control
Systems Study, NASA Contract NAS 9-6823.

The objective of this study is to develop and demonstrate via laboratory
tests, advanced guidance and control techniques which, for future manned
missions, will minimize spacecraft constraints, enhance mission flexibility, and
eliminate the mission time dependency of guidance and control system reliability,

while maintaining adequate performance to accomplish the required missions.

January 1968
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INTRODUCTION AND SUMMARY

Volume III of R-600 is concerned with the development of radiation
sensors subsystems for advanced manned space missions. The work reported
in this volume was performed under Part II, Task 5 of contract NAS-9-6823
between the NASA Manned Spacecraft Center and the Massachusetts Institute of

Technology Instrumentation Laboratory,

General requirements for advanced manned missions upon Control,
Guidance, ~nd Navigation Systems are set forth in Volume 1. In that volume, a
report is rnade of a general study of the overall requirements for advanced
manned missions invclving a range of exploratory missions in the solar system
following the Apollo and Apollo Applications Category of missions.

Volumes II and IV respectively direct themselves to the development of
computer subsystems and inertial subsystems as applicable to advanced manned

space missions.

In this volume, there is set forth in detail the results of a ten-month's
effort to investigate various aspects of advanced technology applicable to radiation

sensor subsystems for advanced manned missions.

The studies discussed herein are based upon manned planetary missions.
Although other missicon types were considered, such as extended earth orbital and
space station missions, it was concluded that the planetary-type missions were the
most demanding and thai the eart‘;’gﬁ;fafbital and space station missions could be per-
formed by a system designed for k;laneté.ry missions, It was also concluded :«,that
the alignment and navigation for many of the anticipated earth orbital and space
station missions could be achieved with adaptations of Apollo generation hardware.
The versatility, reliability, .accuracy and operatidnal characteristics required for
a planetary mission appear in general to enéompass the characteristics required

for the other mission types considered.

The functions considered in this study whicki\&were to be performed by a

radiation sensor subsystem during a planetary mission were:
; 1, Spacecraft navigation
2, Inertial measurement unit (IMU) alignment
3. Reﬁdezvous navigation'énd A'g;ui’d‘axice B




4, Probe navigation and guidance
5. Low-power, long-duration spacecraft attitude determination

Of these functions considered, the spacecraft navigation function is the most demanding
upon the development of a radiation sensor subsystem. The RSS design model presented
in Chapter 4, Section 6 is primarily designed to satisfy the spacecraft navigation require-
ments. This design model also has the capability of performing the IMU alignment
function, as discussed in Section 4,6, These first two functions listed are the ones which
can most readily be analyzed within the present state of definition of manned planetary
missions,

The last three functions listed will be primary tasks for onboard radia-
tion sensor subsystems and should be analyzed as soon as mission guidelines be~

come available,

Rendezvous will probably be a major factor in manned planetary missions.
Even for the Saturn V class of boosters, the large size of the spacecraft will neces~
sitate its assembly in space. Also, rendezvous will be necessary in order to use
recoverable probes for planetary exploration, Most presently anticipated rendez-

vous navigation and guidance tasks can be performed by the design mode,

Ejected probes will probably be the vehicle for many of the planetary
experiments which serve as the motivation for planetary missions, Except during
terminal guidance, the probes can be accurately tracked and guided using the
spacecraft navigation system. Much of the navigation of probes can best be per-
formed from onboard the spacecraft in order to simplify the probe system as
much as possible and to avoid duplicating Sophirétifcated equipment.

Low-power; long-duration attitude determination will be necessary to
maintain spacecraft attitudes and rotations throughout extended planetary missions,
Radiation sensors such as the star tracker, sun sensor, and scanner used in the
design model would serve this function, There is a strong probability that in the
not too distant future, low thrust atomic engines will become practical for plane-
tary missions. To utilize these engines, long-duration guidance would be re-
quired which is best provided by radiation sensors. This function can also be
provided by the radiation sensors used in the design model. ""Basved upon the re-
qui/rerﬁzents for the last three fuﬁctions listed, it is felt that moét of these RSS
tasks can be performed by appropriate adaptation of the design model.

Because planetary navigation is considered to be the most demanding and
‘the presently best defined mission function, the bulk of this volume is thus directed
toward the analysis and development of a planetary navigation system. There are
four facets of this study which are presented in the four ch‘apter's of this volume,

xiv
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These four efforts were carried out in parallel because of the limited duration of
the study. The results of each effort were fed into the other efforts as much as
possible, but it should be noted that there is some work presented in each section
which time would not allow to be fed back into the other sections, This study re-
presents a sound framework for development, but a considerable amount of study
remains yet to be done., There is sufficient material presented in each chapter
to form the basis for a next generation of effort, At the end of this section, re-
commendations are given on the next steps which need to be taken toward the
eventual development of a radiation sensor subsystem for advanced manned mis-

sions,

The first of the four chapters of this volume presents the phenomena
which would be used as navigation and IMU alignment references, and their asso-
ciated location uncertainties. The state of planetary knowledge is an important
factor in determining the utility and location uncertainty of each of these pheno-
mena, Some of the most significant phenomena uncertainties are discussed at
the end of the chapter.,

Suificient fundamental scientific iiform. *ion on solar system reference
features is available to permit accurate interplanetary onboard navigation (see
Chapter 3), but this knowledge is limited and any new data from unmanned probes
would enable the develbpment of a more optimal system, Thus one future objec-
tive of manned navigation task groups would be to maintain a close comraunication
with other groups associated with unmanned planetary probe missions, so as to
be cognizant of all pertinent data. Another objective would be to have data needs
reflected in the instrumentation of future unmanned probes, Future data would
be desirable to verify existing planetary data, ¥For some as yet unspecified mis-
sion it may also be desirable to reduce the uncertainties further, This could be
accomplished during future unmanned or manned missions, It is anticipated that
the uncertainties indicated in Chapter 1 can be considerably reduced over the
next few years using anticipated future probes. The resulting lower uncertainties

~ could then be utilized in the software of the first manned planetary missions with-
~out significantly effecting hardware designs,

Chapter 2 presents the navigation measurement techniques considered,
which are based upon the phenondena discussed in Chapter 1, Profiles and detec-
tion error models are developed for planetary horizons. Error models are pre-
sented for the various navigation measurement techniques which use uncorrelated
reference uncertainties and the angle measurement uncertainties discussed in
C‘hapfer 4, Correlated measurement models are presented which can provide
major ihf}ight‘ ij;rdprovements in the preﬂight“horizon'phenomena uncertainty

xv
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values, thereby providing more accurately located planetary references and con-
stituting a valuable planetary scientific experiment.

Collaboration between the navigation and scientific efforts of a mission
can provide many mutual benefits., The sensitivity of navigation horizon locators
to atmospheric phenomena is discussed in Section 2, 3. Any information that sci-
entific experiments can provide on atmospheric characteristics will reduce the
phenomenon uncertainty in horizon navigation accuracy. Even if the terrestrial
limb of the planet is used, rather than an atmospheric locator, scientific observa-
tion of planet diameter and topography can assist navigation., Observations of
clouds, dust, aerosols, haze and other factors which might distort or obscure

the horizon would certainly increase measurement reliability,

The navigation measurements can contribute data which is of scientific
value for investigation of atmospheric phenomena, Section 3.3 presents some of
the atmospheric parameter uncertainties which can be improved during the pro-
cess of taking navigation measurements. This measurement system was designed
solely to perform navigation measurements. If the scientific possibilities are
considered in the design objectives, a system which yields considerably more
scientific information could be designed. The combined navigation-séientific
measurement:concept outlined here would increase the real-time computer and
astronaut participation over that required for the uncorrelated navigation meas-
urement formulation, However, the additional effort would be very productive
and should be investigated in greater detail, considering the boptimal adaptation
of the RSS design model.

An Earth orbital experiment has been proposed by MIT which would meas-
ure the atmospheric constituent densities as a function of altitude. It is presented

in MIT/IL Report E-2220, MIT Aeronomy Experiment. The same experiment can

be used for flyby trajecicries as well as orbital trajectories. An optimum plane-
tary experiment would be almost identical, with only modifications in the wave-
lengths used in the data analysis, Somewhat different wavelengths would be se-
lected in order to adapt to the planetary atmospheric composition, and the atmos-

pheric components of primary interest,

Chapter 3 presents a navigation error sensitivity analysis which assumes
the error models discussed in Chapter 2. Volume I has presented the onboard
navigation formulation which has been developed and which was used to evaluate

the ACG & N requirements for several simulated representative missions. Chap-

ter 3 presents the results of a limited analysis of several representative plane-

tary mission phases and indicates the navigation accuracies which can be antici-

" pated. An Earth-to-Venus leg, an Earth-to-Mars leg, a Venus flyby leg, a Mars

xvi
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flyby leg, and Mars orbital phasé are simulated. A range of phenomena uncer-

tainties, navigation instrument accuracies and measurement schedules are inves-

tigated to determine their effect upon navigation accuracy during the mission phases.

Navigation position and velocity determination accuracies are the prin-
ciple performance indicators which have been evaluated. These accuracies have
direct impact on mission cost functions such as: total mission Av, probe naviga-
tion and guidance accuracy, atmospheric braking accuracy, atmospheric entry
and landing accuracy, etc. These quantities constitute primary motivation for
achieving given levels of system accuracy. However, these quantities were not
used as performance indicators in this chapter because of insufficient time and
resources to do so, and since they are more dependent upon mission definitions.
To proceed further in using these cost functions it would be very helpful to have
some more definite missions definitions, objectives, and constraints. Otherwise
there is such a large number of parameters that it becomes prohibitive to evalu-
ate all of the possible combinations. The evaluation of system performance re-
quirements against mission cost functions is one of the most significant tasks

necessary toward the development of a planetary navigation and gtiidance system,

The results presented in Chapter 3 indicate that navigation accuracies
of a few miles can be achieved with onboard navigation. One point to note is that

""second order' to: astronomical

the onboard navigation is only susceptible in the
units (AU), planet ephemeris, and planet geophysical uncertainties, The effect of
these uncertainties, which, for example, cause errors in the initial conditions at
interplanetary injection, are diminished to an insignificant amount as the space-
craft nears the vicinity of the planet, By sighting directly at the targef planet,
the propagated errors from these uncertainties are essentially eliminated, One
advantage of onboard navigation then, is that the navigation becomes based in the

reference frame of the target planet. Also for any atmospheric braking maneu-

- vers, probe guidance or planetary experiments, the onboard sensors can directly

determine the location of the significant phenomena in the spacecraft frame of
reference irrespective koyf its location uncertainty in an earth based frame of

reference,

An example is provided by a planetary atm ospheric e‘ntry maneuver.r
In addition to requiring spacecréft trajectory knowledge, this task calls for ac-
curate knowledge of the atmospheric derisity profile. The strict definition of the
entry window is that the kspacekcra’ft shbuld enter a specific density region at a

prescribed angle and velocity. In cases where low entry angles are involved,

unexpected density variations can jeopardize the mission even if the trajectory

is accurate rela@tive to the center of the planet. The advahtage of optical
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navigation in this situation is that it actually measures the spacecraft position rela-

tive to the density profile, which is the parameter needed for precision entry.

Several tentative conclusions have resulted from the simulations runs

thus far for certain phases of these two specific missions:

1.

That the space sextant angle measurement uncertainties limit
the navigation accuracies achievable during the interplanetary
mission midcourse phase , and that the navigation accuracy
during midcourse for a given measurement schedule, is approx-
imately proportional to the sextant angle measurement uncer-

tainties.

That the planetary phenomena location uncertainties relative to
the planet, limit the ultimate navigation and guidance accuracies
achievable during flyby and orbital mission phases and that
navigational accuracy for a given measurement schedule is ap-
proximately proportional to the "average' phenomena location

uncertainties.

That the AV required to achieve a given guidance accuracy at
the planet (as allowed by the navigation accuracy limitations
imposed by the planet locator phenomena uncertainties) is
approximately proportional to sextant angle measurement ac-
curacy. This conclusion is based upon portions of twe specific
missions and représents a limited amount of data, The AV's
performed do not necessarily represent an optimum schedule
which could reduce the AV's required., On the other hand, it
is believed that the proportionality between the AV's required
and sextant accuracy is representative for these specific mis-
sion phases, Differences'in the AV required will result from
different guidance requirements and for different solar system
and mission geometries, As previously stated, more analysis

" is required to generally evaluate this mission cost function,

Chapter 4 presents the RSS design studies which were used as the basls

for the instrument accuracies and functional constraints which were ‘incorporated

into the error models presented in Chapter 2 and evaluated in Chapter 3. The

first half of Chapter 4 presents, in approximately evolutionary order, the think-
ing that went into the formulation of the RSS de81gn model, A ground rule for
this study was that complete attitude isolation between the spacecraft and the

sensor nead be provided by the RSS mechanization so as to place a minimum .of

demargds upon spacecraft attitude control, Several alternatlve de51gns are
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presented and discussed and the conclusion is drawn that an automatic system
which uses electro-optical sensors and electrical transfer of information to the
astronauts will provide the best sum of accuracy, versatility, reliability, inde-
pendence from other spacecraft functions and an appropriate level of astronaut
participation, Particular emphasis was placed upon devising a general purpose
design model which could be used for planetary missions involving all anticipated
relevant solar system bodies, and serve as many functions as practical, The
design model presented uses a few versatile, general-purpose sensors rather
than multiple specialized instruments. The sensors chosen can detect all of the
star and solar system phenomena considered to be of significance for guidance

and navigation.,

It should be noted that backup systems or techniques are not discussed
herein, There are several techniques which are simpler in mechanization than
the design model, but which are seriously deficient in one or more of the previously
listed performance characteristics. In the improbable event of catastrophic, ir-
repairable failure of the RSS system, manual measurement and/ or computation
techniques could be used as backups. Hand held space sextants, star occultation
orbital navigation, visual attitude determination and alignment are a few of the
possibilities, Except in emergency situations sole use of these techniques gen-
erally places prohibitive demands upon the astronaut, the total Av and the other
spacecraft systems,

The last half of Chapter 4 presents several specific topics related to the
design of an RSS, such as folded optics design, stray light baffle design, auto-
matic landmark tracking and bearing heat transfer studies. Also, flashing light
visibility studies are presented which are of particular significance for rendez-
vous tasks. In addition, a navigation measurement mechanization is presented
consisfing of a scanner mated to a ring laser which can conceptually provide
navigation angle measurements accurate to 1/10-arc second. For the missions

considered thus far, this degree of accuracy does not appear to be required, but

it should be noted that if the need does arise such accuracies are conceptually

possible,

Radiation Sensor Subsystem Development Task

There are several ""next step' key tasks which have evolved out of the
effort reported in this document, ’

-Research:
~ a,  Continue correlation and assimilation of planetary geophys1ca1

~data 1nto nav1gat10n reference models,
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Analysis:

a.

C.

Design:
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Communicate critical geophysical uncertainties to unmanned
planetary probe projects £ as to realize appropriate experi-~
ments that may be compatible with the package.

Devise cost functions which are most representative of mission

and system optimum.

Update mission navigation simulation error models to repre-

sent all of the concepts reported in Chapters 1, 2, and 4,

Perform analysis of limb phenomena locators and associated
sensor designs to develop optimal combinations and to deter-

mine detection uncertainty functions.

Perform an information and servo analysis of a design model
instrument in a range of dynamic environments, One example
would be the dynamic environment encountered during an arti-

ficizl gravity rotation,

Complete parameter studies of flyby and orbital missions,

Design an engineering model of RSS based upon design model.

Design a scanner-photometer sensor package.

Hardware Development;

al
b,

C.

Build and evaluate an engineering model of design model optics,
Build and evaluate an engineering model of a video tracker.

Build and evaluate an engineering model of a ring laser angle

encoder,

The following is a list of the general objectives relating to the design

of Radiation Subsystems for advanced manned missions.

1.

Conduct a study program to update knowledge of the potential
navigational reference features in the solar system and their
potential for ineeting the mission and system requirements.
Such phenomena as planet terrestrial or atmOSpheric limbs,
planet radiation distribution centers, unknown landmark target
spatial distributions, microwave and ylase’r radar ranging, are

involved.

Use these studies to develop sensors and related electronic

and mechanical hardware to. utilize the phenom'ena which have

XX
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been identified above in addition to star phenomena which will

be used for celestial attitude reference.

3. Evaluate these sensors to the extent possible in laboratory or
atmospheric test programs and also design and develop the
necessary experiments which can be used to qualify these

sensors on early manned and unmanned missions,

4, Design and develop Radiation Subsystems for advanced rrianned

missions, based on the results of the above tasks.

This technical area is characterized by the need for geophysical re-
search, associated analysis to determine optimal phenomena locator-sensor
combinations, systems analysis, and engineering development experiments in

the laboratory and in space environments,

Early effort would involve maintaining a design model of the Radiation
Sensor Subsystem based upon best available scientific and engineering informa-
tion. Concurrently, systems analysis and component systems development
would be accomplished. Several experiments would be identified and designed
involving materials, components, and sensors. These experiments would be

suggested for inclusion on certain Apollo Applications (AAP) missions,

In parallel and prior to receiving all of this inforimation a radiation sub-
system will be developed for use and evaluation on extended orbital flights such
as a space station. This interim subsystem would involve design and construc-
tion of 2n engineering model and a prototype for use in a test and qualification
prograih. In the sequence suggested here, a set of subsystem drawings would

be available for use in bringing an industrial contractor into the program.

A time line of this development plan is shown in the following figure,
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1. GEOPHYSICAL AND PLANETARY STUDIES

1.1 Motivation for and Nature of Study

Fundamental to the problem of interplanetary navigation is the maintenance
of a sufficiently accurate spacecraft state vector, Data required to derive the space-
craft position and velocity with respect to a given planetary body cszn be obtained by
a variety of angular measurement sequences accepted by a recursive filtering tech-
nique, Several measurement types may be employed, but the most accurate can be
shown to utilize the angle between the line of sight to a selected star and a line of
sight to a well-known position on some nearer body, e.g. a planet, the Sun, or per-
haps a moon. The most useful feature for this latter line of sight appears to be a
point on the limb of the planet (or Sun or Moon) in the plane containing the spacecraf..
the planet center, and the selected navigation star., This point or locator on the li:nk
would be some specified point in the horizon (e.g. that point with a radiative int.
of one half the maximum for the planet), or conceivably, in the case of a planet wi '
a very thin atmosphere, the edge of the solid body itself, Initially, at least, the
ability to utilize both sunlit and dark limbs must be considered,

The uncertainty in any one elemental measurement will generally consist of
the sum of an angular instrument uncertainty plus the distal uncertainties in the lo-
cator position, It is with these distal or phenomena uncertainties that this section is
concerned, The objective here is to consider the various celestial bodies which
could profitably be used for navigational information, and to determine just what can
be said toward establishing the magnitude of phenomena uncertainties for locators
assocliated with those bodies. It should be noted that these uncertainties are equally
relevant when the body is employed’ purely as an attitude reference,

To delimit the size of this study and to provide a real element of applica-
bility, navigationa.l simulations of two specific missions have been considered in this
report, The first, scheduled for launch in 1979, is a Mars flyby mission including
return to Earth (shown in Fig, 1-1). The second mission is a triple planet flyby to
be launched in 1977 (shown in Fig. 1-2), This would first go to Venus, then to Mars,
back to Venus and on to Earth again,

Sinceé for these missions navigation with respect to the Earth, Venus, and
Mars are of primary importance, locators and phenomena uncertainties for these
planets are of particular interest. To establish the inherent optical stability and
associated uncertainty of a poteﬁtial locator, good atmospheric models and data on
meteorological and climatological variations are heeded. Such data is largely avail-
able for the Earth, but is still highly speculative for both Venus and Mars. Given
this information, however, one can dkeve"ylop appropriate scattering and absorption
models to predict the radiative nature of a planetéry horizon,

1-1




i
i
MARS FLYBY: Projection of trajectory and planetary orbits into
plane of the ecliptic; the vernal equinox (VE) of date is indicated by
an arrow, The dates of occurrence of significant events are listed
below; correlative spacecraft and planet positions are represented
on the figure by the associated event number. Incremental spacing b
on the figure frame is in units of 0, 1 astronomical units,
{
Event Number Date ‘ _
i
Transplanetary Injection 1 3 December 1979 (!
it
Mars Encounter - 2 21 April 1980 :
Return to Earth -3 9 October 1981
Fig. 1-1, Mars flyby. (Sheet 1 of 2) | |
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TRIPLE PLANET FLYBY: Projection of trajectory and planetary
orbits into plane of the eéliptic; the vernal equinox (VE) of date is
indicated by an arrow, The dates of occurrence of significant events
are listed below; correlative spacecraft and planet positions are repre-
sented on the figure by the associated event number, Incremental

spacing on the figure frame is in units of 0, 1 astronomical units.

Event

‘Transplanetary Injection
‘Venus Encounter #1
Mars Encounter

Venus Encounter #2
Return to Earth

Number Date
1 24 February 1977

2 18 June 1977

3 20 December 19877
4 26'August 1978

5 1 January 1974

Fig, 1-2. Triple-planet flyby. (Sheet i of 2)
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For this purpose a critical survey of the available literature on the atmos-
phere of Venus and Mars has been undertaken. A brief condensation and interpreta-
tion of this data is presented later in this section as a basis for preliminary deter-
minations of locator uncertainty on these planets. Atmospheric data for the Earth
is both well-known and extensive and will not, therefore, be repeated in this docu-

ment,

The data on Venus and Mars are frequently ambiguous and sometimes con-
tradictory. The reader must then be aware that the models and figures presented
here are neither final nor is there associated with them a high degree of confidence.
Rather, they serve as a reference upon which various studies testing the sensitivities

of horizon locator uncertainties may be based.

1.2 Potential Navigation Bodies and Phenomena

Any body in the solar system which is detectable and of known position may
serve as a navigation or attitude reference for interplanetary missions. The planets,
their satellites, asteroids and the Sun are all potentially useful, depending on the

nature of the specific mission,

Since these bodies are seen with a finite angular subtense, two modes of
resolution may be considered. Either the limb or edge of the apparent disc may be
detected, or a known position on the viewed surface of the body may be used. In
this latter category, knowh landmarks might be used at close range, while for very
distant cases the point of peak intensity in the scattered sunlight or infrared thermal
radiation would, perhaps, prove useful. The peak intensity detection scheme can,
however, be quickly disregarded due to its sensitivity to local variations, kmeteorology
and albedo, even if corrections for diurnal, seasonal, latitudinal, and phase’\angle
effects were known and applied, As for known landmarks, there is presently insuf-
ficient data to select landmarks of meaningful accuracy on any body other than the

Earth and our moon, It can be shown that in view of cloud cover problems on the

Earth, geodetic uncertainties in landmark position, and the possibility for errconeous

identification of the intended landmark, this technique presently holds little if any
advantage over other methods. '

Neither the radiation center nor known landmark scheme will then be further
considered within this study. Limb or edge detection with re‘spec‘t to a large number
of bodies still, however, remains practical, but many of theSe possibilities may also
be dismissed. This is done by considering the trajectories of spe‘cific missions of
interest'and the planetary configurations at those times, Initially, at least, it is
suggested that all asteroids and satellites, excluding the Moon, be eliminated be-
k‘causev of insufficient data regarding their ephemerides. Detection could also be

. problematic in many cases, Second, there will be a finite amount of instrument
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uncertainty in determining the line of sight to the selected body. Therefore, the un-
certainty in the derived information deteriorates in proportion to the distance from
the spacecraft to that body. Because of this, the a priori assumption was made that
no planet beyond Jupiter would be useful. Furthermore, Jupite'r was to be considered
only if it was within two astronomical units of the spacecraft, -or if it was otherwise
in a position such that its use could markedly reduce the uncertainty in the spacecraft
state vector. Neither of these conditions was met for the mission being considered,
and Jupiter was subsequently eliminated from further consideration, The navigation
simulations, the results of which are discussed in Section 3, appeared to lend validity

to all of these deletions.

Mercury was also eliminated from the study due to its proximity to the Sun
and the resulting difficulty and occasional inability to detect that planet. It is expected
that little information is lest here as the Sun itself can be used as a reference in that
general direction. Finally, the Moon was eliminated since it offered little more in-
formation than the Earth. The horizon of the Earth can probably be more accurately
referenced than a point on the edge of the lunar disc due to uncertainty of surface
topography on the Moon. Continued mapping of the lunar surface from Orbiter photos
may eventually give lunar landmarks a small margin of improvement over the Earth's
horizon, but the difference is never likely to be large. Only while the spacecraft is
in the Earth's sphere of influence are lunar references apt to be useful, and though
favorable measurement directions may occur during this time, depending on lunar

phase, the added information potential would not represent any gross improvement,

Remaining for use as navigation and attitude references are the Earth, Venus,

Mars, and the Sun. In the case of the former two, the atmospheres are sufficiently
thick that the edge of the solid planet cannot be "seen" anywhere in the ultraviolet

(UV) to infrared (IR) spectrum. Therefore, only horizon locators in their atmos-
pheres would be of value. Since the atmosphere of Mars is much thinner, either

the edge of the solid disc or a horizon locator in its atmosphere might be used. Use
of the Sun would probably employ the edge of the phdtosphere. Measurements of any
of these features must necessarily consider uncertainties in altitude or radius due to
atmdspheric variations and instabilities, and uncertainties in radius and other geo-

detic parameters.

- In addition to these "'near" bodies, stars (excluding the Sun)‘will serve as
very accﬁrate, quasi-inertial attitude referehces. These would ultimately be selected
according to the mission needs for spatial distribution. For the purpose of the pres-
ent study, the thirty~seven navigation stars seléc,’ted for the Apollo Guidance and
Navigation System (Table 1-1) will be used. These'stars aré' well disti‘ibuted, having

no obvious gaps, and are all of third magnitude or brighter.

1 ..7 .
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Table 1-1. Navigational Stars (Sheet 1 of 2)

T i i b et e

Approximate
g Spectral Right Approximate
No. Star Name Vis. Mag. Class Ascension (1968) Declination (1968)
(Hr. Min. ) (Deg. Min, )
-1 a Andromedae AQ 0 07 +28 55
2 B Ceti KO 0 42 -18 10
3 y Cassiopeiae . BO 0 55 +60 33
4 a Eridani . B5 1 31 -57 24
, (Achernar)
5 a Ursae Minoris 2.1 8 2 02 +89 07
(Polaris)
6 6 Eridani A2 2 57 -40 26
7 a Ceti . M2 3 01 +03 58
8 a Persei F5 3 22 +49 45
9 a Tauri gKb 4 34 +16 27
‘ (Aldebaran)
10 B Orionis 0.3 cB8 5 13 -08 14
(Rigel) ;

11 a Aurigae 0.2 gGo 5 14 +45 58
(Capella)

12 a Carinae ~0.9 FO 6 23 -52 . 41

' (Canopus)
13 a Canis Majoris -1.6 A0 6 44 -16 40

‘ (Sirius) -

14 a Canis Minoris 0.5 F5 7 38 +05 18
o (Procyon)

15 y Velorum 00 09 -47 15
16 Ursae Majoris . Ab 57 +48 10
17 a Hydrae - . K2 26 -08 31

18 a Leonis . B8 10 07 +12 09
(Regulus)

o g Are

T



6-1

Table 1-1. Navigational Stars (Sheet 2 of 2)

Approximate
Spectral Right Approximate
No. ~Star Name Vis. Mag. Class Ascension (1968) Declination (1968)
(Hr. Min. ) (Deg. Min, )
19 B Leonis 2.2 A2 11 417 +14 45
20 v Corvi 2.8 B8 12 14 =17 22
21 a Crucis 1.6 B1 12 25 -62 55
22 a Virginis 1.2 B2 13 24 -11 00
(Spica) ‘
23 11 Ursae Majoris . B3 13 46 +49 28
24 g Centauri . KO 14 05 -36 13
25 - a Bootis . gKo 14 14 +19 21
(Arcturus)
26 a Coronae Borealis . A0 15 33 +26 49
27 a Scorpii . ... - . gKo 16 217 -26 22
R (Antares)
28 a Trianguli Austr, 1.9 K2 16 45 -68 58
29 a Ophiuchi B 2.1 A5 17 33 +12 35
30 - .a.Lyrae 0.1 A0 18 36 +38 45
(Vega)
31 o Sagittarii . B3 18 53 -26 20
32 a Aquilae . A5 19 49 +08 417
(Altair)
33 f Capricorni F8 20 19 -14 53
34 a Pavnois B3 20 23 -56 50
- 35 - a Cygni . A2 20 40 +45 10
' (Deneb)
36 ¢ Pegasi . KO 21 43 +09 44
37 a Piscis Austr. . A3 22 56 -29 48
: (Fomalhaut)
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As indicated in the preceding section, the ahove navigation and attitude
references may be combined in sextant-type measurements to yield useful position
and velocity data, Three other navigation techniques may also provide useful data
during close approach and actual flyby or orbital phases of a mission. Star occul-
tation by a planet, the tracking of unknown landmarks or surface irregularities, and
the use of an onboard active radiation system such as radar, microwave or laser
radiation will all be considered, These, as well as the previously mentioned meas-
urements, do, however, imply a distal uncertainty in the extrapolated data due to
uncertainties in the reference phenomena, Information relating to these phenomena
uncertainties and their causes is presented for each reference body, respectively,

in the following section,

1.3 Atmospheric and Geodetic Considerations

1.3.1  Stars
All stars (excluding the Sun) may be treated as point sources of radia-
tion, contributing no resolvable phenomena uncertainty, This condition will

generally hold for any mission within this solar system.

Since the stars are actually moving relative to this solar system, their
attitudes are only quasi-inertial. In addition, the approximation that stars may
be considered infinitely distant is invalid for some stars on missions to distant
parts of the solar system. Therefore, regular updates on star attitudes will be
required to account for this temporal drift and potentially for change of space-
craft position, These updates would be made at whatever frequency was neces-

sary to maintain the star attitude reference file to the desired accuracy.

1.3.2 Sun
A reliable value for the uncertainty in the radius of any measurable
feature of the solar disc is indeterminant. The chromosphere is strongly dis-
turbed by the various forms of flare activity and is rendered useless as a ref-
erence. Photographs of the photosphere are significantly more promising and

indicate an approximate uncertainty in the radius to the top of that region,

log = 7500 km

This is still a rather large uncertainty,‘ but there is considerable evidence that
careful selection of wavelength could produce a locator in the solar limb, prob-
ably at the top of the photosphere, which would have a radius uncertainty of '
approximately 500 km (l¢). Until conclusive data is obtained, howeve‘r, the
more conserifative value will be applied as a reference value for navigation

studies,
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1.3.3 Earth
The U, S. Standard Atmosphere, 1962 is used in these studies as the
reference atmosphere for the Earth., Abundant data is also available regarding

daily, seasonal, and latitudinal variations, Recent studies are also improving
the knowledge of cloud cover, ozone distribution, and albedo. Because this data
is so readily available and relatively non-controversial, it will not be reiterated
in this document, The combination of this information, however, permits the
calculation of a horizon locator with a reasonable small uncertainty (see Sec~
tion 2).

It does not appear that known landmarks would be used. The potential
of these as indicated by their position uncertainty should, however, be indicated.
These values vary significantly, depending on the continent concerned, but range
from about 0. 01 miles to 1. 50 miles in the horizontal and rarely exceed 0, 01
miles in the vertical. Average values are approximateiy 0. 20 miles horizontal

and 0, 01 miles vertical,

The topography is, of course, well known and any altitude or radius

figure could potentially be corrected to within a predetermined uncertainty pro-

vided that a sufficient portion of the topographic information had been coded

~among the accessible data.

1.3.4 Venus

’ A considerable amount of data has been collected regarding the Venusian
atmosphere, yet it is far from being understood. This fact was graphically il-
lustrated by the results of the recent Soviet probe and American [Jet Propulsion
Lab (JPL)] flyby to Venus., While relatively consistent with each other, their
data tended to contradict or otherwise invalidate the conclusions of a large per-
centage of previous experiments (including the Venus survey presented in Advanced
Systems Memo #78-67). This study has accepted the limited, preliminary re-
sults of those recent missions. The earlier data has been re-examined in order
to extract any data still considered valid, and to re-evaluate these so as to be
consistent with the probe and flyby results.

‘Most striking and generally unexpected was the a.tmospher‘ic cemposi-

tion reported by the new experiments. The Soviets reported 90-95 percent 'CO2

~ while the JPL results indicated 75-85 percent COZ' The Soviet experiment re-
~ported no nitrogen present with a detection threshold of about 7 percent. Cor-

relation of these values and consideration of IR absorption spectra and cosmic

~ elemental abundances suggest a total composition as 1ndlcated 1n Table 1-2.

In adchtlon to composition, the Russian probe also measured tempera-
ture and pressure at two pomts durmg descent and at the surface, - The JPL ‘
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Table 1-2. Probable Composition of the Venusian Atmosphere

ST

Carbon Dioxide  88%
| Nitrogen 7%
5 Argon 5%
Water Vapor 0.1-0,7%

Oxygen and Ozone Trace

> Carbon Monoxide Trace

HSY
i

N 1
i
&

1%
:

A Hydrocarbons Trace
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i
7
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S-band occultation experiment provided refractivity as a function of distance
from planet center. From this, temperature and pressure can be derived, and
two points of data were provided on a preliminary basis from JPL. TUsing radar-
determined radius information provided by the MIT Lincoln Laboratory, the JPL
data was then correlated with the Russian data to produce a temperature profile,
Phase angle and latitude correlations of the Soviet and American data were not
made as the only available data was insufficient for those purposes. A priori
comparison of their trajectories suggests, however, that data from both mis-
sions referred to a relatively moderate to cool region of the planet, about 55°
beyond the sunset terminator in the Venusian evening for the JPL data and
probably within 45° of the sunrise terminator for the Soviet data. The JPL

data referred to an area at about 37°N. Lat, ; the Soviet probe may refer to a
region anywhere in the low to moderate latitudes, In spite of these variations,
microwave and radar brightness studies of Venus with respect to phase angle
and latitude tend to indicate that these differences may not be great. As an
initial approximation these data are here correlated and integrated into one

model which is suggested to be representative of a cool region of Venus,

This model (Fig. 1-3) does indicate one major feature not previously
suggested. In particular, there is a probable temperature inversion in the mid-
dle to upper troposphere. Though there are significant temperature and altitude
uncertainties in the data which has been used in this model, it appears to be
rather difficult to eliminate completely such an inversion. As more information
becomes available from the recent efforts, better control of this feature may be
possible. It may also become reasonable to speculate on the mechanism causing
this inversion if, indeed, it does exist, A number of processes, including ab-
sorption, convection, and phase transition associated with cloud formation may

be involved,

Apart frorm this somewhat conjectural model, considerable data of a
more definitive nature has also been accumulated. The adiabatic lapse rate

may be calculated directly as a function of composition from the relationship

L,:.b::i%lgﬁé

wheré L is the adiabatic lapse raté, g is the acceleration of gravity, M is the
molecular weight, and R is the universal gas constant, Gamma (y) is the ratio
of the specific heat at constant pressure to that at constant volume; the value of y
is also expressible as a function of the number of degrees of freedom in the

compositional gas molecules. For the probable.range in cofnposi-tion of the

VenuSian atmosphere this implies an adiabatic lapse rate of about =10 to -15°K/km.
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in the IR data, Ft{fthermore‘, there is a large uncefrtainty as to how any of that.

g

The JPL experiment measured a lapse rate of -9 to =10°K/km, but the inconsis-
tency in this may be attributed to their upper reference point lying slightly with-
in an essentially isothermal stratosphere. Given a very high CO2 content it does
appear that it will be on the order of -10 to -12°K/km with the more extreme
value of ~15°K/km holding only if the CO2 is diluted by approximately 25 percent
argon,

Other minor constituents have been reported irni the Venusian atmosphere.
Water vapor in the amount of 0.1-0, 7 percent was reported by the Soviet experi-
ment, Earlier IR absorption studies had measured an upper limit of 250 microns
of precipitable water above 1he cloud-tops, with 115 microns being the likely con-
tent, In addition, the presence of ice crystais in and above the cloud-tops has
been strongly indicated by both an aimospheric halo effect and IR studies, An
upper limit of 57 cm=-atm of diatomic oxygen has been reported to exist above
cloud-top. Monatomic oxygen has not been recognized, but the presence of
ozone near the cloud-tops and high in the upper atmosphere has been suggested.

The existence of various hydrocarbons in the Venusian atmosphere has
also been suggested. Thus far there is little evidence supporting this, though
somz IR absorption spectra have indicated the possibility of small amounts of
formaldehyde low in the atmosphere. There have also been weak indications of
CO; its abundance is thought to be on the order of 2 to 22 cm=~atm,

Carbon dioxide is definitely the major component and nitrogen, neon,
and argon are expected to be the prime dilutants. Of these nitrogen and argon

are most favored begause of cosmic abundances and mechanisms of atmospheric

evolution. Very little data of any nature regarding these components ?.s, how- -
ever, presently available.

Reference was earlier made to the cloud-tops in the Venusian atmos-
phere. Indeed, the clouds appear to be one of the most striking elements of

- that planet. Their cover, though not necessarily total or uniform, is sufficient

to prevent (to date) any observations of the Venusian surface within the ultra- '
violet, visible, or infrared spectrums. Because of the general opaqueness of :
these clouds, most observations of Venus have been made relative to the clouds. :
Infréred absorption studies are generally related to composition above the cloud:
tobs, or occasionally a few kilometers or even a scale height into the clouds,

In actuality the control on this is very poor. Cloud he‘ights‘ and opacity probably
vary sdmewhat and the depth of penetration is in general a poorly known function
of the wavelength being studied, As akc‘onsequence there is a considerable spread

data; even the norm, is actually relatédkto the cloud_liops. Nevertheless, a few , -

AN
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characteristic values have evolved. Most consistent has been a reported ''cloud-
top" temperature, usually 230-240°K. Associated pressures have ranged from
90-600 mb, but this bears further study in view of the recently revised compo-
sition estimates, Correlating these figures with the recent data, and the uncer-
tainties therein, it seems probable that the altitude of this measured phenomenon

could range from about 28 to perhaps 50 km,

There is also the problem of vertical structure and extent of the clouds.
Again there is little data available, but indications are that two or three different
cloud levels are possible. In addition to that level indicated above, there appears
to be a thin, probably intermittent cloud level much higher in the atmosphere,
The possible third layer is a low=-altitude phenomena, occasionally seen through
and perhaps confused with the somewhat higher layer first discussed.

Evidence for the highest layer exists primarily in the UV absorption
indicated by spectral studies, This has been ascribed to possible dark ultra-
violet clouds of the composition (C ) " probably at an altitude of 100-120 km,
Alternate sources for this absorptlon may be found in possible aerosol or ozone

distributions above the main cloud mass,

: Any differentiation of the lower layers, if indeed there are two, is pres-
ently unrealistic, though much of the confusion may result from potential low

altitude dusts and aerosols,

The composition of the main cloud mass itself is surprisingly unresolved.

Ice crystais (HZO) are quite.possibly a major component, Water vapor is ruled
out by absorption studies and non-gaseous phases of COz, in general, seem un-
likely due to the limits of their stability fields. It is conceivable, however, that
sublimation of CO:2 to a solid phase could occur in vertical connective cells on
the cold, dark side of Venus, Whether this dynamic state could maintain itself
in metastable equilibrium is not known. The only other suggested components
of these clouds have been hydrocarbon aerosols and various ill-defined dusts.
None of these possibilities can presently be extended predominant support. |

Surface temperature and pressure conditions were reported by the -
Soviet probe to be 540 + 10°K and 20 £ 2 atm, respectively. It is believed that

- this temperature was measured aL a cool region of the pla,w ‘.. Hew the pressure

corresponds to an average surfa< e pressure is not known since the relatlve altl-
tude of the landing site is 1ndeterm1nant It is r)ossﬂ 1e, though not prvobable
that the representative surface pressure could be greater by perhaps 6 atm
Though these pressure values are somewhat lower than most earlier calvula-

tions, the indicated temperature falls well within the expected region,
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The actual distribution of surface temperature may vary considerably.
The probable range is 450-700°K though extremes of 200-1000°K have been cal-
culated from radar observations. Polar temperatures are thought to be on the
order of 25 percent less than equatorial temperatures. The diurnal variation at
the equator was measured to be 55°K, The uncertainty in this value is, however,
large, and eqliatorial variations of 100-120°K have been proposed.

Stratospheric temperature was measured by the JPL flyby at 243 + 10°K
(Scale height = 5.4 + 0,2 km), Earlier calculations produced values ranging
from 180-235°K,

As for atmospheric circulation, little is known though a stable low-
velocity system has been predicted. One model with some empirical evidence
suggests a lower atmospheric system of six large rotating cells positioned with
radial symmetry about the sub-solar point,

The albedo of Venus is generally rather high in the region of the solar
spectrum, ranging from about 0.53 in the UV to 0. 87 in the red and near IR, In
the visible the planet has a slight yellow-red tint which varies somewhat with

phase angle,’

Airglow phenomena do exist on Venus and several sources have been
ascribed. Quite probable is an aurora uniformly distributed due to lack of a
concentrating magnetic field, - Glow discharges from the dissociation of CO_2
and other molecules are also possible, In addition, a very low-altitude nocturnal
airglow associated with formaldehyde has been reported, but this remains uncon-

firmed.,

Geodetically, there are several points of interest with respect to Venus.
The JPL ephemeris presently assigns an RMS uncertainty in the position of
Venus of approximately 200 km. This, however, should decrease rapidly in the

future with expected refinements in the value of the astronomical unit, Knowledge
of Venusian gravitational parameters is also improving rapidly with the observa-

tion of each flyby mission.

- The equatorial radius of Venus has been determined by the MIT Lincoln
Laboratory to be 6053 £ 3 km; this uncertainty is expected to be reduced to i1

~km within a few years, Since the planet's diurnal period of rotation has been

determined (250 + 4, -7 days) and the position of its rotational axis is known tc
lie within 8 to 10° of its orbital pole, the planet radius as a function of latitude
can also be calculated with good acéuracy. The uncertainty in the planet radius

| at;ariy point on its surface is then predominantly a function of surface roughness
 and posS_ible non-equilibrium of the crust. What little evidence exists thj.is far
indicates that these factors"’may-“‘}also,be small and eventually predictable to, per-
~ _haps, 1 km (10). | | '
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A summary of much of the discussed data and information is presented
in Table 1-3, It can be recognized that only an atmospheric locator can be used
as a navigation or attitude reference due to the high density of the Venusian at-
mosphere and the opacity of its cloud cover. In determining a locator, the poten-
tial importance of Mie scattering from possible aerosols and solid dusts should
not be dismissed in spite of the present deficiency of relevant data. Likewise,
it can be recognized that the employment of an infrared locator may be rather
problematic due to atmospheric composition, uncertainty in atmospheric stabil-
ity, and the sensitivity of the IR absorbers to pressure and temperature devia-
tions. The available data is distinctly insufficient to present a definitive model.
Some reasonable indications of the navigation potential of this reference can still,

however, be derived and are presented in Chapter 2.

1.3.5 Mars

There is considerably more agreement regarding the nature of Mars
and its atmosphere than there is with respect to Venus., The low atmospheric
surface density and the relative lack of clouds on Mars permit observation of
the actual surface of that planet. A broad spectrum of infrared and ultraviolet

‘ ‘absorption experiments, radar studies, and human observation have produced

considerable data. More recent re-evaluations of some figures, particularly
since the addition of the Mariner 4 flyby results, have produced atmospheric
models of reasonable definition, Many unknowns, both atmospheric and geo-~

detic, do, of course, remain,

The surface pressure, though once thought to be considerably higher,
is now generally believed to lie in the range 4-10 mb. The tendency, largely
based on the Mariner data and somewhat upon IR determinations of C02 content,
is to accept figures in the 4-6 mb range, The corresponding range of surface
density reported by Mariner 4 is 1,910 2,5 X 1017mol/ cm3; expressed as mass
density this is 1,43 to 1, 75 X lo-sgm/cms. It is possible, however, that the
occultation occurred at a somewhat elevated portion of the Martian surface.

This then could make an 8 mb value more likely.

The composition of the Martian atmosphere is believed to consist pri-

- .marily of carbon dioxide, probably on the order of 70-95 percent. Nearly all

of the balance would be expected to consist of nitrogen, argon, and/or neon,

Several minor constituents are known to exist, Very ‘high in the upper
atmosphere both CO and O are produced by dissociation. Their abundances have

been reported to be 0,2 cm-atm of CO and 250 cm-atm of O, with the latter fig-

ure being an upper limit, The O2 content has been reported not to exceed

2 cm-atm, Water vapor has been detected in spectral analyses, and abundances

A
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Table 1-3. VENUS: Geophysical Data

Atmospheric Molecular Weight

42,5 (+1.5, -2,5)

Surface Pressure:

Measured Value (U.S,.S.R,) 20 + 2 atm,

Possible Range 5to 40 atm,
Surface Temperature: '

Measured Value (U.S.S.R.) 540 + 10°K

Probable Range

450 to T00°K

Adizbatic Lapse Rate:

Calculated Value (U,S.S.R.) -10. 4°K/km

Possible Range -10 to -15°K/km
Altitude of Tropopause (probable) 55 £ 10 km
Stratospheric Scale Height (JPL) 5.4+ 0.2 km
Stratospheric Temperature:

Calculated Value 243 + 10°K

Probable Range - 180 to 253°K
"Cloud-Top'" Pressure 90 to 600 mb
""Cloud-Top'' Temperature 235+ 5°K
"Cloud-Top' Altitude 28 to 50 km

Average Near-Surface Wind Velocity

Unknown; believed to

be quite low

Apparrent Albedo:
Probable Average for Visible
Range from UV to Near IR, Respectively

Equatorial Radius
Period of Rotation

Peribd of Revolution
Inclination of Axis to Pole of Orbit
RMS Uncertainty in Ephemeris Position

0.8
0. 53 to 0. 87

6053 £ 3 km

250 (+4, -7) days,

retrograde
225 days
8to 10°

~200 km
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of 10-20 microns of precipitable water with some seasonal dependence have been

SRS

suggested, Only a trace amount of ozone (upper limit being 4 micron-atm) is be-

. ‘1

lieved to exist, its density decreasing monotonically with increased altitude,

Average surface temperatures have been determined by radar studies
giving values generally in the range 150-200°K. Microwave studies indicated
temperatures on the order of 215 + 25°K but these emissions are believed to
originate slightly below the surface, Large latitudinal, seasonal, and diurnal
effects are known on Mars. One study, conducted when Mars was at aphelion,
indicated a sub-solar temperature of 273°K and a polar temperature of 201°K.
Mariner 4 data, however, indicated a late-winter, late-afternoon temperature
of only 175°K at 55°S, Lat. Furthermore, mid-winter temperatures at the
poles have been calculated to drop to a minimum of slightly below 100°K, The
ellipticity of the orbit of Mars can also cause an important variation, probably
with an overall magnitude of about 35°K. As for the diurnal variation, sunrise
temperatures lie in the range 170-210°K and a 100-150°K increase may be ex~

pected during the day,

The Martian tropopause is not a well-defined entity since the lapse rate
generally undergoes such a small change. The height of the tropopause is be-
lieved to vary from about 15-30 krm, being highest where the surface temperature
is lowest. Mariner 4 occultation data indicated a nearly constant scale height A
of 8-10 km from the surface up to 30 km. This would then mean a nearly iso-
thermal atmosphere of 175 + 25°K in that region. Emersion data frorn that same
experiment is indicative of fhe summer and ¢id suggest a significant tropospheric
lapse rate, Calculations show that the adiabatic lapse rate for an atmosphere of
the Martian composition is 5.5 + 0. 1°K/km; the presence of local summer dust
storms and their implications with respect to convective equilibrium, suggest
that the actual temperature gradient may be higher, Above the tropopause the
lépse rate has been calculated to be about 0, 64"K/km. This continues to an

altitude of approximately 100 km where the mesopause temperature minimum

may be as low as 85°K,

Some difference of opinion exists here in that the Mariner 4 local winter

data strongly suggest a temperature minimum of possibly 45°K at 60-75 km.
Above this would be a slight increase in temperature to at least 100°K at 110-
130 km,

A wide variety of dusts, clouds, aerosols, and hazes héve been reported
to be associated with the Martian atrynosphe‘re. Most notable are the clouds of
yellow dust particularly prominent in the southern hemisphere during sum_mer.v
Little is known about their fre‘quency.,k but on one or two occasions they have
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grown to hemispheric extent, At such times the surface is obscured for ten days
or so and finer elements of the cloud may remain suspended for months. It is
estimated that these clouds may extend to 20 + 10 km and consist of particulate
matter as large as 10-2cm in diameter, The dominant component which lingers
for so long is most likely of the micron range or smaller in diameter,

In addition to the dusts, white clouds have been seen, These are¢ rarely
large and are commonly associated with the polar caps. They probably consist
of solid crystals of C02, water vapor, solid crystals of HZO’ or some combina~
tion of these; the first is certainly the most likely, and CO, crystals were tenta-
tively detected by Mariner 4 existing in minor amounts as high as 100 km in the
Martian atmosphere. For the most part, these white clouds are thought to be
confined to the lower 5-10 kilometers of the atmosphere, but exceptions must be

anticipated.

Many reports of a blue haze have been made, and the belief has been
that this is actually an absorption effect from a possible high~altitude aerosol
layer. If this exists, it is quite thin, probably in the 60-100 km region, and ab-
sorbing only in the blue end of the visible spectrum. There is some evidence,
however, that the observed effects result purely from a wavelength dependence

in t’he'albedo of the Martian surface material,

Several studies of atmospheric circulation patterns have been made,
but the results thus far are largely inconclusive. The existence of circulation
on a planetary scale has been demonstrated by the evolution of the larger dust
clouds. Likewise, the origin of these has indicated the probable occurrence of
rather intense vortices and convective cells. Observation of dust clouds has
demonstrated the presence of prevailing winds with velocities of 60 km/hr,
sometimes reaching almost 100 km/hr. Theoretical models have indicated
possible continuous surface velocities of 240 km /hr and peak values of about
600 km/hr, Evidence for these speeds, however, is thus far‘unfounded in ac-

tual observations of the planet.

Reference was made briefly tb the albedo of Mars. The determination
of the true material albedo is dependent upon resolution of the high aititude aero-
sol problem. The net apparent albedo has been calculated and is indicated by
the following three vafues for different portioris of the spectrum: 0. 33 in the
red, O.k18 in the green, 0, 046 in the near UV, It is obvious that the albedo is
significantly higher in the vicinity of the ice caps; an averaged value appropriate

~ to those areas should be expected to lie in the range 0, 7-0. 9, depending on the

possible short wavelength absorption.,
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Geodetically, Mars is not known as well as Venus., Radar surveys by
the MIT Lincoln Laboratory were made at Martian latitude 21°N and indicated a
radius of 3382 £+ 7 km. This uncertainty is expected to be reduced to +2 km with-
in a few years, Extrapolation to other latitudes is not done so readily, however,
Since Mars has an appreciable rate of rotation, considerable dynamic polar flat-
tening should be expected. Optical studies to date have had insufficient resolu-

tion to produce definitive conclusions, but there is some suggestion by compari-

son of these with theoretical calculations that Mars is in a state of non-equilibrium,

The degree of this potential is not known, but a radius differential of several kil-

ometers might be expected,

There is also considerable topographic relief on the Martian surface, as
shown in part by the Mariner 4 television experiment, Differentials of perhaps
10-12 km must be anticipated in the extreme cases, Radar studies here indicate

“that total topographic plus non-equilibrium differentials may range to about 15

km,

As was the case with Venus, knowledge of the ephemeris position has
an RMS uncertainty of about 200 km. Reduced uncertainty in the astronomical
. unit will improve this value, The Mariner 4 flyby mission also resulted ih im-
proved gréyity.dataregarding Mars; significant additions to this information will

be expected from future missions to that planet.

It would appear that either the solid edge cf the Martian disc or an at-.
mospheric locator could be used as a-navigation reference. The fundamental
atmospheric and geodetic data relevant to this problem is briefly reiterated in
Tables 1-4 and 1-5. Consideration to such navigation references is given in
Section 2, It should be recognized that the combined problems of possible (high
altitude) near UV absorption, frequency and extent of dust clouds, and radius
uncertainty are all presently critical; however, significant advances in each of

these problems are possible,

1.4 Critical Uncertainties

- There are, with respect to each of the potential reference bodies, certain
dominant factors contributing to their total associated uncertainty. It is not within
the scope of this report to Suggest the most expedient means of reducing these un-
certainties, Rather, they are presented as a motivation for further possible studies

- in the future. , R - |

Star attitude uncertainties appear to be negligible although improved long-
term prediction of the apparent drift in this attitude may be required for extended
missions. Additional information on star ranges will also be required for missions

_to the outermost planets of this solar system.
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Table 1-4. Probable Composition of the Martian Atmosphere

Carbon Dioxide

Water Vapor
Oxygen and Ozone

Carbon Monoxide

Nitrogen, Argon, and Neon

85%
15%
<1%

Trace

Trace

1 1-23
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Table 1-5. MARS: Geophysical Data

Atmospheric Molecular Weight

41,9 (+2.1, -3.9)

Surface Pressure:

Possible Range

Probable Value
Atmospheric Molecular Density (Surface Value)
Atmospheric Mass Density (Surface Value)

4 to 10 mb
4 to 6 mb
1.9 to 2. 5X1017m01/om
1.43 to 1,75 X 10 9gm/cm®

3

Surface Temperature:
Average Value
Probable Range

Magnitude of Diurnal Temperature
Variation at Surface

Adiabatic Lapse Rate

150 to 200°K
140 to 300°K

100 to 150°K
-5.5 £ 0, 1°K/km

Altitude of Tropopause (probable):

Day 15 to 30 km
Night ~0, 0 km
Stratospheric Scale Height 8 to 10 km
Stratospheric Temperature 175 £ 25°K
Stratospheric Temperature Gradient 0.64°K/km
Mesopause Temberature Minimum 45 to 85°K
Maximum Altitude of Dust Clouds 20+ 10km

Near-Surface Wind Velocities:
Sustained: Observed 60 km/hr
Theoretical 240 km/hr
Peak: Observed 100 km/hr
Theoretical 600 km/hr
Apparent Albedo:
Red 0. 33
Green 0.18
Near UV 0. 046
Radius (21°N, Lat,) 3382 £ 7 km
Period of RotatiOn | o 1. 03 days
Period of Revolution 687 days
Inclination of Axis to Pole of Orbit - 23°59"
RMS Uncertainty in Ephemeris Position ~200 km
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As for the sun, more data regarding the stability of the photosphere, or any
other selected limb locator, where associated with solar prominences will be most
valuable, Both observational and theoretical studies would be applicable.

The most obvious, unresolved factor associated with Earth-referenced
navigation is the stability of the infrared horizon. Considerable study must be given
to cloud cover and vertical development of clouds, variations in water vapor content,
and ground albedo, on all of which an IR horizon locator will be highly dependent.
Though still in‘developmental stages, an adequate visible horizon locator and im-
proved geodetic control grids are possible and under control with present knowledge
and technology.

There is a great need for additional, reliable information regarding Venus.
Its composition is relatively well known, but considerable refinement will be re-
quired. This is needed to define accurately both Rayleigh-scattering cross sections
and the adiabatic lapse rate. The latter, along with measured vertical temperature
profiles, will serve as an indicator of atmospheric stability. Since Rayleigh scat-
tering is of prime interest, density profiles with accurate altitude control are neces-

sary. Also important to these calculations are temperature variations with respect

to phase angle and latitude, as well as altitude. Fundamental to any understanding

-of the Venusian atmosphere is some definition of cloud structure, distribution, com-

position, and source mechanism. Dusts, aerosols, or solid crystals may produce
important Mie scattering; the abundance, composition, and distribution of such par-
ticles must also be determined. Considerable attention must be given to the pres-
ence of all IR absorbers, the pressure and temperature dependence of their absorp-
tion coefficients, and their spatial distribution and associated pressure and tempera-

‘ture on the planet. Carbon dioxide, water vapor, ozocone, and various hydrocarbons

may all be important in this respect. Finally, realistic circulation models would be
useful in assessing the net stability of the Venusian atmosphere.

The needs with respect to Mars are somewhat similar in that reliable data
on composition, vertical density profiles, syStematic spatial variations in pressure
and temperature, surface conditions, and atmospheric circulation are all needed.
Both ultraviolet and infrared absorbers are knoWn to exist in the Martian atmosphere
and considerable definifion of these may be required., Since the edge of the solid

- disc of Mars may be seen through the thin atmosphere, further information regarding

clouds; haze, and atmospheric dusts which could observe that edge are most relevant,
Their height, thickness, spatial distribution, and frequency of occurrence are all de- .

‘sired, Also important in this respect is good statistical data on surface roughness

V'

and spatial va;riat_ion, systemafic or 'othe‘rwise,v in the planetkradius.
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Though other planetary bodies were not employed in the navigation studies
described in this document, they should not be completely disregarded. Mercury,
Jupiter, the moon, the satellites of Mars and Jupiter, the larger asteroids, and per-
haps other pianetary bodies may prove highly valuable in certain missions, provided
that sufficient information regarding them has become available, Again atmospheric,
surface, and ephemeris data are all relevant to this purpose,

It can, then, be recognized that significant improvements in the uncertainties
associated with these navigational references is both possible and expected. The
plan of this present study has been to use as a nominal reference, estimates derived

from the best currently available data.,

Sensitivity studies have been designed to test a range of phenomena uncer-
tainties from the worst probable, as indicated by current data, to the best which
could be expected with the input of future data. The nominal values and actual ranges
of phenomena uncertainty considered for the several navigational and attitude refer-
ences in this study are presented in Chapter 2,
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2, MODELS OF NAVIGATION PHENOMENA _
' Chapter 1, preceding, has discussed the phenomena which would be used

for optical navigation measurements. This chapter discusses the expected accuracy
of these measurements, Section 2.1 describes several types of measurements which
are useful for interplanetary navigation. The characteristic common to most optical
measurements is that they specify the angular relationship between some inertial
reference and some phenomenon on a nearby body such as a planet or the sun as
viewed from a spacecraft. One of the error sources in the type measurement is

that the location of the phenomenon is imperfectly known with respect to a useful
navigation coordinate system, such as the center of the sun or planet. The most im-
portant planetary phenomena are described in Section 2,3, Since all of the near
planets have optically significant atmospheres, meteorology and climatology are im-
portant aspects of phenomena errcre studies. Several basic atmospheric and radia-
tion transfer equations are presented in Section 2, 3.1. This topic is presented in
greater detail than many of the other topics in this report in order to emphasize an
important area which has often been superficially treated in the past. Mars offers
the possibility of either a terrestrial or an atmospheric horizon, Venus offers only
an atmospheric horizon,

Some feature of a planet's horizon must be chosen as a reference locator
so that the measuring equipment can be programmed to detect it. Several such lo-
cators are discussed in Section 2.2, There are a variety of locators ranging from
very simple to very sophisticated. The accuracy with which a locator can be speci-
fied with respect {o a planet éénter and/or planét geoid, and the repeatability with
which an instrument can detect it are functions of the amount of information,digesfed
by the measurement., A more sophisticated technique will produce a more accurate
measurement at the expense of requiring more complicated equipment and a greater

computer or astronaut workload.

A very simple horizon detection technique, the half-maximum intensity
techniq'ue,‘ is used as the basis fdf evaluating equipment detekctio’n errors, as dis-
cussed in Section 2.4. A few functional dependences are explained and the probable
accuracy of a representative system is presented. Other types of instrument errors
which produce navigation angle measurement error are described in detail in Section
4,3, 4.5 and 4.7,

The final section of this chapter presents a summary of the error model
used in the computer statistical simulation of several representative space missions,

The simulation is described in Volume Iof this repdrt and some of the important re-
 sults are presented in Chapter 3 of this volume, S
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2.1 Measurement Concepts
This chapter describes several types of navigation measurements which can

be made from onboard the spacecraft. The list, given below, is based upon the use-
ful phenomena selected in Chapter 1, plus unknown landmark tracking and tracking
of man-made objects such as satellites or probes. Many other possible measure-
ments involving such things as moons and other bodies, are discussed in Chapter 1,
Only those which show definite promise for planetary missions are listed helow.

Navigation Measurement Types:

1, Planetary horizon-star

2. Planet diameter

3. Sun-star

4, Star occultation

5. Known landmark-star

6. Unknown landmark rate or tracking
7. Probes or satellite tracking

The phenomena uncertainties which contribute errors to each measurement
type are described and some estimates are made of the magnitude of the resulting

navigation uncertainties.

2.1.1 Star Herizon Measurement

_ The basic parameter in star horizon measurement is the angle hetween
a star and a planet limb, Two 'separa‘te observations define the lines of sight and
an angle encoder measures the angle between them. The star line of sight pro-
vides the basic inertial reference for the measurement and the planet limb is
located by 2 narrow-field-of-view scanning photometer. The instrument is de-

scribed in detail in Chapter 4.

The photometer field of view is a rectangular slit aligned with its wide
dlrnensmn parallel to the planet surface and its narrow dimension in the measure-
ment plane deflned by the star, the spacecraft and the center of the planet. Fig-
ure 2-1 deplcts the measurement geometry. The optmrmm height of the field of
view is a tradeoff between slit integration error (which is minimized by a small
slit) and photosensor noise error (which is minimized by a large slit). The '
width of the slit is limited by pla‘net curvature and telescope field of view.

- Two types of horizon phenomena are useful for navigation — visible and
near ultraviolet light from scattered sunlight and infrared rad1at10n from thermal

radiation, Both types have several advantages and disadvantages, Infrared is
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available on both the light and the dark side of a planet. The visible horizon is

more accurate when it is available.

When viewed from space with an accurate instrument, the limb of a
planet is not a sharp edge, but rather a profile of gradually diminishing intensity,
such as shown by the horizon intensity profile in Fig, 2-1., The shape and alti~
tude of the profile is determined by atmospheric density and the intensity is de-
termined by a source function, which for infrared depends upon atmospheric
composition, temperature, pressure and density, and for the visible profile de-
pends upon density, sun angle and planet albedo,

A useful profile characteristic is that the shape of a profile remains
constant despite changes in the source function, That is, even though the maxi-
mum intensity of the profile may vary, the altitude where the intensity is some
fraction of the maximum intensity remains constant, This is not strictly true
because several secondary effects tend to vary the shape when the source func-
tion changes; however, the principle is sufficiently valid to be useful,

This fact can be best utilized in a navigation system by having the in-
strument scan the profile from bottom to top, and as it scans it first identifies
the maximum intensity and then it compares it to the tail of the profile where the
intensity is, . for example, half the maximum. Any fraction would do for a loca-
tor; however, the half-maximum has the advantage of being the point of maxi~-

mum slope so it can be located with the greatest accuracy.

Planetary atm.ospheres are by no means stable and constant. The shape

and altitude of horizon intensity profiles vary as a direct consequence of atmos-

pheric density profile variations, so atmospheric perturbations constitute an im-

portant error source for horizon measurements, Section 2,2 contains a discus-
sion of phenomenon uncertainties and a brief description of instrument detection
errors. The ultimate accuracy of a system depends on the typ< and the sophisti-
cation of the horizon detection techniqué. Section 2, 3 describéis?‘ several detec-
tion. schemes in addition to the half-maximum technique described above," and ex-

plains some of their advantages and disadvantages.

Star horizon measurements can be divided into three classes by informa-
tion content: star elevation and star-planet, which are considered Type 1, and
planet diameter, Type 2 (Section 2.1.2), In this report, star elevation is de~ -
fined as a measurement between a star and one limb of a planet. Star-planet is
s'imilar, except that both Jimb c'roSsings on opposite edges of the planet in the
measufement plane are used. The direction to the planet center is calculated
from their average and the measurement is the angle from the star to the center

of the planet. A planet center can be located more accurately by two narrow
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field of view measurements on opposite edges than by a wide field measurement
of the radiation center, A simple explanation of the mathematical reasons for
this is that the center is defined as half way between the edges, so measuring
anything but the edges only adds noise to the measurement, In the first case the
direction of information is in the measurement plane perpendicular to the line of
sight to the limb, while in the latter case, the direction is perpendicular to the

line to the planet center,

Another distinction between these two cases is that the star-planet
measurement requires that both limbs be observed, which will require an infra-
red sensor since both sides of a planet are seldom sunlit, while the star eleva-
tion measurement can be made by a single observation with either a visible

light or an infrared sensor,

The star planet measurement is theoretically the more accurate of the
iwo because it involves the averaging of two measurements, Uncorrelated sta-
tistical errors will be reduced because of statistical averaging, Correlated
errors such as uncertainties in planetary radius or in the altitude of the naviga-
tion phenomena above the geoid, and certain detection errors will cancel each
other out when observations on opposite sides of the planet are averagéd. Much
of this advantage is lost in the practical situation because an infrared measure-

ment is less accurate than a visible wavelength measurement,

2.1, 2 Planet Diamefcex:

The direction of navigation information from a planet diameter measure-

ment is the distance along a line to the center of the planet, in contrast to the
two previous limb measurements, To simplify navigation measurement instru-
ment design and function, planet diameter measurements have been constructed
from two star elevation measuremenis. It does not appear necessary to add a
second limb scanner in order to eliminate the portion of the error caused by the

intermediate star reference,

A planet diameter measurement made by the RSS design model uses the
information obtained by subtracting angular measurements from opposite sides
of the planet, The magnitude of nav1gat10n uncertainty from this case is worse
than for the star elevation and star- planet cases because the tw‘; measurements.

required for one planet diameter measurement are statistically 1ndependent and -

most correlated measurement errors add rather than cancel as in star planet
‘measurements, The nav1gat10n accuracy is also degraded when the angle sub- |
- tended by the planet is small. Despite these handlcaps, the planet dlameter
measurement is useful because it provides mforrnatlon along a direction in

which data 1s otherwise unobtamable
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Operationally and mathematically, a star-planet and a planet diameter
measurement which use the same two horizon measurements are equivalent to
two star elevation measurements on opposite sides of the planet (which use the
same star). However, the three itypes have been separated in the analysis for
Chapter 3 to preserve the available informatic » about the relative utility of the
different directions of information content,

2,1.3 Star-Sun Measurement

This measurement is similar to the star-horizon measurement exzcept
that the sun is used as the local body rather than a planet. A separate sensor or
attenuating technique would have to be used since the intensity levels of the sun
are many magnitudes greater than the intensities of planets. As was the case
with determining a planet's center, the best way to find the sun's center is to
measure opposite edges and locate the midpoint between them,

Solar limb characteristics are very different from planetary limb char-
acteristics because of the dynamics of the solar atmosphere and the active na-
ture of the radiation source in contrast to the passive nature of scattered light

from planets.

The sun generally provides less accurate navigation information than do
planets for two reasons: The sun is much farther away from the spacecraft than
the nearest planet, so angular errors represent much greater linear distances,
Turbulence in the solar atmosphere is much more extensive in dimension be-
cause of the greater physical size of the sun and because there is energy avail-
able for much nmiore violent phenomena than in the case for planetary atmos-
pheres,

2.1.4 Star Occultation Measurements

. A star occultation occurs when the relative motion of the spacecraft and
a planet resulf in the planet passing in front of a star, thereby obscuring it,
The navigation information available from this measurement is that at the instant

of occultation the spacecraft, the planet, and the star all lie along a straight line.

... This meésurement is very accurate because only one instrument line of

| ~ sight is involved, thereby errors due to detecting a reference line of sight, opti-
cal axis misalignment, and angle encoding are eliminatéd. However, two sou‘rcels
of error will be present in star occultation measurements. One is an error in the
aititude of the phenomena on the planet which obscures the star, In most éases
this will be the at‘mosphere and the discussion Qf phenomena uncertainty in Sec-

| tions 2. 3.1, 2. 3. 2, and 2. 3, 3 will apply to the uncertainty in this type of measy-

urement,
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The other error source ig instrument detection-time error. A locator,
such as the time when the star intensity diminishes to one half its intensity with
a clear line of sight, will have to be chosen to define the measurement, Detec-
tion error is the inability of the instrument to precisely locate this point. Sec-
tion 2, 2. 4 contains an estimate of the magnitude of this error,

2.1.5 Known Landmarks

Known landmarks would have utility primarily for Earth sightings,
where their locations are sufficiently well known, The navigational usage of
Earth landmarks is presently being thoroughly investigated by MIT for applica-
tion in the Apollo missions.,

Known landmarks will not be considered further in this document since,
at present, they appear impractical for the Mars and Venus mission discussed
in Chapter 3.

2.1.6 Unknown Landmark Tracking

Navigation information can be obtained by measuring the relative rate
of motion of planetary features or by tracking an unknown landmark on a planet
surface. The location of the points of reference is unimportant, and their lati-
tude and longitude need never be known, The parameter measured by the naviga-
tion instrument is the inertially-referenced angular rate at which the line of
sight to a landmark changes with time due to the relative motion of the space-
craft and the planet, An image motion sensor would sense the rate of relative
motion, A tracker would simply acquire some point on the planet, lock its line
of sight onto that point and measure the change in that line of sight relative to an

inertial reference over a given period of time,

The navigation information derived from this measurement is the ratio
of the component of velocity perpendicular to the line of sight to the radial dis-
tance from the spacecraft to the landmark, This type of measurement is often
called a V/h measurement because of the nature of the parameter it measures.
This measurement will be most effective when the spacecraft is near a planet
so that the ratio V/ h is high. Also,. unknown landmark trackers are most usekful
when near the planet since less time is requi’red to rotate the line of sight through
a sufficiently large angle, Section 4,11 gives a description of several possible
equipment designs which would accomplish this measurement and derivé an ap-
plicable recursive navigation technique. A representative accuracy is quotéd in
Section 2, 4 énd a comparison of this ‘t,e,chnique with other navigation measure-

rhentszis given in Chapter 3.

Several other techniques are feasible which would improve the accuracy

of unknown landmark measurements. The must critical restriction on the system
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described in detail in this report is the short measurement time restriction,

Part of this restyiction is an artificial constraint imposed by small-angle approx-
imations in the mathematical algorithm used to incorporate the measurement in-
to the navigation update by the guidance computer, The technique can be extended
to large angles by expanding the navigation state vector to include coordinates for
landmark position, The line of sight at the beginning of the tracking period de-

fines the landmark location and then subsequent line of sight directions can update

the navigation estimate as though they were sightings to the known landmark posi-
tion thereby defined. Using larger tracking angles would improve unknown land-
mark measurements by minimizing the effects of quantization errors and inertial

platform drifts or star tracking uncertainties,

A fundamental limit for unknown landmark tracking is the drift rate of
the line of sight across the terrain. Part of this drift is due to electronic noise
and memory deterioration and can not easily be reduced. However, part of it is
due to changes in the scene caused by aspect angle changes and optical zoom
caused by spacecraft motion, The effect of these distortions can be minimized
by using a video tracker and distorting the image electronically to compensate

for the geometric changes,

A video display to an astronaut could be used as an accurate unknown
landmark trécker. The astronaut could scan the planet surface with a manually
aimed vidicon sensor for a distinguishing feature which he would like to use as a
landmark. At some later time he could realign the vidicon on the landmark, us-

ing his judgement to compensate for geometric distortions and drifts,

Human judgement can contribute to the superiority of a vidicon system
over a completely automatic system in several ways, First of all, a human
operator can select an optimally distinguishable feature for the initial landmark.
He can use his judgement to compensate for changing geometry and he can re-
member a landmark and reacquire it after breaking track, This would make it
possible to track several unknown landmarks simultaneously by switching back
and forth from one to another, and to use the same landmark on successive

orbits if the spacecraft goes into orbit about a planet.

_ It is worth noting that in addition to natural features, a man-made unknown
landmark could be provided by soft-landing a beacon on the planet surface.
This beacon would be particularly useful if a manned landing is to be attempted.
In this case the beacon might be part of an unmanned exploratory probe sent to
examine possible landing sites such as Surveyor has done for Apollo, After
finding a suitable site, the probe could help guide the manned spacecryaft‘ in for

‘a precision landing,
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A surface probe is very useful to a flyby mission, Such a probe would
probably be included as part of the scientific payload of any well-organized space
mission, This probe could contribute to the navigation of the spacecraft in two
ways. It could serve as a radar beacon and it could measure atmospheric pro-
perties, thereby reducing the contribution of phenomenon uncertainties in the

optical star-horizon measurements,

2.1, 17 Beacons and Probes

A number of interesting navigation measurements can be made by
tracking probes or satellites, These could be located in orbit around the planet
or they could accompany the spacecraft on flyby trajectories, and they could be
tracked optically with the equipment described in this report. Although not re-
quired, supplemental data could be obtained by using range measurements pro-
vided by the onboard radar.

A satellite sent into orbit about a planet also could be very useful., If
it were sent early enough before the arrival of the spacecraft, its orbit could be
accurately determined and the spacecraft could navigate relative to it, Such a
probe equipped with a horizon scanner could contribute immensely toward ac-
curately specifying atmospheric profiles thereby reducing the phenomenon un-
certainty in the navigation measurements made by the spacecraft, This informa-
tion would be of great scientific value in understanding the atmosphere of the
planet, The scientific and the navigation functions of the spacecraft could co-
operate for their mutual benefit, ‘

A more subtle navigation use for probes would be to track them as they
follow their own separate trajectories which take them through a different part
of the planet's gravitational field. A recursive navigation scheme which uses

-this source of information for orbital navigation has been proposed and analyzed

by Control Data Corporationgl) It should be noted that by tracking the motions,
relative to the spacecraft, of a "near', free-falling object that it is possible to
gain information on the spacecraft trajectoryi without also directly observing the
location of the source of the gravitational force. If the spacecraft and the tracked
object are in different regions of a gravity gradient field, they will have relative
motions which will yield information on the position of the center of the gravita-
tional force. This is a particularly good source of information near a planet
where there is a relatively large gravity gradient, - This source of information

is at its best when the spacecraft and near-body are near to the center of a"gravi-;
tational field for the maximum amount of time; such as when the ‘spacecraft is in
orbit, This source of information has not been included in the error Sensitivity
analy‘sis discussed in Chapter 3, due to the emphasis on flyby missidns. It ’

1, Grosch, C. B, and Lillestrand, R. L.,"Autonomous Navigation Based

on Ejection of Artificial Test Probes, Presentanon, 17th Imernatmnal Astro- o

nautlcal Conference, Madrid, 1966.
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should be noted that the navigation and guidance of probes, used during a flyby en-
counter, will supply information which will reduce the spacecraft navigation un-
certainties, For any future studies which also emphasize orbital phases of a
mission, this technique should be included so as to be evaluated against other
sources of navigation information.

Recursive navigation techniques such as this one and the unknown land-
mark tracking techniques discussed in Chapter 2 should prove very useful for
orbital planetary exploration missions for which there is a minimum of initial

information on the planets' geophysical phenomena and geography.

These are but a few uses or probes and beacons., Many more are pos-
sible, Time and space limitation prohibit further discussion of this topic in this
report. However, future evaluations should keep these possibilities in mind,
Particular emphasis should be placed on techniques which will both provide sci-
entific data and reduce navigational uncertainties.

2.2 Horizon Reference Locators

The half-maximum intensity horizon locator has been assumed in the major-

ity of the situations in this report., A number of other locators are feasible which

provide greater accuracy or alleviate certain specific problems with this half-maximum

technique but which are more complex.

The simplest modification to the half-maximum technique is to specify some
fraction other than 1/2 to define the horizon location. The discussion on Mars in
Section 2. 3. 3 pointed out a motivation for choosing an intensity ratio less than 1/2
which occurs at higher altitudes than the half maximum. A fraction greater than 1/2
may be useful for infrared detection to move the locator to a-lower altitude which
would be advantageous because the lower atmosphere is less sensitive to temperature
variations than the upper atmosphere., Another moctivation for shifting the infrared
locator altitude might be to minimize the variation in source function temperature

between the altitude of maximum intensity and the locator altitude,

Wavelength selection can provide altitude flexibility because both Rayleigh
scattering coefficients and infrared absorption coefficients are sensitive functions of
wavelength, Most of the ﬂexibilities listed for intensity ratio variation can be ob- -
tained by wavelength selection.

Another flexibility of wavelength selection is the fact that some disturbing

factors, such as certain types of clouds and atmospheric absorbers, are transparent

at some wavelengths and opaque at others. Many disturbing factors can be eliminafed ‘

by proper selection of wavelength. A good illustration of this is solar flares which
can contrlbute thousands of kllometers of error to sun hmb measurements at some X

wavelengths, but are 1nv1s1b1e at other wavelengths.

2-10




o b b et e bt e e Be e il EL B el e e E . . L R

A video display of a limb monitored by an astronaut can be a valuable aid.
Such a display could identify situations where clouds or dust storms would distort the
horizon profile thereby preventing the automatic system from sensing misleading data.

Multiple color measurements can provide information for rejecting invalid
horizon measurements, Dust, clouds, and haze all effect profiles nominally formed
by Rayleigh scattering by different amounts at different wavelengths, so comparisons
of profiles at several different wavelengths will indicate whether or not any of these
factors are distorting the profiles.

A graphical display of intensity versus altitude of a profile observed by a
scanner can greatly improve detection accuracy. Such a display could be generated
by having an onboard computer generate a display on the cathode ray tube used for
the video scanner display described elsewhere in this report. The most obvious im-~
provement such a display would produce is that it would allow the entire profile to
be matched to a nominal profile which the computer could generate, The entire pro-
file could certainly be fitted more accurately to a locator than any one point, such as
the half maximum, because more data would be used; thus, more of the measure-

ment noise and atmospheric abnormalities would average out,

A more important improvement possible from the use of such a display stems
from the fact that the shape of the profile reflects the meteorological conditions in the
atmosphere. Specifically, the slope of intensity versus altitude is proportional to
temperature, maximum intensity is a function of sun angle, albedo, and cloud cover
and the shape also suggests the presence of dust and clouds., If several profiles at
different wavelengths are displayed, each one gives information about a different alti-
tude region and provides unique information about the relative proportion of Rayleigh

scattering and scattering due to clouds or dust.

A large part of the meteorological condition of the atmosphere at the horizon
can be determined from anaiysis of intensity profiles. This fact is of considerable
utility to the scientific objectives of the mission and of great benefit to the navigatioh
system, If the meteorology of the horizon can be determined, the contribution of
phenomenon uncertainty to measurement error can be reduced., Navigation accuracy
is thereby improved. This scheme would be most effective if a small general-purpose

‘computer were available to generate theoretical profiles as a function of specified

meteorological conditions which the astronaut could attempt to match to the measured
profiles by selecting the proper conditions. The computer could then determine the
navigation angle by a least-squares curve fit to match the altitude of the measured

profiles to the theoretical profiles,

- Some of the meteorological factors which could be determined by profile

analysis are temperature profile, pressure,k molecular weight, carbon dioxide content,
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ozone content, dust and aerosol content, cloud altitude, albedo and, on Mars, surface
pressure and terrain elevation. Although the analysis necessary to determine these
factors is rather complicated, it may be worthwhile when both the scientific and navi-

gational benefits are considered.

A mission which involves either the spacecraft or a probe entering the
planetary atmosphere for either landing or atmosphere breaking will be vitally in-
terested in the atmospheric density profile, Optical measurements and particularly
the profile analysis suggested above will give very accurate estimates of the position
g of the spacecraft relative to the density profile, In contrast, perfect navigation from
i Earth-based radar would be useless for navigating a spacecraft into an entry window
if uncertainty in the altitude of the density profile exceeded the tolerance in the win-
dow. Moderate temperature uncertainties can cause high-altitude density uncertainties
of an order of magnitude or more, so any precision entry vehicle will require informa-
tion on the planetary atmosphere as well as on its own position, Optical navigation

provides the required information directly,

2.2,1 Locator Detection Instrument Uncertainties
Several instrument design parameters also affect horizon locator detec-

tion accuracy. The optimum field of view size is a tradeoff between signal-to-
noise ratio which is enhanced by a large field and slit integration error which is
minimized by a small field, The optimum size is a function of distance from the
planet so that several slits may be required. Still, compromises must be made.
Slit width-to-height ratio is determined by similar constraints plus sensitivity
to misorientation and horizon curvatures are added,

Scan rates, integration time, filter bandpass, and sensor type are all
very important in the design optimizations. Theoretical limits on the perform-
ance of optimum systems can be made from considerations of basic measurement
information content and theoretical noise limits. The detection accuracy figures

 given in this report generally reflect these considerations and may be taken as
representative of well-designed systems even though mariy of the required sub-

optimizations have not been presented.

There are two limiting cases for the locator detection instrument un-
certainties, When the spacecrakft; is a great distance from the planet, the horizon
will subtend an anglé below the diffraction limit of the horizon scanner photom-
eter, Under these circumstances, the angle detection uncertainties considered
in Section 4.5 will apply, and the phenomena locator uncertainties are insignifi-
cant, Conversely, near the planet the instrument locator detection angle uncer-
tainties are c'omplétely dom_inated by the phenomena location position uncertainties
discussed in this Chapter, and the instrumyen‘c;p'i'odﬁced uncertainties are insig-

nificant,
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At intermediate ranges it is assumed, for the purposes of this study,
that the two sources of error can be added as described in the next Chapter.

Based on detection calculations at several intermediate ranges, this
model is felt to be sufficiently representative for the purposes of this study.
For any future studies, one of the immediate and major tasks is analysis and de-
termination of optimum locator-sensor combinations for the many horizon navi-

gation sighting situ«tions,

Planeiary Horizon Uncertainty

2, 3.1 Basic Horizon Equations

The most fundamental atmospheric physical parameter for specifying
the optical intensity profile is density. The most versatile way to describe an
atmosphere is to give its surface pressure and its temperature profile. Density
follows from this through the gas laws and hydrostatic equilibrium,

An ideal atmosphere can be divided into two regions, a troposphere and
a stratosphere. The dominant heat exchange mechanism in a troposphere is con-
vection and in the stratosphere the dominant mechanism is radiation balance be-
tween absorption of solar and terrestrial radiation and the emission of thermal
radiation. An ideal troposphere is characterized by an adiabatic lapse rate,
The adiabatic lapse rate is a function of fundamental parameters such as atmos-
pheric composition and planetary gravitation, This lapse rate specifies that the
slope of the troposphere temperature profile will be a fixed number of degrees
per kilometer altitude regardless of the density or the surface temperature.
The entire troposphere temperature profilé can thus be specified by only one
number, surface temperature, if the lapse rate is followed. Temperature per-
turbations such as diurnal, seasonal, latitude, and eveh local variations will

equally affect all parts of an ideal troposphere.

An ideal stratosphere is characterized by uniform temperature. This
temperatﬁre is a function of composition, sun angle, ground temperature and
albedo., As is the case with an ideal troposphere, the entire ideal stratosphere
temperature profile can be specified by one number,

The density' profile can be specified to a ,good approximation by four
variables: 1) surface pressure, 2) surface temperature, 3) troposphere lapse
rate, and 4) stratosphere temperature. Surface density can be calculated by
Eq. 2.3.1-(1). | | o

: Pom , - 4
p.= -1.218 X 10
0 TO o

2.3.1-(1)

| o
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where

where

where

surface density - gm/ m3

Py =

Po = surface pressure - atm

To = surface temperature - °K

m = molecular weight - gm/mole

Hydrostatic equilibrium requires that Eq. 2.3.1-(2) be satisfied.

dp = -p | 2.3.1-(2)

h = altitude

p = density

density scale height

8

The scale height referred to in Eq. 2.3, 1-(2) is defined in Eq. 2.3.1-(3).

S = RT/mg 2. 3.1-(3)

universal gas conestant

. H

R
g = gravitational acceleration
b o)

quation 2, 3.1-(2) can be integrated for the case of uniform temperature

and for constant lapse rate to yield Egs. 2. 3,1-(4) and (5).

where

p= poe"h/S ‘ 2.3.1-(4)

. mg/R{
T“Ql) / 2.3.1-(5)

‘MM=ﬂo<ﬁé
(o)

T = temperature at altitude h
(T =T, - £h)

¢ = lapse rate

The adiabatic 1apse rate isv given in Eq. 2.3.1-(6).. The actual lapse

rate for a realatmos.pheré will be less than the adiabatic rate,

b 2,3,1~(6)
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where

a ¢ = adiabatic lapse rate

adiabatic gas constant

~
u

(y = Flcomposition))

A simplified radiation transfer equation is given below, The principle
assumption in its derivation is that the source function is constant along the op-
tical path.

I=P(l-e 2,3, 1~(7)
where
I = intensity
P = source function
T = optical path length

For infrared radiation the source function in Eq, 2,3, 1-(7) is Planck's
black body radiation law and for visible scattered sunlight it is the Rayleigh
scattering formula, The optical path length of a line of sight tangent o some al-
titude, h, is given in Eq. 2.3,1-(8). This is an approximation for a spherical
planet with radius much greater than the scale height and approximately uniform
temperature near the tangent altitude.

T=0P\/ 27rS ‘ 2.3.1-(8)

where
o = extinction coefficient
P = density at altitude h
r = radius of planet
S = scale height (Eq. 2.3.1-(3))

The density required in Eq. 2. 3.1-(8) can be found from Egs. 2.3.1-(4)
and (5). The extinction coefficient is a function of wavelength and composition.
The Rayleigh scattering coefficient is plotted in Fig. 2-2 for Earth, Venus, and
Mars. Since the dominant component of the Venusian and Martian atmospheres
is carbon dioxide, the 15u infrared band is of great interest. A plot of its extinc-
tion coefficient is given in Fig, 2-3. The intensities of the two major energy
sources, the sun and Planck black bbdy radiation, arekgiven in Figs. 2-4 and 2-5.

A useful parameter for evaluating the effect of atmospheric perturbqtmns
‘on the intensity profile is the change in altitude of a constant density. Several .

useful equatlons can be derlved by d1fferent1at10n of the equations listed earlier

in the chapter, For a variation in surface pressure,
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dh __ =8 .9 2.3,1-(9
D (9

For a variation of surface temperature,

dTO
dhp=c = (h -~ Sh)—T;_ 2.3.1-(10)

If Eq. 2.3.1-(10) is used for a point in the stratosphere and the strato-
sphere temperature is presumed not to change when To changes, then the alti-
tude of the tropopause should be used for h, For a variation of stratosphere

temperature
d Ts
dhp"c (h hTP)—T';— 2.3.1-(11)
where
Tq = stratosphere temperature
hTP = height of tropopause

The optical path length of a line of sight through a given density changes
when the temperature changes due to the effect of scale height change in Eq.
2,3.1-(8). The change in altitude of a given profile intensity must be modified
by Eq. 2.3.1-(12) after Eq. 2.3.1-(10) and (11) have been applied.

.8 4T
dh, T

Iec 2.3.1-(12)

njn

Another useful derivative is the slope of the intensity profile derived
from Eq. 2.3.1-(7). .

d1=pPe Tr L « 2.3.1-(13)
Another equationd‘f interest to infrared analysis is the sensitivity of
intensity to source function temperature. This is obtained by differentiating
Planck's black body radiation law,

= = | 2,3.1-(14)

where

0
]

hC/k
2

1,44 X 10%m °K

For the 15y carbon 51_;ioxide band this equation reduces to:

| - dL_960 .4 T : . 2.3.1-(14a)
_ I~z ¢ |
1 F':V/ R : . ) : L i ‘
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2.3.2 Venus Model
Any analysis of Venus is handicapped by the lack of accurate knowledge

about its atmosphere. The best that can be done is to try to fit a profile to the
Mariner and Russian probe data. Such a temperature profile is given in Fig.

1-3, This curve, which is used as the nominal case in this section is based on
Russian composition and low-altitude pressure and temperature data and Mariner
high-altitude data.

The tropopause in this model is nominally located at 65 km with a temper-
ature of 243°K. There is some data to suggest that the cloud top may be near
this point,

Intensity profiles computed from the nominal atmosphere and the opti-
cal coefficients in Figs. 2-2 and 2-3 have their half-maximum intensities at the
‘altitudes shown in Figs. 2-6 and 2-7, A few representative infrared profiles are
shown in Fig. 9-8 and a few visible profiles are shown in Fig. 2-9,

Infrared profiles are a very complicated function of pressure, tempera-
ture, density and composition and this function varies widely over the range of
- these parameters applicable to the Venusian atmosphere. The curves presented
in this report are not intended to be accurate representations of Venus' infrared
signature; their purpose is to illustrate the approximate altitude and shape of the

infrared horizons.

Several funéiéimental problems in infrared profile prediction exist in the
current state of the art, which handicap use of precision infrared profiles, Pres-
ent knowledge of physical properties of ‘the upper Venusian atmosphere does not
allow sufficiently accurate specification of average values and deviations from
average of critical parameters. Secondly, even if physical parameters are
known, the mathematical formulas for nalculating infrared profiles are very
cumbersome and often do not give valid results except in idealized situations.

The uncertainties used for the sensitivity analysis in Chapter 3 reflect those

evolved from present state of knowledge.

Altltude and shape of 1nfrared proflles are sensitive to the factors
mentioned above and the relationships are very interdependent and norn-linear.
This makes precomputed empirical relatlonshlps unreliable. To use infrared
measurements to thelr full potential, a space mission would have to undertake
a real-time smentlflc ana1y81s of the upper atmosphere. ThlS effort would be
very expenswe in terms of personnel and computer workload; however, it may
be profltable when the joint benefits to both the ‘scientific and the navlgatlon ;

- objectives of the mission are considered. Its great sen51t1v1ty to physical

parameters rnakes infrared radiation a powerful scmntlflc tool, Scientific

\/
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‘terms of phenomena which have physical significance in fhe cli'mate‘of the planet.

analysis of a profile can determine many of the parameters necessary to make it

a useful navigation measurement,

The half-maximums of the visible profiles fall very near the cloud-top
altitude and since neither cloud altitude nor density is accurately known, these
points may be obscured by clouds. If this is true, it will be possible to obtain
a locator safety above the clouds by using 1/4 max up to 1/10 max as the cri-
terion for defining the horizon. Even so, the cloud top will interfere slightly
with determination of the maximum intensity reference level, Aerosols or dust
concentrations in the air at high altitudes can also complicate the visual profiles.
The error model presented in this chapter assumes that the visible horizon is

located at 65 km and that it is not complicated by clouds or dust.

The infrared profiles depicted in Figs, 2-7 and 2-8 could be compli-
cated by several factors. Almost no temperature measurements have been made
at the altitudes where the infrared profile half-max: occurs. The density pro- :
file is uncertain because of this and, more seriously, the effective temperatures
at the altitudes of profile half-max. and maximum may be different, thereby
making the half-max, at constant altitude principle invalid. This latter effect
is more likely to be a problem with infrared than with visible because the visi-
ble profiles go from max. to half-max, in about 10 km while the infrared re-

quires up to 40 km, e

The variation of the visible and infrared horizon with temperature and
surface pressure can be found by applying Elgs. 2.3.1-(9) through 2. 3.1-(12),
The altitude of the visible horizon was taken to be 65 km and the infrared 110 km.

Ahvis =0, OSAPO + 0. 091AT6~'+ 0. 032ATS 2,3.2-(1)
Ahyp = 0.05AP  + 0. 0914\To + 0. 22ATS | 2.3.2-(2)
where |
Ah = change in horizon altitude - km
APO = change in surface pressure - %
ATO = change in surface temperature - °K
ATS' = change in stratosphere temperature - °K

The many sources of pressure and temperature abnormalities can be
classified into several categories. Table 2-1 is a listing of possible classifica-
tions. This list is not meant to be completely comprehensive, but it should
serve as a basis for identifying and evaluating horizon altitude sensitivi’ty in- - |
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Table 2-1. Venus Phenomenon Uncertainties and Horizon Altitude Variations.

Source A priori uncertainty After recursive update
Amount Ahvi s AhIR Amount Ahvi s AhIR
Climatological
Surface pressure 10% 0. 5km 0. 5km 10% 0.5km | 0.5km
Surface temperature 50°K 4,5 4,5 14°K 1,3 ] 1.3
Stratosphere temp, 30 1.0 6.8 9 0.3 2.2
Diurnal variation 25 3.1 7.9 6 0.7 2.0
Latitude variation 40 4,9 12,6 5 0.6 1.6
Seasonal variation 15 1.8 4,7 5 0.6 1.6
Circulation 15 1.8 4.1 5 0.6 1.6
Local surface temp, 20 1.8 1,8 15 1.4 1.4
Local strat., temp. 20 0.6 4,5 10 0.3 2.3
Strat, temp. grad. 20°K 0 6.0 2°K 0 0.6
Total 1o 8.0 19.8 2.4 5.1
Geodetic
Planet radius 2km 1.0 1.0 1.3km| 0.7 0.7
Gravitation field 1/105 1.8 1.8 1/105 ‘ 1.8 1.8
Instrument misalign- 1 arc 5.0 5.0 0.7arc| 3.2 3.7
ment sec sec
Total 10 5.5 5.5 4.2 4.2
Total 10 km error 9.7km | 20.5km 4.8 | 6.6

Since the mechanisms of Venusian climate and weather are little known
and few reliable measurements of conditions exist, it is difficult to assign mean-
ingful values to uncertainties in a detailed model. Despite this, a detailed model
is of considerable value because it provides a framework on which to analyze the
effects of the details we know or can conjure concerning Venus. A detailed model
is essential to evaluate the information content of recursive updates of climatic
parameters using a Kalman filter while navigating past the planet.

The first item in the list is surface pressure, A 10 percent uncerté.inty
is presumed. This uncertainty could be caused by a 1-km uncertainty in the alti-
tude above sea level of a soft-landed measurement probe. Inaccurate pressure
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transducers and local weather abnormalities at the time of the measurement can
also influence the measurement accuracy. The Earth's barometric pressure !
fluctuates up to 10 percent and Venusian weather may be more severe and it will
be difficult to make an accurate measurement of the surface pressure without

landing several probes and operating them for a long time,

Surface temperature is difficult to estimate because many climatic ef-

fects such as seasonal, diurnal, and latitude variations superimpose changing
patterns on every location on the planet, This effect makes it difficult to sepa-

rate the average temperature from the perturbations.

High altitude temperatures and temperature gradients are even more
difficult to measure than surface temperature because it is harder to keep a
high altitude measuring device on station than it is to maintain a ground station, L
High altitude temperatures usually tend to be less sensitive to local fluctuations
and tend to stay closer to their equilibrium values than do low altitude tempera-

ture, so they can be estimated more accurately.

The diurnal variation is a warm area in the sunlit hemisphere and a
cold area in the dark, This effect should be more pronounced on Venus than it
is on either the Earth or Mars because its rotation rate is very slow; on the
same order as the revolution rate around the sun. The magnitude of the effect j
will depend on the efficiency of the convective cycle transporting heat to the dark i
side, The uncertainty in this is great because the circulation pattern is unknown.

The latitude variation is a warm-at-equator, cold-at~pole effect which
is prominent on the Earth and Mars and should also exist on Venus, although it . i
may be distorted by convection heat transfer if the planetary circulation is

strongly oriented symmetrically about the diurnal variation axis,

The seasonal effect on Venus should be small because of the nearly
vertlcal pole inclination and the slow rotation rate. Therefore the northern and

southern hemlspheres should have nearly identical temperatures.

The circulation pattern may strongly influence the temperature distri-
bution because a large amount of heat must be traynsported from the sunlit side
to the dark side. Several patterns have been euggested and one of the more
-interesting 1s a six-lobe system symmetrical about the sun line. o

Local variation in both surface and high altitude temperature can be ex-
pected, These would correspond to the variation we call "weather' here on '

Earth,

The stratosphere temperature gradient hsted in Table 2-1 is a differ-
‘ence m black body temperature beaween the altitude of the mfrared 1nten51ty
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maximum and altitude of the half-maximum., Its effect on measurements will be
to bias the altitude of the infrared half-maximum intensity.

An arbitrary, a priori assignment of uncertainties to the components
we have listed is the most stringent way to evaluate the performance of a naviga-
tion system, A great deal of information is lost by disregarding geometric
symmetrics and component correlations through recursive updating of climato-
logical parameters. The total information content of the navigation technique can
best be evaluated by statistically simulating a navigation exercise using Kalman
filtering to recursively update not only the spacecraft position and velocity but
also all the items listed in Table 2-1 plus any other factors such as planet radius
and gravitational constant which affect the locator reference uncertainty. The
effect of this technique is to take advantage of all the information available and
to share the total intrinsic information content of the situation equally among all
the components, It is invalid to assign an arbitrary large uncertainty to some
component and to force the system to maintain that large uncertainty when there
is enough information in the system to reduce the original uncertainty in that
component, '

The righthand three columns of Table 2-1 list the residual uncertainties
after a representative Venus flyby using Kalman filtering on a 42~component sys-
tem. The components used were: 6 for spacecraft position and velocity, 12 for
local low altitude temperature variation, 12 for high altitude variation, 2 for the
planet radius, 1 each for the remaining items in Table 2-1, In the computer
simulation the navigation measurement was interpreted as a relative measure-
ment of the spacecraft with respect to the atmosphere., The information was
used to update both estimates of spacecraft position and atmospheric parameters.
Key factors in the updating equations are weighting factors based on relative un-
certainties and the utilization of cross correlations to give the processor "mem-
ory' of what factors are a function of which other factor,

An actual flight guidance computer would not have to carry along such a
large number of components, The reason for the large number here is that we
chose to investigate every possible significant effect so that we could determine
which components were most impqrtant, An actual flight computer would carry
along only those components which a preflight analysis suggests are major un-
certainty contributors. |

The flyby trajectory and the instrumentation used to prepare Table 2-1

~ are representative of typical missions, but the results should not be taken as
limiting values or averages or as anything more than a representative case

because the results can be expected to vary widely under different circumstances.
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Tentative results of this case suggest that almost all of the a priori
estimates could be improved upon. The notable exceptions are the local temper-
ature variations. A result not suggested by Table 2-1 was that most of the final
navigation position and velocity error uncertainty was contributed by instrument
axis misalignment and gravitational uncertainty, Diurnal, latitude, seasonal,
and circulation variations contributed lesser amounts and the other contributions

were comparatively insignificant,

2,3.3 Mars Error Model
The terrestrial surface of Mars will be visible at wavelengths longer

than 3500A, so it can be used as a horizon locator, However the surface rough-
ness will limit the accuracy of the measurement. The anticipated Mars radius
variations from Chapter 1 would contribute reference certainties of = 2 km, 1lo.
This locator uncertainty is less than thai expected from atmospheric phenomenon
locators; however it may at times be obscured by dust, haze and clouds,

The Ames 1A atmosphere was chosen as the basis for evaluating atmos-
pheric horizon measurements on Mars. The basic characteristics of that atmos-
phere are shown in Table 1-5. Using the optical coefficients givenrin Figs, 2-2
and 2-3, the half maximum intensity altitudes for visible and 15y infrared hori-
zon are shown in Figs, 2-10 and 2-11, Typical horizon density proflles are
shown in Fig, 2-12,

The visible profiles lie very close to the planet's surface. This causes
several problems in using them, The lower part of the curve intersects the
ground before it reaches maximum intensity. Because of this, the scanner will
have to look at the ground to get an estimate of the maximum intensity., This
technique is very susceptible to errors introduced by non-uniform albedo.

Figure 2-12 illustrates the sensitivity of Martian visible profiles to

albedo variations,

The Mart‘iaijl atmosphere is rich with intermittent low-altitude dust
storms and haze layers, particularly in the polar regions and cloud formations
which may range up to 100 kru in altitude. All of these would either obscure or

contaminate the Rayleigh scattering profiles,

The best hope for a visible atmosphere locator on Mars is to use the
1/8-max or some such fraction which will occur at 15 krh abovethe surface,
thereby escaping the low altitude dust storms., The operation of the séanner
should be monitored so that a human operator can determine whether or not
haze, ¢louds or dust is 1nterfer1ng with the. proflle Either a television display
of the limb being viewed or a graphic plot of 1n+ens1ty versus alhtude womd be

requlred for thlS function,
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Further improvement in the scanner could be made by using several
scans made simultaneously but at different wavelengths., The optical properties
of Rayleigh scattering, ground albedo, dust and clouds are a function of wave-
length, The function is different for each mechanism so the different effects
can be separated by comparing several different wavelengths,

The 15y infrared profiles are at a reasonably high altitude and should
not be subject to interference from any other known atmospheric phenomenon,
Many other infrared bands should be available from the ground or the clouds or
dust and each presents its own advantages and disadvantages, which will not be
discussed here. The 15y band is presumed to be representative,

The equations for the temperature and pressure dependence of the
Martian hcrizons are given below:

AhVis =0, OBAP0 + 0, 003A'1‘o + 0. ()53ATs 2.3.3-(1)
AhIR = 0, 08APO + 0, 003AT0 + 0, 51ATS 2.3.3-(2)
where
h = horizon altitude uncertainty ~ km
APO = surface pressure (percent)
A’I’o = surface temperature - °K
) ATS = stratosphere temperature - °K

Table 2-2 lists possible error sources for Martian horizon measurements,
'All the statements about recursive updating made in the section on Venus hold
equally true for Mars. A very few-apdates would reduce the stratosphere
temperature uncertainty and the ‘g'i'as ternperature which are the largest con-
tributors to infrared uncertainty.

2. 4 Representative Navigation Measurement Errors

A computer statistical simulation of navigation accuracy, based on the sta-
tistical errors summarized in this section, is described in Volume I of this report.
Some of the results are presented in Chapter 3 of this volume. The measurement
error model (Model #1) used in this analysis is presenteq\i‘ here. Two factors make
the preparation of planetary phenomenon uncertainties for this model difficult. The
planetary phenomena are not accurately known, SO specifications of uncertainties

are themselves subject to uncertainty., A nominal value and a range are given for

the phenomencn errors. This range indicates the bpunéls of the uncertainty based
v Ceba b4
upon our present knowledge. (o

g8

RE
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Table 2-2, Martian Atmospheric Uncertainties and Horizon Altitude Variation,

Horizon Altitude Uncertainty
Uncertainty Source Amount of Uncertainty Visible Infrared
Surface Pressure 10% 0, 8km 0; 8km
Surface Temperature 15°K 0 0
Stratosphere Temperature 20°K 1.0 10, 2
Diurnal Variation 5 ‘ 0.3 2.5
Latitude Variation 10 0.5 5.1
Seasonal Variation 10 0.5 5.1
Circulation Pattern 5 0.3 2.5
Local Weather 5 0.3 2.5
Infrared Bias Temperature 5 ' 0 7.5
Non~uniform Albedo 0.15 (0. 07%) 4, 0(2*) 0
Total RMS ; 4.32.50) | 1567

>{(:Using multiple wavelengths
Using recursive updating and profile analysis

The second difficulty in specifying uncertainties is that Model 1 accepts
only uncorrelated, zero mean, lumped-together measurement errors. A second
model was developed for horizon measurements which included 36 separate, corre-
lated measurement errors in addition to the detection and instrument errors which
can legitimately be considered zero mean, uncorrelated errors. The results of
Model 1 simulations agree very well with the results of the more complex second
model for Venus flyby navigation so the navigation sensitivity analysis is probably
as valid as possible with the present state of planetary science knowledge. The
phenomenon uncertainties used in Venus are in agreement with the complex m‘ode'I
- described in Section 2, 3.2, The Martian uncertainties are typical of What,,could be
expected using the terrestrial edge of the solid body as a navigation reference. The
Type 2 stmospheric phenomena model is not applicable to the terrestrial limb, but
there may be known geological correlations which could be profitably incorporated
incorporated into the Martian terrestrial limb navigation model. A Type 2 model
similar to that used for Venus could be applied to the atmospheric horizon of Mars,
as discussed previously, ' | |

The navigation phenomena uncertainties used for the Type 1 model error
sensitivity analysis of Chapter 3 are listed in Table 2-3. |
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Table 2-3, Summary of 10 Measurement Errors Used in

Navigation Error Sensitivity Analysis.

Source Nominal Error Range of Error

Instrument errors

Scanning photometer 3 arc seconds |larcsectolOarcsec

Star occultometer negligible none

Unknown landmark 5 arc sec none
tracker per sec

Phenomenon errors

Venus - Visible 5 km 2.5 km-7.5 km
- Infrared 7.5 km 3 km-12 km
Mars - Visible 2,0.km 1 km-3 km
- Infrared 4, 0 km 2 km=~8 km
Earth - Visible | 0.5 km 0.25 km-1 km’
- Infrared 1.5 km : 1 km-3 km
Sun ’ 7500 km 100 km~-T7500 km

Unknown landmark none none

The measurement errors were divided into two categories, phenomenon
and instrument, Phenomenon ancertainties are expressed in linear measurement
(kilometers) and are assumed to remain constant regardless of range. These
phenomena errors are specified for one-half max horizon measurements. Star
occultation locator uncertainties are assumed to be the same as the visible horizon
uncertainty. The instrument measurement uncertainty for horizon measurements
is expressed in angular units (arc sec) so the linear magnitude of this error is a
function of range. A three arc second sextant was assumed to be the nominal de-
sign, and the range of accuracies from 1 to 10 arc sec was explored so that the
sextant accuracy tradeoff could be evaluated. The anticipated uncertainties are
discussed in more detail in Sections 4.3, 4.5 and 4. 7. Table 2-3 summarizes
this data, which was used for both the Type 1 and 2 error models studied in
Chapter 3. It should be noted that the 30-arc second minimum uncertainty for IR
detection was not included in the Type 1 error model used in the reported error .
sensitivity analysis discussed in Chapter 3, but was used in the Type 2 model.
Actually, IR is of little value until the spacecxjaft is relatively close to a planet.
When the spacecraft 1s in close proximity, the 30-arc second sensitivity limita-

tion will be dominatéd by the phenon;ena' uncertainty.
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) A number of physical equipment considerations resulted in the following
: geometric restrictions:

Scattered light - no star tracker or scanner line of sight within
20 degrees of the sun was allowed and no star within 10 degrees of
a bright planet was used,

Maximum angle - the maximum allowable angle between a star
and a navigation target for a valid measurement opportunity was
120 degrees. (This constraint was almost never exercised due to

the general availability of stars much closer to the planet.)

Star occultation - the occultation must occur beyond 15, 25, or
5 degrees of latitude on the night side of the terminator for Earth,
Venus, and Mars respectively and the star must approach the hori-
zon at an angle of no less than 15 degrees to the horizontal.

Sun-lit planet - both visible wavelength horizon and unknown
landmark sightings must occur on sunlit portions of a planet, -

Slant angle to landmarks - The maximum angle of the line of
sight to a landmark must be less than some designated angle in
order to insure visibility through the atmosphere, The constraints
are: Earth, < 0; Mars, < 0; Venus, (no landmarks visible).

Equation 2. 4-(1) was used to compute the linear measurement error for

all horizon measurements,
2 _ : 2 2 :
0" = (Ojpgt 1) 9phen 2.4-(1)
where
.= nieasur}ement uncertainty
Oinst = instrument angular uncertainty
r = range from S/C to horizon
Qphen = the appropriate phenomenon uncertamty

The final measurement uncertainty for star elevation measurements was
computed directly from Eq. 2, 4-(1), Since star planet measurements require the
averaging of two measurements made at opposite sides of the planet, an additional
equation is required. Equation 2, 4-(2), which is derived for the resubltinkg"“ uncer-

tainty of two independent measurements averaged together, was used for this

purpose,
: : 2 2
| 0505 ' : | 3
o2 AR S 2,4-(2)
vp 0A+0' o - »
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where

o sp = uncertainty for star planet measurements

Ca horizon measurement uncertainties computed by Eq, 2. 4~(2)
og for the appropriate phenomenon

Planet diameter measurements involve the subtraction of two measure-
ments. Equation 2, 4-(3) was derived to describe this case, The derivation

assumes that two independent measurements are subtracted.

Opp = 0p t 0p 2.4-(3)
where
Opp ~ uncertainties for planet diameter measurements
Tpo UB = (defined in Eq. 2.4-(2)

These equations do not completely represent the correlation which exists
between the many sources of measurement error; however they do express the
principle differences between the three types of horizon measurements, Star
planet measurements are more accurate than simplewstar elevation measurements
because averaging two observations should reduce uncorrelated errors by one half
and many of the correlated errors, such as those in planet radius and symmetrical
temperature variations cancel out when opposite limbs are averaged. Planet diam-
eter measurements are degraded somewhat in accuracy because the RSS design
model procedure used to measure planet diameter necessitated the inherent sub-
traction of two angular measurements and because phenomenon variations at op-

posite sides of the planet are usually symmetrically correlated,

The unknown landmark observation measures the rate of change of a line
of sight, A simplified error model derived in Section 4, 1.1 was used for the
studies presented in Chapter 3.

Many additional refinements discussed elsewhere in this report which
would improve the accuracy attainable from unknown landmarks were not repre-

sented in the model,

Star occultation measurements do not involve an angle measurement and
thus do not have an associated angle measurement error, The speed and accuracy’

~of occultation locator detection is the primary source of kiristrument error, but for

the planetary mission occultation rates and for the star inténsities assumed, the
video tracker described in Section 4.5 will pr‘o‘duc':e an insignificant amount of '
error in comparison to the phenomenon location uncertainty, Thus, ,6n1y the
phenomena linear unit uncertainties are appylicable,,’ so ‘
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A good assumption for a model of this sophistication level is that the star
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3. NAVIGATION ERROR SENSITIVITY ANALYSIS

Chapters 1, 2, and 3 discuss the phenomena and hardware studies which

form the basis for the study of navigation performance during simulated missions.

Volume I of R-600 has presented the concept and formulation used for these stu-
dies.

This chapter presents some of the results of a parametric study of sev-
eral planetary mission phases. Some of the results are also presented in Volume
I. The parameters investigated were: navigation instrument angular measure-
ment accuracies, classes of navigation measurement types, phenomena uncer-

tainties, and measurement schedule,

There are several probable mission phases which serve as motivation
for different types of navigation system performance and navigation accuracies.

Some of these are:
1. Interplanetary guidance
2, Aerodynamic braking
3. Insertion into planetary orbit
4, Probe navigation and guidance
5. Atmospheric entry
6. Vehicle landing

The missions studied are described in Section 1.1. Time permitted the
investigation of only a few specific mission phases, but the analytic tools are
operational and a minimum of additional effort is required to complete these
studies or to investigate other missions and mission phases.

There are many combinations of optimization criterion which could be
used in the analysis‘ of the mission phases. 1t is necﬂl‘eSSary to balance the desire
for the highest quality attainment of mission phase objectives against the desire
for minimum velocity corrections (Av),' power consumption, system weight, con-
straints and requirements on other spacecraft systems and functions and for
minimum probability of failure. An in-depth study of optimization criteria was
not investigated during this study due to time limitations and due to limitations
on the then existing state of definition of representative planetary missions. The
" optimization criterion used was the achievement of maximum navigation accuracy
-at critical points of a mission (such as at the pianet and at exit from the planet

sphere of influence), aSsum’ing systems_ and precedures which were considered to

| be practical,
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v The results of twe computer simulation models are presented and dis-
g cussed. The first model is described in detail in Volume I, Section 1. 2. It is a
'vﬁf statistical simulation in which velocity correction, IMU measurements and guid-

- ance as well as navigation measurements are considered. The navigation model
assumes that all instrument errors and phenomena uncertainties are zero mean.
Gaussian distribution with the sigma values is listed in Section 2. 4. Data is
presented for five mission phases: An Earth-to-Mars leg, a Mars flyby leg of
a Mars flyby mission, a Mars orbital phase, an Earth-to-Venus leg and a Venus

flyby leg of a triple planet flyby mission.

The second computer simulation model emphasizes the individual com-
ponents of phenomenon uncertainty for the Venus flyby case. The components
and their initial individual uncertainties are described in Section 2.3.2. The
objective of this program is to treat correlations in some phenomenon uncertain-
ties, such as climatic temperature variations, and uncertainties in basic plane-
tary parameters such as radius and surface pressure, more realistically than in
the first model. An additional difference is that the second program measures
and updates the estimate of several phenomenon parameters in addition to the

spacecraft trajectory parameters.

The application of this model was limited to the first Venus flyby of the
triple planet mission, Interplanetary navigation is analyzed in Section 3.1. Fly-
by results from model #1 are presented in Section 3. 2 and results from Flyby
model #2 in Section 3.3. Orbital navigation and unknown landmark tracking are
discussed in Section 3.4. Recommendations for future efforts are summarized
in Section 3. 5. |

3.1 Interplanetary Navigation

The two interplanetary trajectories studied are indicated in Section 1.1,
For each trajectory a nominal case was prescribed and this and several pertur-
bations of the navigation variables were run in the computer simulation to obtain

parametric sensitivities of navigation accuracy. The error models, uncertain-

ties, and physical constraints on 'navigation sighting availability listed in Section

2.4 were used in these simulations,

The nomlnal measurement schedule called for one measurement every day
for the duration of the mission except when the spacecraft was within two days of
the sphere of influence of either the Earth or the destination planet, in which case
one measurerment was made every 2.4 hours. At each measurement opportunity
the measurement type and optlon was evaluated and the one which maximized an
evaluation criterion was selected The evaluation crltemon nommally used was

‘the ra.t1o of 1mprovement in p051t10n uncertamty progected to the end of the mission
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phase. The measurement options were star-planet, star elevation, planet diam-
eter and sun~star, The simulation had the option of making each of these meas-
urements in the plane containing any of the 37 navigation stars., Figure 3-1 il-
lustrates the time history of the preferred type of measurements during the first
interplanetary legs of both missions for the nominal cases. The nominal cases

use a 3-arc second instrument, and nominal phenomena uncertainties,

It should be noted from the timeline graphs that the system prefers to
skip around in its measurement situation. In addition to the variations in pre-
ferred planetary measurement types, shown in the figures, the system selected
a wide variety of stars, Measurements using the same star were almost never
repeated in sequence indicating that information in a variety of measurement
planes is desirable,

Figure 3-2 illustrates the uncertainty in spacecraft location on the first
Venus leg as a function of time for three sextant accuracies assuming nominal
phenomena uncertainties. It should be noted that navigation uncertainty is less
in the vicinity of Venus than in the vicinity of Earth, due to the manner of choice
of navigation sightings. The program chooses the sightings which will minimize
the uncertainty in spacecraft location upon arrival at Venus, If more accuracy is
desired in the vicinity of Earth on the outbound leg, this can be readily achieved
by proper modification of the sighting selection optimization criterion. Figure
3-3 illustrates the time history of the decreases in leg termination uncertainty
as a function of time for three sextant accuracies, Figure 3-3 differs from Fig,
3-2 in that the variable plotted on the ordinate is not the position error at the cur-
rent spacecfﬁft location, but rather the projection to the end of the interplanetary
leg of the position which would exist when the spacecraft reaches the planet if

~ no more navigation measurements were made.

The times and magnitude of velocity corrections are also shown for the
3-arc sec sextant accuracy case. The criterion for makihg a velocity correction
is that the ratio of the estimated required velocity correction to the uncertainty
in that estimate exceéd a given value, and that the ratio of required magnitude g
to the impl'ementation uncertainty exceed a given value, This value was held the
same throughout 'all three of the runs presented. This criterion is not necessarily
optimum for minimizing the total velocity correction; however, it should illustrate
the important trends. Figure 3—4 illustrates the uncertairity in spacecraft velocity

- during the first Venus interplanetary leg f'é:s’ a function of time for three sextant

accuracies, assuming nominal phenomena uncertainties.

Figures 3-5, 3-6, and 37 respectively illustrate similar qu"antities for

the first leg of the Mars interplanetary leg.
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For the Mars leg case the algorithm would like to obtain information
from either the sun, or from Venus which lies in about the same direction, These
alternatives are not reflected in Fig., 3-1 nor in the data shown in Figs., 3-5
through 3--7. The magnitude of the sextant and phenomenon uncertainties strongly
influence whether or not these additional measurements are a significant contribu-
tion to the navigation. Since these bodies are very far away, a sextant accuracy
of 3-arc sec or better is needed to make these measurements productive, For
the sun to be useful, phenomenon uncertainty would have to be reduced below the
maximum anticipated value of 75, 000 km assumed for this run, The possibility
of achieving 100 km phenomena locator location uncertainty by sensing selective
wavelengths is indicated in Chapter 1.

The most obvious difference between the two cases is that the navigation
at the end of the Venus leg is about seven times more accurate than that at the end
of the Mars leg. The principle reason for this is the geometric difference between
the two trajectories, At launch the Venus probe lies behind the Earth (relative
to the sun), while the Mars probe moves ahead, The difference in these relative
motions provides the Venus probe with more information through more diverse
angular measurements than the Mars probe, This is illustrated by the closer
spacing of velocity corrections at the beginning and the end of the Venusian tra-
jectory than of the Martian, The geometric relationship cn the approach to Venus
is also more informative than the Martian approach, as illustrated by the steep-

ness of the time history curve and the frequency of the velocity corrections.

A few conclusions on these interplanetary navigation cases are given
below,

a. Navigation Accuracy. One feature to note in the data shown in

‘Figs. 3-3 and 3-6 is the rapid fall in projected uncertainty
during the period the spacecraft is near the two spheres of in-
fluence, which illustrates the fairly obvious fact that most of
the navigation information is available when the spacecraft is
near the planets. Also noteworthy is that accuracies produced
at the planet by the onboard navigation measurements are es-
sentially independent of ephemeris and astronomical unit (AU)
uncertainties since the measurements are taken directly from
the planet, ) '

b; Tfajectory Geometry. One of the two interplanétary legs con-

- sidered in this study had terminal errors seven times smaller
than énother‘ due to differences in trajectory geometry, It

‘would be hazard‘ous to eXtrapolate the results presented here to
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different missions because each type involves unique geometric

relationships.

Sextant Accuracy. During midcourse a nearly linear relation-

ship exists between sextant accuracy and navigation accuracy

for the cases studied thus far.

One thing to note is that one degree of freedom is
largely constrained by sighting to a distant body other than the
target planet and thus even when the spacecraft is near the
sphere of influence, the navigation accuracy is still dependent
upon the sextant accuracy. When the spacecraft is well within
the sphere of influence (as discussed in the next section) other
measurements to the target planet can constrain this third de-

gree of freedom.,

1

Phenomena Uncertainties within the anticipated range discussed

have an insignificant effect upon interplanetary navigation accu-
racies bhetween the two spheres of influence for sextant errors
greater than l-arc second. The considered sextant accuracies -

thus dominate the navigation uncertainties during this portion

-of a mission,

Correlated Instrument Measurement Errors and Measurement

- Frequency. If measurement errors are uncorrelated, an im-

provement in interplanetary navigation accuracy can be obtained
by making more frequent measurements., There would be a
limitation on the improvements that could be achieved by making
more measurements if such things as angle encoder non-lineari-
ties, mechanical misalignments or detection biases, introduce
correlated errors., The limitations due to these instrument as- ,
soclated error correlation factors have not'been evaluated in
detail, However, the present measurement schedule is thought
to be conservative in this respect and it is felt that improve-
ments in navigation accuracy are poss1b1e simply by increasing
the number of measurements, (Another pdssible improvement
is to optlrmze the measurement schedule w1thout 1ncreasmg the

number of measurements, )

Velocity Corrections., The Av required to aChieve_a given ‘

interplanetary guidance accuracy (as allowed by the navigation
accuracy) is approx1mately proportmnal to the sextant accuracy
for the cases studied. More accurate sextant measurements
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enable earlier and more accurate Av's and thus a considerably

reduced total Av.

3.2 Flyby Navigation

Two flyby situations were studied in detail, They were the Mars and the
Venus flybys which form the next phases of the two interplanetary trajectories
described earlier. The Venus flyby has its pericenter 292 miles above the planet
surface while the Mars flyby altitude is 562 miles. On the Venus flyby the space-
craft does not enter the shadow of the planet while the low-altitude portion of the
Mars flyby trajectory does enter the planet's shadow. Parts of these trajectories
are shown in Figs. 3-8 and 3-9.

Figures 3-10 through 3-18 illustrate some of the results of a parametric
study. The parameters investigated were: sextant accuracy, phenomena uncer-
tainty, infrared measurement utility, and measurement utility. The range of
uncertainties used are those listed in Table 2-3. The nominal measurement fre-
quency provided a measurement opportunity every 6 minutes while within 40 min-
utes of pericenter and every 20 minutes otherwise. The fast measurement sche-
dule provided measurements every 2 minutes while near pericenter and the slow
schedule, every 20 minutes throughout.

A timeline of the preferred measurement types for both flyby cases is

- shown in Fig., 3-10. Star elevation, planet-star, and planet diameter measure-

ments are the three types which are most frequently chosen. Unknown land-

mark measurements were allowed to ¥e an option only for Mars, and were chosen .

only when the spacecraft was very close to pericenter, Neither star occultation
nor probe tracking measurements were included in the evaluation of these two
flyby cases due to project time limitations, but it is anticipated that they would
provide useful near-planet measurements ahd would be included in any future

study.

It is worth commenting that a large number of navigation angle measure-
ment planes were utilized for both interp}lanetary and flyby legs. This would
cause the use of an Apollo type instrument with only 2 degrees of attitude isola-

tion to be impractical due to the demands upon spacecraft attitude control.

k Figures 3-11 and 3-15 illustrate the spacecraft position uncertainties

during the Venus and Mars flybys respectively, time as a function of time for

three levels of phenomena location uncertainty. Thess plots assume a nominal

3-arc second sextant accuracy and include IR measurements,

When analyzing the data in Figs. 3-10 through 3-18 it should be recog-

nized that the navigation measuremen’c(g'ele(:tion’v'va‘s optimize’d' to provide the
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maximum information on spacecraft position at flyby exit from the sphere of in-
fluence. This is a specialized objective, and the results are not directly applica-
ble to the evaluation of navigation accuracy upon entering the sphere of influence,
navigation accuracy at pericenter, probe navigation accuracy, Earth reentry
navigation accuracy, etc. By appropriate optimization of the measurement se-
lection and schedule it is possible to achieve better navigation accuracies for
these other objectives,

Figures 3—12 and 3-16 illustrate, for the Venus and Mars cases respec-
tively, the time history of the spacecraft position uncertainty projected forward
to the time of spacecraft exit from the planetary sphere of influence. This is
plotted for the two extremes of phenomena uncertainties and assumes a nominal
3-arc second sextant and includes IR measurements. (It should be noted that this
uncertainty is a different variable than the one plotted in Figs. 3-11 and 3-15.
This uncertainty is that which would exist when leaving the sphere of influence if
no more measurements were taken out to the sphere of influence.) The slope-
of these curves illustrates where the fnost information is obtained. The diver-

. gence -of these curves illustrates that the phenomena uncertainties are most sig-

nificant when the spacecraft is near the planet.

Figures 3-13 and 3-17 illustrate the time history of the spacecraft po-
sition uncertainty extrapolated to the time the spacecraft leaves the sphere of
influence. This is plotted for three sextant accuracies assuming riominal phe-
nomena uncertainties and including IR measurements. One curve is shown on
each plot which excludes IR measurements and assumes the nominal 3-arc second
sextant.

Figures 3-14 and 3-18 illustrate for the Venus and Mars cases respec-
tively, the uncertainty in spacecraft velocity as a function of time for three levels
of phenomena location uncertainty, assuming a 3-arc second sextant and includ-
ing IR measurements, | |

A few conclusions on these flyby néLVigation cases are listed below.

a. Na'vig‘ ation Accuracy. The nominal optical navigatioyn system

can navigate a flyby with an uncertainty of 3 to 5 miles in posi-
tion, and an unc‘ertainty of 0.33 ft/ sec in velocity at exit from
sphere of inflyence for both the Mars and Venus flyby‘c‘ase,s. '

- It should be h(ix)\'\jtyed that the ~7-times larger initial uncertainty
at the Mars sphere of influence (vs. at the V‘enus's,phere of
influence) which remains after the yint.erp‘laneta'ryylegl does not
significantly affect the uhc,ertainties near t'he planet. i
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Infrared Measurements. The Mars flyby case demonstrated a
particular sensitivity to whether or not infrared measurements
are included. This is due to the fact that a significant portion
of the last half of the flyby trajectory lies in the shadow of the
planet thus preventing visible horizon measurements. The
Venus flyby case was little affected by the exclusion of infrared
measurements, This potential advantage of infrared measure-
ments is questionable because it will be very difficult to design
with available technology an infrared detector which will not
significantly limit the navigation accuracy achievable with the
3-arc sec sextant. (A probable accuracy limit for an infrared
detector is about 30-arc seconds which would somewhat affect
its navigational utility,) In view of this it may be better to rely
on star occultation for navigation measurements while in a
planetary shadow, since star occultation measurements are po-
tentially as accurate as visible horizon measurements and can
be made by using the star tracker required for other navigation

measurements.

Sextant Accuracy. With the anticipated phenomena uncertainties,

very little improvement.in flyby navigation can be obtained By

improving the sextant accuracy beyond 3-arc sec. The naviga-
tion accuracy produced by a 10-arc sec sextant is slightly worse

than those produced by a 3-arc sec sextant. However, the sen-
sitivity is much less than during the interplanetary mission
phases in which there is a nearly linear relationship between

sextant and navigation uncertainties.

Phenomenon Uncertainty. Flyby trajectories pass sufficiently

close to a planet that with the nominal 3-arc second sextant

performance, phenomenocn uncertainties are the limiting fac-

tors in determining navigation accuracy. During a flyby portion
of a mission for a given schedule of measurement implementa-
tion, there is a nearly linear relationship between phenomena

and navigation uncertainties, Figures 3-11 and 3-14 do not,

 however, illustrate the expected differential between the curves

‘for nominal and minimum phenomena uncertainty since they dp

reflect different measurement selections and implementation

schedules.

C'errelate'd‘Phenqmeha Measurement Errors. Great care should
be taken when incokrporating these measurements into the
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navigation equations to account for correlated phenomenon vari-
ations, since rany of the uncertainty sources are large-scale
climatic atmosphere variations, or errors in basic planetary
parameters such as surface pressure or radius. Section 3.3
contains a more comprehensive treatment of the effects of

phenomenon uncertainties.

£, Measurement Frequency variations within the range considered

have a signifi‘cant effect upon navigation uncertainties for the
assumed measurement error models, Data on measurement
frequency effects upon navigation accuracies are presented in
Volume 1. For this model, which assumes Gaussian errors
with zero means, unlimited improvements in navigation accuracy
can be achieved by any increase in the measurement frequency.
In reality this is not valid for very high measurement frequen-
cies due to correlation effects. Within the range measurement
frequencies considered in these runs, sighting correlation ef-
fects are not, however, considered.to be a difficulty. The next
section, 3.3, presents the results of a more realistic correlated
phenomena error model which indicates a lesser effect upon
navigation accuracy. It is worth commenting that the range of
measurement frequencies considered at flyby would be very
demanding upon an astronaut if a manual instrument was used.

It is thus felt more practical to use an automatic instrument

based upon electro-optical sensors.

3.3 Phenomenon Uncertainty Effects

This section presents results of a study of the effects of specific meas-
urement error uncertainties on navigation accuracy based upon a more realistic
correlated measurement model. The computer program for this study performed
a statistical simulation of the same Venus flyby trajectory described in previous
sections. A 42-element state vectbr was updated by each measurement using
Kalman filtering. The elements in the state vector were allocated to navigation
varlables in the following distribution: 6 for spacecraft position and velocity;

3 for planet geophysical properties, namely grav1tat10na1 attraction, equatorial
radius and polar radius; 2 for instrument axis misalignment and infrared detector
bias; 3 for gross atmospher1c parameters, surface pressure, surface tempera-
ture and stratosphere temperature; 4 for climatic temperature variations, namely
diurnal, latitude, seasonal and 01rcu1at10n- 12 for local low a1t1tude temperature
variations and 12 for high-altitude var1at;ons. (See Sect:on 2.2.2 for a descr1pt10n

~ of atmospheric phenomenon. )
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The. nominal measurement schedule called for an observation every 5
minutes while within 2 hours of pericenter and every hour elsewhere. A 3-arc
second sextant was used. (A 30-arc second angular measurement was assumed
for the IR measurement as previously discussed. As with the first model, star
elevation, planet-star and planet diameter measurements were used. Due to
project time limitations, star occultation and unknown landmark measurement
options were not included in the investigation,) Both visual and infrared horizon-
type measurements were utilized. Table 3~1 lists the nominal uncertainties in
the navigation variables described above. To conserve space, only a represen-
tative selection of the local variations is listed. The first data column lists the
initial navigation and phenomenon uncertainties., The spacecraft navigation un-
certainties are representative of the ''nominal" uncertainties that would exist at
the end of the Earth-Venus leg of the mission (see Section 2.1). The values of
the phenomena uncertainties are presented in Section 2.5 and are felt to be repre-
sentative of the presently available, or soon to be available, data,

Table 3.1 also presents data describing improvements in the state of
knowledge at pericenter and at exit from the sphere of influence, 612, 000 km
from the planet. (Note that distances in this section are denoted in kilometers
and not miles, as in the preceding section.) Velocities are expressed in ft/sec
and temperatdre in °K as has been the previous convention,

The second and fifth columns of Table 3—1 list the improved navigation
and phenomena uncertainty estimates which can be made by processing the naviga-
tion measurements in this correlated manner. The position and velocity sensi-
tivity columns list the error that would be introduced into the navigation estimate
if any one of the true phenomenon parameters were different from the computed
~ values by their 1o uncertainties. The numbers listed are the RMS totals of the
uncertainties along three orthogonal axes. ‘

In addition to this nominal case, several computer runs were made with
a faster measurement schedule and without infrared measurements. Each of
' these cases showed less than 10-percent variation in navigation accuracy from
‘the nominal case. All three cases were able to estimate phenomenon parameters
to approximately the same accuracy, with the exception that the no infrared case
was less effective in estimating high altitude temperatures.

‘It should be noied that the measurement selection criterion employed in-
this model was not the same as that used for the studies described in Section 3. 2,
Here the sélected me'a.surement was chosen so as to provide the maximum infor-
‘mation content regarding the current spacecraft ,stat}evéctorf. _Cyonyseque,ntly,y the
results cannot be directly correlated with those presented earlier. Important,
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Table 3-1. Summary of Venus Flyby Navigation Errors Sensitivity

- ‘-'. R RS :-'f.yx,.: o

to Measurement Errors.

Sphere of
Pericenter Infrared Exit
& &
_E | E5 | e85 p2 £E 58| 58
29 | 8s | SudE |85 |80 |2E
s |52 |*gP8 152 |M817&
Parameter
Spacecraft position 150 km || 1.0 9.8
Spacecraft velocity 1 ft/secli 2.5 | km ft/sec| 0.35| km |ft/sec
Gravity 1/10° [l1/10°| 0 o.18 [l1/10°| 1.8 | 0.06
Equatorial radius 1 km 0.9 {0 0.11 0.9 | 0.1} 0,00
Polar radius 2 km 1.5 10 0. 24 1.3 {1 0.5 | 0,02
Instrument alignment larcsed| 0.8 | 0.1]0.51 0.65({3.7 | 0.13
Infrared bias 20°K 0.5 | 0 0.18 0.4 0.4 0.01
Surface pressure 10% {10 0o |0 10 0.0} 0.00
Surface temperature 50°K {15 0.110.26 ||13 0.3 1! 0.01
Stratosphere temperature 30°K |{10 0 0.19 8 0.2 0; 00
Diurnal variation 25°K || 7 0 |0.20 || 5 1.0 | 0.03
Latitude variation 40°K || 5 0.1]0.35 4 1.0 ] 0.03
Seasonal variation 15°K 6 0 0. 24 4 1.0 | 0.03
Circulation variation 15°K 1 0.110.45 | 1 1.1 1 0,03
Low altitude temperature #1 | 20°K |17 |o.1]o.49 }156 | 0.7 | 0.02
Low altitude tempefature #3 20°K |I17 0 0.10 |13 0.6 | 0.02
Low altitude temperature #6 20°K ||16 o |o.10 {13 0.6 | 0.02
Low altitude temperature #8 20°K {14 0.1 (0,27 ||13 0.1 j 0.00
Low altitude temperature #10 20°K 1A6 0 0.22 |14 0.4 | 0.01
Low altitude tem'perature #12 | 20°K {|15 0 0.21 (14 0.1 1 0.00
High altitude temperature #1 | 20°K |15 | 0.2/0.69 12 1.0} 0.03
High altitude temperature #3 20°K ||12 0.1 j0.43 9 0.5 ] 0.01
High altitude temperature #6 20°K |20 0 0.02 |[20 0.1 10,00
High altitude temperature #8 20°K |10 jo.1fo.27 |f 9 0.5 }0.02
High altitude temperature #10 | 20°K 19 0 [0.04 |19 0.0 | 0.00 -
High altitude temperature V#1z 20°K |]13 0.1 10.39 iz 10.3 {0.01"

g e
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however, is the fact that this is an independent model and does indicate results
which, though not optimized for terminal navigation accuracy, do compare reason-
ably with the previous model. The net differences in the indicated accuracies for
the two models are actually attributable both to this difference in information opti-
mization and to the difference in phenomena uncertainty models.

Some conclusions from this ¥ivby navigation analysis are listed below.

a. Navigation Accuracy. Position and velocity can be estimated
with 10 uncertainties of 1 km and 2 ft/sec at pericenter and 10
km and 0. 3 ft/sec at exit from sphere of influence using the

nominal 3-inch sextant, and assuming the nominal phenomena
uncertainty., No significant change is observed when infrared
measurements are excluded or when the frequency of the meas-
urement schedule is varied within the range considered.

b. Phenomenon Uncertainties. The parameters which most seri-

ously affect navigation accuracy are planet gravitational attrac-
tion and the climatic atmosphere variations (diurnal, latitude,
seasonal, and circulation), '

c. Probe and Entry Navigation, Any precision entry vehicle, par-

ticularly one planning on atmospheric braking to establish an
orbit, requires not only accurate navigation relative to a planet
center, but also requires accurate data on atmospheric density
and location. This data is necessary since the density of
Venusian atmosphere at high altitudes for example can vary by
- a factor of three or more due to unpredictable temperature ef-
fects. Optical navigation measurements can predict atmos-
pheric density to a few percent, and provide atmospheric loca-

tion data which can not be obtained by other means.

d. Scientific l“jiataj. A great deal of data about the planet, its atmos-

phere and its climate can be obtained by analyzing the navigation
data. Many scientific objectives, as well as the navigation ob-
‘jectives, can be achieved through optical navigation measure-

ments,

3.4 Unknown Landmark Navigation

To evaluate the relative performance of the unknown landmark tracker
by a dlrect comparison with other navigation measurement techniques, it was
necessary to simulate various representatlve spacecraft trajectories., A com-
puter simulation of each trajectory was then flown to enable a simultaneous
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evaluation of the usefulness of each method to be made. The decision of the ef-
fectiveness of each measurement technique was made on the basis of comparing
the reduction each technique made in an assigned cost. Specifically, the cost
reduciion was defined to be the ratio of the trace of the six-by-six state error
‘matrix after and before the measurement was made. For this calculation to be
made, an uncertainty in the unknown landmark measurement is required., Based
upon the specified accuracies of existing unknown landmark trackers, angle encod-
ers, star trackers, and the proposed optical system, the uncertainty in the track-
ing rate for the worst case was estimated to be 5-arc sec/sec.

The selection of unknown landmark star combination was constrained as
discussed in Section 2. 4 by the following:

a) Requirement that the unknown landmark site lie on the sunlit
side of the planet,

@ * -j_'sun) Z. (.Z:. ¢ _jlsun) 3. 4'(1)

where i_  is the unit vector from the planet to the sun.
b) Requirement on sextant L.OS

i« i, > cos 120° 3.4-(2)

¢) Star occultation due to planet
1/2

) + 5{] | 3. 4-(3)

The Apollo star catalogue of thirty-seven stars was selected for use in

2 L2
. . -1z - R
i+ i, < cos [cos (—-—:2—-

the unknown landmark measurement, Five landmarks were chosen to represent
a variety of sites in order to select the best geometry. Landmark sites 0 through
3 (see Fig, 3-19) were located on a circle centered at the Sub~‘brbita1 point such
that the angle between the landmark line-of-sight and the local normal was 65
degrees, The fifth site was chosen to be the sub~orbital point. Altogether, there
were 1835 possible star landmark combinations to choose from, The computer
tested the ones that did not violate the established constraints and selected the
' combination that yielded the best cost reduction. The following three"simulations
were flown in order to compare the performance of the unknown landmark tracker

w1th other navigation measurement techniques,

The first s1mu1at10n was a hyperbolic planet flyby mission, starfing at
the entrance to the sphere of influence, passing through perigee, and terminating
- at the exit from the sphere of influence. "The total flight time for ‘che mission was

1.26 days. Measurements were made every hour and one measurement was/made

I = o 3-31
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at approximately pericenter. The only unknown landmark measurement that made
a significant reduction in the cost was the measurement at pericenter, Its cost
reduction was 0. 03 while the best of the other unknown landmark measurements
had a reduction of 0, 989 and occurred one hour before pericenter. The reason
that there was no appreciable cost reduction except at pericenter was that the
V/h (velocity/altitude) rate was very low due to the following two considerations.
First, the component of spacecraft velocity perpendicular to the line of sight to
the landmark was smaller than the component at pericenter; second, the altitude
an hour before pericenter, 25, 000 miles, was much greater than the altitude at
pericenter, 562 miles. Hence, a problem with this simulation was that there
were not enough measurement points around pericenter,

The second simulation was similar to the first, with the exception that
the measurement schedule was changed to accommodate more measurements

near pericenter, and the following measurement schemes were included in the
schedule.

0) planet diameter

1) sun-planet

2) planet-star

3) star elevation

4) unknown landmark

The schedule near pericenter included a measurement every 0. 00139
days. When compared to the effectiveness of the other measurements, unknown
landmark tracking was never selected as one of the best three measurements at
any measured point.

In the third set of simulations, the mission wast}éhanged to orbiting a
planet, The first run was a 100- -mile circular orbit and lasted for 0 339 days,
which included four, orbits. Measurements were taken every 0. 0069 days. For
this mission there were 27 opportumtles to make unknown landmark measure-
ments, Of these poss1b1ht1es unknown landmark trackmg was selected 26 times
as the measurement whlch gave the best cost reductlom ‘

The mission was now changed shghtly to an elliptical orbit w1th a per
center d1stance of 100 miles and an eccentricity of 0.02. Qut of 28 opportumtles
to use the unknown 1andmark measurement it was selected to give the best cost
reduction 16 times.

For a 300 m,11e orb1t however, the unknown landmark measurement was .
selected once out of 15 poss1b1e opportumtles. )
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The basic result derived from the computer simulations is that unknown
landmark tracking, as defined in this paper, is a useful navigation technique for
near planet missions. Its relative performance improves with increasing V/h
rates, This result is supported by the three different simulated missions, In
the 100-mile circular orbit, the technique provided the best cost reduction when-
ever a measurement opportunity was available., In the 300-mile orbit, the tech-~
nique provided similar quality navigation information as compared to the other
navigation measurements. However, for the hyperbolic flyby, with a 562-mile
perigee, the technique appeared not to be useful when compared to the other
navigation methods.

The problem in evaluating a particular technique, however, is the selec-
tion of a suitable criterion for comparison, i.e., a cost. The cost for the above
simulations was selected to be the trace of the 6-by-6 error matrix evaluated at
the time the mission was terminated, For example, in the case of the hyper-
bolic flyby, the cost was evaluated as the trajectory penetrated the sphere of in-
fluence. In the larger sense, however, it may be more suitable to evaluate the
cost in terms of the overall mission requirements or at least at the point of re-
entry into the earth's atmosphere where the major considerations are the posi-
tion uncertainties. These position errors depend to first order on the velocity
errors upon lea\?ing the Mars sphere of influence and to second order, on the
position errors., It would therefore be more realistic to assign only the velocity
uncertainties to the cost at the Mars sphere of influence. In view of these con-~
siderations, the unknown landmark tracking would be viewed in a better light for
the hyperbolic flyby simulation since this technique is more sensitive to velocity
error than to position errors at higher altitudes. Naturally, there are many
other performance criteria for a specified mission that must be considered.
Some of the important ones are fuel consumption, weight, pbWer, and reliability.
Of cbufse, the weighting given these considerations depends upon other factors,
such as whether the mission is manned or unmanned. Inbrief, the results pre-
sented here are by no means conclusive, but rather indicative of navigation per-
formance based on present instrument capabilities and general mission consider-
"ations, The results of thé simulations have, however, indica’ted that the technique
of unknown landmark tracking is a useful measurement for low-orbit navigation,

3.5 Recommendations for Further Study

From these initial results it would be desirable to conduct further studies

~ in the following areas: | N

a. Complete the parametric analysis of the two missions ,anside{;jt;ecd :
“pack through an Earth landing. k :
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Perform a parametric study of the total AV required for com-

plete missions and investigate AV schedule optimization.

Incorporate additional mission phases and tasks into the analy-
sis such as rendezvous, insertion into planetary orbit (possibly
using aerodynamic braking), probe navigation and guidance,
planet 1af1dings, and long-duration attitude control.

Determine the sensitivity of navigational accuracy to phenomena
uncertainties as related specifically to all potential navigation
and navigation tasks.

Investigate the desirability of increasing the dimensions of the

state vector to include some phenomena uncertainties.

Incorporate star occultation and probe tracking navigation meas-

urement options into the simulation,

Investigate error models of Surface Irregularity Tracking Sys-

tems and formulate large~angle recursive techniques.
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4. RADIATION SENSOR SUBSYSTEM (RSS) DESIGN STUDIES

4,1 Introduction

The primary functions of the Radiation Sensor Subsystems considered in
these studies were attitude alignment and navigation measurements. The KSS design
model is motivated primarily by the navigation function since the attitude alignment
function has the less demanding requirements. Yet the design model could still ade-
quately perform the contemplated alignment functions, as discussed in Section 4. 6.

Two other functions of the radiation sensor subsystem have been suggested
which are within the capability required for the navigation function, One is the func-
tion of low-power, long-duration attitude determination and stabilization for those
periods in which IMU power or life-time degradation are critical considerations.

Another function which might be achieved within the capabilities of the navi-
gation system would be the navigation and guidance of associated vehicles or probes.
The requirements for this information will become better defined as specific plane-

tary missions are defined,

Thus, practically all of-this chapter deals with topics associated with the
navigation function, Sections 4. 2 through 4, 6 present the thinking associated with
the development of the RSS design model in an evolutionary order starting with the
Navigation Angle Measurement Philosophies in Section 4. 2, and then to a discussiois
of Precision Angle Encoders, in Section 4.3. Next, Section 4.4 presents‘a discus-
sion of the Space Sextant Design Considerations, followed by a discussion ‘ofv Radia-
tion Sensors, in Section 4.‘ 5 Finally a General Description of the RSS Design Model
is presented in Section 4.6, :

The majority of the navigation measurements reduce to a series of measure-
ments of angles between points of known attitude in an inertial reference frame (such
as stars in a celestial coordinate frame) and points of navigational utility, located
within the solar system (such as planet horizons and landmarks). Section 4,7 dis-
cusses the Anticipated Navigation Angle Measurement Accuracies for three of the
navigation instruments considered. '

Thire are four primary sources of uncertainty which limit the accuracy of
the angle measurements, ' The first is the phenomena location uncertaintifes which
are discussed in Chapters 1 and 2, The second is the phenomena detection uncertain-
ty which is determined by the signal strength and sensor capabilities in a particular
mission situation, For the purposes of the Navigation Error Sensitivity analysis the
part of the detection uncertainties which'are in angular unifs are included with the

~ total instrument angular measurement uncertainties discussed in Section 4.7. The

part of the detection uncertainties which are in km units arekdis,cps‘sed in Chapter 2,




The third source of uncertainty in the navigation angle measurement is introduced by
the required precision angle encoder, The accuracy limitation introduced by the most
promising types are discussed in Section 4.2, The fourth source of uncertainty is

due to the instrument non-rigidities between the two lines-of-sight. Non-rigidities
can be caused by differential thermal expansions, structural distortions under load-
ing, etc. This source of error is also included in the navigation angle measurement

uncertainties discussed in Section 4. 7.

The design model discussed in Section 4. 6 is felt to contribute a minimum
of angle measurement uncertainty and a maximum of versatility within the state-of-
the-art, Within the ground rules stated in Section 4. 3, this design model is also
felt to provide a maximum of reliability, which is also of primary concern for space

missions,

Sections 4. 8 through 4. 13 discuss particular topics relevant to the design of a
radiation sensor subsystem. Sections 4.8 and 4.9 discuss aspects of the optical
system design for a RSS. An aspect of visibility research which is particularly im-
portant for rendezvous maneuvers is discussed in Section 4. 10. Section 4.11 dis-
cusses several automatic landmark tracking devices and presents a recursive navi-
gation scheme which is suited to their capabilities. (The utility of this scheme has
been evaluated and discussed in Chapter 3.) Section 4, 12 refers to work performed
on bearing heat transfer which is reported in a separate document, E-2215. Bearing
heat transfer is an important factor in the design of accurate RSS systems. Section
4,13 presents an axl‘lalysis of the use of a ring laser as an inertially referenced angle

encoder for sequential detection type angle measurements.
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4.2 Navigation Angle Measurement Philosophies

There are two navigation angle measurement philosophies being considered.
The first is the ""sextant'' concept which requires the use of two lines of sight which
simultaneously sense the relative angle between two naviggtion features selected
from stars and features of solar system bodies. The optical axes of these two lines
of sight are related through precision angle encoders which measure the included
angle, The majority of the hardware analysis and design performed during this study
is centered around simultaneous detection techniques as discussed in Section 4. 4.
This angle measurement philosophy has the advantages of being the more thoroughly
investigated navigation angle measurement technique and of using conventional angle
encoders which have been more thoroughly proven for precision angle measurement,
This philosophy has the disadvantages of being more sensitive to structural flexure
and of requiring simultaneous, high-performance attitude control of two lines of
sight.

We believe that the design model presented in Section 4. 6 is minimally sus-
cep}ible to structural rigidity problems and that the attitude control requirements are
also reasonable. Our conclusion is that acceptable accuracies are possible with such
. a sextant design, The trajectory accuracies possible using this type of design are
certainly sufficient for the spectrum planetary missions. The expected navigation
angle measurement uncertainties expected from the nav1gat10n system designs con-
sidered, are discussed in Section 4.7. The nav1gat10n error sensitivity analysis for
several representative missions has been discussed in Chapter 3.

For specific missions, it may be desirable, as tradeoffs are considered, to
have greater navigation accuracy than afforded by the best sextant designs. Addi- ‘
tional accuracy might be desirable to further reduce the total AV required for a
mission, to obtain the‘ most accurate aerodynamic braking, or for experiment re-
quirements, etc, If this additicnal accuracy is required then the second philosophy
holds the most promise,

‘The second philosophy requires the use of one line of sight which is first
pointed at one target and then is rotated until it is pointed at the second target at a
later time. The angle subtended by the two lines of sight is then measured. To
measure this angle, an inertially 'refe‘:r'enced angle encoder must be used.

The second philosophy has the advantages of not requ1rmg an optical-axis-
to-ax1s angle calibration prior to'the measurement, and of having the minimum
alignment stab111ty problems, It is worth commenting that a manned spacecraft may
be requ1red to maintain a significant rotation rate for artificial gravity and/or for
solar heatmg control during the majority of a mission. The simultaneous detectmn
‘ de51gn model d1scussed in Section 4. 6 has an attltude isolation system designed to
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permit operation during such rotations. But this motion can be more advantageous
for the sequential detection technique, It is possible to take advantage of this motion
in order to improve the effectiveness of a scanner system since this motion permits
the observation of sequential regions of space to be viewed from one location on the
spacecraft and provides a natural scanner motion.

Se¢uential detection systems have thus far been used in conjunctionr: with un-
manned satellite systems. The predominant mechanizations thus far have used
scanners strapped down to spinning satellite vehicles.(l) In effect, the constant angu-
lar momentum of the vehicle in conjunction with the precision time of target detec-
tion by the scanner constitutes an inertially referenced angle encoder.,

Cne difficulty with using a spin-stabilized spacecraft as an inertially ref- .
erenced angle encoder is the large number of different measurement planes that
would be required (see Chapter 3) to obtain the maximum navigation accuracy. It is
doubtful whether competitive navigation accuracies could be obtained with this tech-
nique if only one spin axis attitude was used, and it would be impractical to reposi-
tion the spin plane to correspond to the measurement plane of the massive and ex-
tended spacecraft contemplated for manned planetary missions, Restabilizing the.
spin axis of the vehicle prior to each measurement would probably be required in
order to obtain spin-stabilized angle measurement accuracies superior to those pos-
sible with the desigm model '"sextant’ to be subsequently discussed,

_ (One possibility that has been considered but is not reflected in this study is
the.t of a navigation satellite or even of several duplicate navigation satellites in close
proximity to, and in close communication with, but not attached to, the spacecraft.

If this were considered permissible, then the use of this satellite when spin stabilized
as an inertially referenced angle encoder would definitely be feasible. )

Another difficulty with this type of ''angle encoder' is that it can become less
accurate as the size and complexity of the vehicle increases since the associated
mass distribution rigidity decreases. Relatlve motions of any masses connected to
the spacecraft body caused by any of the many complex systems will disturb the re~
quired constant rate of rotation as well as excite vibration modes in the structure,
stored fuel, etc, which will also cause variations in the rotation rate.v An additional
problem for manned space vehicles is that man is not fixed to the spacecraft but can
move about, thus causing additional rotation rate disturbances of a body-mounted
scanner system. .

For these reasons a different type of 1nert1a11y referenced "'angle encoder',
such as a gyro, would probably be required in order {o utilize sequential measure-
ment techniques. This would permlt the avoidance of the rotation rate variation prob-

lem and permit attitude isolation between the spacecraft and mstrument attltude con~
ktrol requirements,
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In order that a sequential detection system be able to produce superior per-
formance for a manned planetary mission to that possible with a simultaneous detec-
tion system, a more sensitive and accurate inertially-referenced angle encoder is
required than is presently afforded by existing gyros.

‘ A developmental inertially-referenced angle encoder which utilizes a ring
laser and is potentially very accurate, simple, and rugged is discussed in Section
4,13. Ring lasers have been developed for gyro applications which would be suit-
able for application as an angle encoder, but small variations and simplifications in
the designs would be desirable to optimize the ring laser for this function. The ring
laser angle encoder promises to provide greater accuracy thus permitting the sensor
to assume the major error in the navigation angle measurement error budget. This
would permit improvement of the navigation accuracy, or alternatively permit a sig-

nificant relaxation of the requirements on sensor performance,

The combination of a ring laser angle encoder mounied on a scanner system
such as the unit discussed in Section 4.5, provides the basis for a conceptually ele-
gant automatic alignment and navigation system. The alternative simultaneous detec-
tion angle measurement philosophy is emphasized in Section 4.2 since it is sufficient-
ly accurate and further along in its development. It can be siated though, that the
design model discussed in Section 4. 6 would be changed only slightly by the addition
of an inertially-referenced angle encoder in order tb pefmit sequential detection,

Sensors, optics, and the attitude isolation system would essentially be the same.
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4,3 Precision Angle Encoders

The navigation angle measurement philosophies discussed previously require
the use of an angle’vencoding device which can measure and converi the encoder mechan-
ical angle into a precise numerical form to be communicated to the ACG & N computer.
Angle encoder accuracy is one of the most significant limiting factors in determining
the minimum navigation angle measurement uncertainty that can be achieved. Visu-
ally read optical discs, precision gears, incremental optical encoders and multi-
speed resolvers are angle encoder types which have been considered for sextant
(simultaneous detection) type measurements.

Visually read encoders are not considered to be suitable for this applica-
tion, primarily because of the difficulties associated with folding the precision disc
image out through the required degrees of freedom, Other difficulties are the de-
mands upon the astronaut and the additional step required to inject the information
into the computer,

Precision gears are also not considered suitable for this application due to

their accuracy limitations; that is:

a., They have little averaging of "ruling" imperfections (few teeth
engaged at one time)

b. They are more sensitive to bearing runout and radial compliance
= (no opposite worm gear to avoid first-order bearing effects)

c. They are susceptible to torque loads since they must be used to
drive the axis in contrast to the other encoding techniques

The precision angle encoders which are most suitable for this application
are characterized by several features. They:

a. Have the most numerous and precise quantization over the 27
angle

b. Average the maximum number of the rulings during a reading to
minimize the effect of quantization imperfections

¢. Simultaneously detect the displacement of the rulings on opposite
sides of the "disc" in order to minimize the effects of bearing |
system "imperfections" '

d. Transmit negligible torque between the two members. (A sepa-
rate angle drive motor is used)

e. Transform the precision angle into dig'ital'electrical signals which
are updated at a relatively high bandwidth

4-6
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- vided in the design model, The multispeed resolver is presently illustrated in the

Two angle encoding systems are considered most appropriate for the navi-
gation sextant precision angle measurements, Either could prove more suitable de-
pending upon the specification of the missions and the spacecraft., Either could be
incorporated into the design model discussed in Section 4, 6. Both are presently
felt to be capable of approximately the same accur <=y (in the anticipated environ-
ment and when used in the designs to be discussed), They induce angle uncertainties
just slightly larger than 1 arc second, l1o. Adding in the effects due to the antici-
pated environment, bearing quality, mechanical rigidity, aging, signal encoding,
quantization, bandwidth, etc. brings the anticipated error to just less than 2-arc
seconds, 1¢ for a complete angle encoding system, The "system' implied here in-
cludes all of the mechanical and electrical components required to produce a digital
number which represents the precision angle of articulation between the two "mount-
ing surfaces'' for the optics.. One set of optics is used for each line of sight mounted
on each of the two members. The peak error is expected to be approximately three
times as large as these 1g numbers, A gaussian distribution of these uncertainties y
is assumed for the error distribution used in the error sensitivity analysis of Chap- '
ter 3, which is felt to be sufficiently valid for that purpose. In-flight angle encoder
calibration capability is provided by the design model, as discussed in Section 4. 6,
which would minimize the significance of calibration drifts,

One of these angle encoders is an incrementé.l electro-optical encoder, It
has the advantages over the other encodar 6f having the most precise ruling, and the
smallest quantization, It has the disadvantage of requiring more complexity in the
navigation head where it is most exposed to the environment and where the reliability
requirements are most stringent,

The other angle encoder is a 128-speed pancake resolver with an electronic
A to D converter. The resolver itself, which is the only part mounted on the optical
head, has the advantage of being simple and rugged. Therefore only the most reli-
able parts are exposed to the space environment. It has the disadvantages of having
much larger intrinsic quantization and of requiring a more precise and cbmplex ex-
ternal unit to convert the signal information to digital angle numbers,

Both encoders require the use of error correction determined from calibra- :
tion in order that their accuracy be limited only by their stability. Their repeatabil- Y
ities are significantly better than their linearity. These connections, obtained e1ther
from pre-flight calibration and/or in-flight calibration can be expressed and stored
as a few dominant Fourier coefficients, and used by the flight computer to calculate
connections to the indicated angle of any measurement made,

Either of these two angle encoders can be incorporated into the space pro-
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design model system shown in Figs, 4-13 and 4-14. Incorporating either of these
angle encoders into the design model will permit accurate sextant-type navigation
angle measurements and would be sufficiently accurate for interplanetary navigation

as discussed in Chapter 3.

An inertially-referenced angle encoder is discussed in Section 4. 13 which
would make sequential detection of navigation angles with the simultaneous detection
technique used in the design model. The sequential detection accuracies permitted
by the ring laser are superior to those permitted by the best simultaneous detection
mechanizations. The ring laser also has the advantage of providing intrinsic pre-
cision digital quantization, These advantages are somewhat offset by the more limited
versatility of the navigation system if only sequential detection is used. This limita~
tion on versatility is due to the necessity of using scanner-type sensors in association
with the ring laser as dictated by the requirement for a finite rotation rate. A navi-
gation instrument which could perform both simultaneous and sequential measurements

would provide the most versatility and accuracy as discussed in Section 4. 6.

O LU S N s SR S

gEEY

A e

Ak R o A

S

4-8

R R



[ 0 T T T

AR R

SUNSE- A | SHNR N TSP L FOTRNN

4. 4 Space Sextant Design Considerations

There are several general ground rules used as the basis of the design

studies that have been performed.

=

The instrument should be designed so that the performance of the

alignment and navigation measurement functions would be as inde-

pendent as possible of spacecraft attitude environment and attitude

control requirements. This ground rule resulted in two further

guidelines:

1.

2.

There should be cumplete attitude isolation between the align-
ment and navigation unit and the spacecraft, Also, any images
displayed to the astronaut should be fixed in the spacecraft
reference frame so that he would not have to move his head in
order to eliminate the need for the line-of-sight through all

of the required degrees of freedom,.

The attitude isolation should provide the maximum practical
field of view from its location on the spacecraft, -

-

The highest practical navigation angle measurement accuracy

should be attained within the constraints of simplicity in the mech-

anization and function. Maximum simplicity is dictated by the

concepts of good design and the severe reliability requirements

for planetary missions. The sort of phenomena and angle meas-

urement accuracies that will be required for various planetary

mission navigation accuracy requirements have been discussed

in Chapter 3.

Several alternative sextant mechanizations are presented in this section.,

In the sequence of this presentation the effects oi several alternative design con-

cepts are discussed, such as:

a.

b.

C.

The errors permitted by different techniques of sextant image

superposition,

The considerations in the physical placement of the optical ele-

ments in the sequence of mechanical members,

The effects of several alternative techniques of information trans-

fer through the attitude isolation mechanization.

The discussion leads in an evolutionary way to our conclusion that the de-

S1gn model presentect in Section 4, 6, which utilizes electrical transfer of informa-
tion through the degrees of freedom, would prov1de the best all-around performance

. for a planetary mission,
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4,4.1 Independent-ILines-of-Sight Sextant
The first sextant mechanization that was studied utilized one azimuth

(shaft) and one elevation (trunnion) degree of freedom for each line-of-sight.

The two collimated beams from the two lines-of-sight are combined with a beam
splitter at the spacecraft and then focused by an optical system to an image which
was viewed through an eyepiece by the astronaut as shown schematically in Fig.
4-1, This mechanization was motivated primarily by the desire to minimize the
number of optical transfer elements required, and to minimize the associated
mechanical complexity and size. Such a mechanization does provide a neat

mechanical package (Fig., 4-2).

In describing the configuration shown, it is first appropriate to identify
the specific ground rules under which the design was studied. These ground

rules take the form of the following list:
a, Fixed visual viewing axis

b. Two line-of-sight, four degrees-of-freedom instrument

(3 base motion and 1 precision)
¢c. Minimum light loss
d. Maximum scatter shielding
- e, Maximum spherical coverage
f. Erect imaging (no inversions)

Figures 4-1 and 4-2 show schematically and by design layout a configu-
ration for providing a dual line-of-sight, four degree-of-freedom visual reference
sextant. The drawings limit themselves to depicting only the optical redirection
elements involved in the motion isolation scheme, It will be noted that each line
of sight has two degrees of freedom (i. e., trunnion axis and shaft axis), 'This
mechanization allows each line of sight to be independently pointed in the de-

sired direction,

- In any altitude-azimuth configuration such as this, as the object being
viewed approaches the zenith, the ability to track approaches a limit, This
limit is established by the frequency response of the instrument in i‘eacting to
base motion inputs normal to the trunnion- shaft axis plane as the line-of-sight

approaches coincidence with the shaft axis,

A further phenomenon that deserves clarification in this configuration '
is that the object being viewed will be rotated about its optical axis as a function
of the trunnion angle motion. This is due to the skewing nature of the trunnion
axis to the trunnion mirror normal, The undesifability‘of,this facet must be
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measured against the benefits derived. This particular mechanization allows
scatter shielding to be optimized and further provides the ability to have a 1:1
relationship exist between the line of sight and the trunnion angle.

The primary difficulty with this mechanization is that since the super-
position of the two lines of sight occurs after several degrees of freedom, the
accuracy of the system is severely limited unless the two targets are viewed
exactly on their respective optical axes and are superimposed at the center of
the field of view. For certain combinations of gimbal angles the navigation
angle rneasurement errors produced become first order relative to the devia-
tions of the lines of sight from their optical axes, Thus, even with perfect
superposition of target images, there will be significant errors produced unless
the superposition occurs precisely in the center of the field of view. Such atti-
tude positioning accuracy is not impossible to achieve, but it is difficult, A
concise matrix formulation which is useful for analyzing this system has been
presented by Polasek.(z)

One of the primary motivations for using a sextant type of instrument
is that the superposition of the two images should be such that the errors in-
duced in the precision angle measurement by sextant positioning deviations will
be of second order. If an instrument has this characteristic, then the targets
may be superimposed anywhere within a relatively large field of view and still
not seriously degrade the angle measurement accuracy. For most sighting
situations this instrument would not satisfy this requirement and excessive
sextant line-of~sight positioning accuracy would be required,

In order to eliminate first order sensitivity to pointing deviations, the
two lines of sight can be combined immediately before they are brought through
the attitude isolation mecﬁanization. This is usually done with the assistance of
a'mirror and a beam splitter as illustrated in Fig. 4-3. One of the primary
questions is the manner of articulation of one of the elements (usually the mirror)
in order to generate the precision separation angle between the two lines of sight.

One technique that was investigated utilized an articulation axis parallel
to the direction of the line of sight after its reflection from the articulated mir-
ror, as shown in Fig, 4-3, Hereafter this mechanization will be called a "tilt-

ing" mirror,

The motivation for using this articulation technique was that the incre-
ment in the angle of bending of the line of sight is equal to the increment in the
angle of articulation, This permits a 1:1 utilization of the accuracy of the pre-
cision angle encoder which is mounted on the articulation axis, This 1:1 utiliza-
tion is twice as good as that afforded by the "nodding' type of articulation shown
‘in Fig, 4-4 which was used in the Apollo sextant, o
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The difficulty with using tilting articulation is that the advantage to be
gaired in the better utilization of the precision angle encoder accuracy is ob-
scured by errors introduced by off-axis image superposition. A differential
rotation is introduced between the images of the two lines of sight which is equal
to the included angle betweon the lines of sight. As the included angle increases
from zero, the error introduced by off-axis siuperposition becemes first order
until at 90° the superposition error bears a 1:1 ratio to the deviations of the
targets from their respective optical axes, This 1:1 ratio occurs because the
two images are rotated 90° relative to each other. In this limiting case, incre-
mental motions of the sextant body about the precision axis thus cause incremen-
tal motions of the two targets at the image plane in orthogonal directions. The
magnitudes of the angles of most navigation sightings are large enough to make
the superposition errors allowed by tilting mirror azticulation not competitive
with nodding mirror articulation, Thus, nodding mirror articulation is pre-
ferred for the majority of the navigation angle measurements required, even
with its inherent 2:1 increase in the error produced by the precision angle en-
coder, All other schemes thus far proposed which conceptually might eliminate
this 2:1 penalty have been unattractive because of their inherent complexity
which has nullified any poiential advantage,

4,4.2 Combined-Line s-of-Sight Sextant

The second sextant mechanization that was studied (Fig, 4-5) used the
concepts shown combined in Fig, 4-4, of immediate superposition of the lines
of sight and of nodding mirror articulation, Immediately after superposition of
the lines of sight, the combined lines of sight were focused by a leng system and
then folded through the degrees of freedom to an image in the spacecraft refer-
ence frame, The lens shown represents a simple bonded acromatic triplet which
would easily be defraction-limited over a field of view of plus and minus one
degree for a focal length of some 36 inches, (Thirty-six inches is a representa- -
tive length for the optical distance between the inner member and the focal plane
shown in the spacecraft,} The triplet is designed to minimize vacuum focal-
length shift by proper choice of the curvatures of the inner and outer spherical
surfaces, This is axi easy lens to build and there is no reason to incorporate a
more sophisticated lens system since this one will provide essentially perfect

images.,

The cbjective lens is shown close to the entrance aperture in Fig. 4-5

for several reasons. By focusing the column of light into a cone and down toward

the spacecraft it is possible to progressively decrease the diameter of the cavity’
from the maximum diameter required at the entrance aperture d,owri to a mini-
mum cavity diameter at the focal plane, This reduction in cavity size permits

)
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the minimization of gimbal sizes where it will most reduce the tolal size of the
system, i.e,, in the outer gimbals. The instantaneous field of view will cause
the column to be somewhat larger than a cone to the extent that the point of the
cone is moved around to produce the full size of the focal plane. But in general,
the image plane will be considerably smaller than the entrance aperture,

Placing the objective lens close to the entrance aperture permits more
flexibility in selecting the size of the instantaneous fieid of view., This is true
because it is possible to use various optical transfer elements in order to keep
the size of the light bundle down to a manageable diameter, even if a large field
of view were desired. Putting the objective lens further down the cavity from
the enirance aperture would necessitate larger openings at the entrance aper-
ture for a specified, effective light-collecting area,

If the complete focusing optics were placed on the spacecraft then the
diameter of the bundle of light could be no smaller than the diameter of the ob-
jective lens no matter how small the instantaneous field of view. As stated be-
fore, 36 inches is a representative measure of the length of the folded path
through the three degrees of freedom from the entrance aperture to the space-
craft, Over this representative path length, a practical field of view of +1, 0°
would result in an addition of approximately 1.5 inches in the diameter of the
entrance aperture above the diameter of the objective lens. Thus for minimi~
zation of size it is best to locate the objective lens near the entrance aperture.

There are no navigdtion errors that would be introduced by removing
the lens elements from the inner member and distributing them on the other
gimbél members, or even by mounting all of the lerns elements on the space-
craft member. This is true because the superposition of the two lines of sight
takes place immediately on the inner member and thuswé displacement of the
combined image at the focal plane will not significantly‘; effect the sextant ac-
curacy. One thing to be considered in a design is that any groups of high-
power lens elements should be mounted rigidly in a single member so that the
image-focus quality will not suffer due to any relative transitions between
members, . Having the objective lens mounted in the inner member and the focal
plane in the spacecraft member can cause focus displacements due to the insta-
bilities inherent in such a long, folded path; but this focus shift is such that an

adjustment of the eyepiece will accommodate it without any deterioration in

' image quality, The reduction in the size of the attitude isolation system af-

forded by placing the objective lens on the inner member seems well worth the

' poss1b1e small difficulty of focus shlfts. 5 ’ _ ‘\‘
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Another question that needs to be answered is whbere to place the focal
plane for any reticles that may be required. For the sextant shown in Fig. 4-5
the reticles are placea at the focal plane in the spacecraft. Because of this
placement two types of effects might be troublesome; if the spacecraft is rotat-
ing during a measurement then gimbal motions will cause the image to rotate
relative to the reticle. Since the main function of the reticle for both the naviga-
tion and alignment functions is to identify the center of the field of view, this
rotation should not be a significant problem.

Lateral shifts in the effective location of the reticle is the other effect
which can result from mounting the reticle to the spacecraft member. Lateral
shifts in the effective location of the reticle relative to the optical axis on the
inner member can be produced by optical path distortions which are more prob-
able with an optical path folded through several degrees of freedom. Such a
shift would be a primary concern during IMU alignment, but it is anticipated
that the magnitude or this shift would probably be comparable to the error al-
lowed by IMU alignment requirements,

There is probably very little alignment accuracy advantage to locating
the reticle on the inner member, The improvements that could be realized by
the placement of the reticle on the inner member are not worth the additional

complexities produced by the required addition of more optical transfer elements,

The primary design task for this second sextant mechanization consisted
of devising the best possible éttitude isolation system which wéuld transfer the
combined line of sight to the spacecraft frame of reference where it could be
viewed by an astronaut, Three degrees of freedom were required in addition to
the one axis of precision mirror articulation. In order to somewhat simplify
the signal transformations required to control the lines of sight, it could be de-
sirable tc make the first 4{;‘11‘egree of freedom coincident with the axis of precision
articulation. To do this would require three additional mirrors to fold the com-
bined line of sig’ﬁt to this axis, The small simplification in the transformations
to be derived by adding these three mirrors does not appear to justify the addi-
tional me'chamcal complexity requlred so these mirrors are not included in the

schematic diagram shown in Fig. 4-5.

Folding the line of sight through the degrees of freedom intrinsiéally
introduces image rotation. An additional degree of freedom would be required
to rotate the im'age into a specified orientaticn which might be desired by the
astronaut. This could be done by placing an articulated double-dove prism at an
appropmate point along the optlcal train, (The design model discussed in Section
4. 6 has the intrinsic capabxhty to prov1de this fifth degree of freedom by eloctmc-
ally rotating the image with the ‘incorporated video tracker, w1thout I‘ECOUI‘bO to

an \addltlonal mechamcal degree of freedom )
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Based on studies of the navigation phenomena that could be used for
planetary navigation there does not appear to be any obvious benefit to be derived
from including this additional degree of freedom which would warrant the addi-
tional complexity., It would be necessary though, to transform the line-of-sight
servo signals so that motion of the image viewed by the astronaut would conform
to that commanded by him in his frame of reference with his manual control
stick,

One other difficulty which can occur when a line of sight is folded through

the degrees of freedom with mirrors is that the image can be inverted (besides
being rotated). The system shown schematically in Fig, 4-5 would require one
more or one less mirror in order to produce a non-inverted image. It might be
possible to use only two mirrors on the last gimbal, or an additional mirror
may be required to bring the line of sight to the astronaut, Either alternative
would alleviate this difficulty., There is not much more evidence for this ques-
tion than there was for the image rotation question to indicate that image inver-
sion is a major difficulty in planetary navigation. But, because of the relative
ease with which this difficulty can be avoided, it could be eliminated.

This second sextant mechanization was pursued only slightly beyond the
conceptual stage since it soon became obvious that this was not an optical solu~
tion for naviga;cion requirements. One of the primary difficulties was the neces-
sary size of the attitude isolation system for a meaningful size of optical collect-
ing aperture, It was necessary to bring the line of sight out through the center
of each attitude isolation axis thus requiring a relatively largs inner diameter
for most of the bearings, torquers, and angle encoders; thus increasing the size
of the units and the associated size of the gimbals. There were three mirrors
required on each gimbal member and a large clear cavity connecting the mirrors
along the folded line of sight which made each of the gimbals additionally large.
The connection of flex prints between members was made more difficult by the
large inner diameters. Sliprings were even less satisfactory., The size of the
system approximately doubled with the addition of each degree of freedom and
so with the necessary three degrees of freedom it became particularly large.

If the number of requlred degrees of freedom were reduced then optical transfer
of the image would be more attractive. N

Another dlfflculty resulted from the large number of folding mirrors
required. With three mirrors required on each gimbal, the distortions intro-
duced by the net effects of all of the mirrors can sigr\ificahtly degrade the imé.ge

quality. When only a few mirrors are used the distortions mtroduced by the

mirrors are usually not significant.
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As alluded to in the previous paragraphs, one of the primary considera-
tions in the design of a two-lines-of~sight instrument is the optimal transfer of
navigation information through the attitude isolation system. As has just been
stated, direct transfer of optical images by folding the line of sight through the
gimbals is cumbersome, The size of such a system increases rapidly with the
number of degrees of freedom required,

Fiber optics have aléo been considered for information transfer through
the gimbals but are even less attractive than direct optical transfer. A highly
folded optical system would be required on the inner member so as to produce
an image to illuminate the termination of the fiber bundle, Such an optical sys-
tem plus the bundle termination would appreciably enlarge the inner member,

A fairly sizeable bundle of about one inch in diarreter would be required and even
that would degrade the resolution from that attainable with direct optical trans-
fer. Such a bundle would be just as difficult to direct through the degrees of
freedom as direct optical transfer, The torque required for twisting or flexing
of the bundle at each degree of freedom would be troublesome, and there is the
danger of breaking the fibers at these flex points. Another difficulty is that all
fibers do not equally attenuate the light, and after three feet of transmission
there would be disturbing non-uniformities introduced in the image intensity.
Thus, for these several reasons fiber optical transfer has not been considered

further.

4.4.3  Alternative Manual Sextant Design Concept

In the course of studying potential candidates for visually operated sex-
tant configurations, several schemes were considered. One of the configurations
that deserves special mention involves an adaption of the current Apollo sextant
head which would avoid much of the attitude isolation complexity. It must be
noted that the Apollo sextant head, from the point of view of optical efficiency
(i.e., number of optical redirection elements involved in the combining and
measurement aspects of usage), approaches an optimum, It further must be
noted that, inasmuch as all mirror normals involved in the mechanization lie in
a common plane, superposition of sighted objects at a reasonable separation
from the center of viewed field, say 1/4 of the tctal field, constitutes no degra-
dation in accuracy of measurement, a fact not immepiately apparent. Reason-
able shielding potential plus experience with this configuration tend to emphasize
its desirability. A schematic is shown in Fig. 4-6 and a design layout is shown

in Fig, 4-17.

In order to bypass the operational constraints of base motion stab1hty,

' 1nherent in the usage of the Apollo sextant, it was felt that we could allow limited

freedom, say +15°, about two axes normal to the existing azimuth axis, without
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additional folding of the optical path through these two degrees of freedom,
Mechanization of this, however, would result in requiring the astronaut to move
his head with respect to base structure. It was our understanding that this vio-
lation of ground rules, cited in the statement of work, was unacceptable; hence
no serious study of this configuration was performed., It appears desirable,
however, to represent this configuration as a possible alternative in the event
that the ground rules may be reconsidered.

4,4.4 Design Model Sextant
The design model presented in Section 4, 6 uses electrical transfer of

information to the spacecraft, The relatively small additional complexity pro-
duced by the addition of electro-optical sensors is felt to be well worth the sav-
ings in the complexity of the optical system, and the appreciable savings in the
total size of the system. Also, since photoelectric preprocessing or detection
will probably be required to obtain sufficiently accurate horizon detection, it is
preferable to put the photoelectric sensors on the inner member at the outset,
thereby avoiding the need for optical transfer,

Another significant source of error resulting from the use of this optical
superposition instrument was the difficulty in accurately detecting the superpo-
sition of targets. The navigation error sensitivity analysis results discussed in
Chapter 3 showed that horizons were the solar system body phenomena which
contained by far the best information for interplanetary navigation. Most of the
information is contained in the gradual intensity gradients which are produced
by atmospheric phenomena, In general, horizons cannot be detected very accu-
rately by man using his unaided eye, unless there is some prior processing of
the image information.

The preprocessing techniques needed to optimize horizon detection such
as optical filtering, neutral density, selective spatial distribution attenuation,
conversion of ultraviolet or infrared to the visual range, etc. are in general in
conflict with the needs for optical star detection. For a planetary mission which
has such a large and diverse set of navigation phenomena to be detected, it is
nearly impossible to optimize the manual detection of all of the many star-
horizon sightings required. The net result is that thefce is no accuracy advan-'
tage to the general concept of ''sextant' superposition of the two raw optical
images.

It is possible to make a more accurate and versatile instrument which
has a separate set of optimal optics and electro-optical sensors for each line of
sight, In this rnanner.' information from each line of sight can be separately :
preprocessed, superimposed electrically, and then optimally displayed to the
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astronaut as required, It is also possible to devise automatic detection and in-
formation communication links with the computer and other systems.

The accuracy anticipated with the second sextant mechanization was not
as good as is anticipated for the design model system, One reason was the 2:1
increase in the error of the navigation angle measurement over the error attain-
able with a precision angle encoder. As discussed previously, this two-for-one
error was produced by the nodding mirror articulation necessitated by sextant
image superposition accuracy considerations,

By utilizing an electrical instead of an optical superposition of target
images it is possible to practically realize 1:1 error relative to the precision
angle encoder error, as well as optimal navigation target detection. Thus, for
the many reasons previously discussed, it is felt that the system presented in
Section 4. 6 is a more optimum system for planetary navigation,
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4.5 DRadiation Sensors

The radiation sensor subsystem model discussed herein uses electro-
optical sensors as the radiation transducers, in contrast to the astronaut's eyes as
was done for Apbllo navigation. This approach frees the astronaut to perform an
executive function to the degree required by the sophistication of a manned planetary
spacecralft.

Because it is less cumbersome, the electrical transfer of information
through the three axes of gimbal attitude isolation between the alignment and navi-
.gation instrument and the spacecraft is preferable to optical transfer. The electri-
cal transfer of information also facilitates deployment of the radiation sensor
subsystem, since the transfer of information over long distances is more easily
accomplished electrically than with direct optical transfer. In addition, a wider
separation of the environmental needs of the RSS and astronauts is allowed. For
example, should the astronauts require radiation storm shelters, electrical transfer

would allow placing the shelter at a maximum distance from the hostile external
environment,

The electrical transfer method will also simplify the deploying of several
sensing systems on opposite sides of the spacecraft. Information ¢an be conveyed
from each of these subsystems to a common confrol station. This type of deploy-
ment scheme may become necessary to avoid imposing sighting field-of-view
constraints or, conversely, attitude demands, upon the spacecraft. Through the re-

dundancy inherent in a deployed, multiple -unit system, reliability too is enhanced.

X Electro-optical sensors provide the additional advantage of facilitating

% image processing prior to receipt by the astronaut. Examples of this image pre-

; processing are: optimization of visual adaptation level; elimination of unwanted or

f ’ unnecessary regions of the field of view (e. g. other bright objects); elimination of

! image motion and/or rotat’izoén of the image to a preferred orientation without in-
cluding ancther mechanical degree of freedom. This preprocessing of the image

;i also allows the flexibility to modify image magnification through electrical "zooming"

| and the conversion of UV a.nd IR navigation target images to v1s1b1e 1mages

Electro- optlcal sensors also permit the encoding of image data for trans-

mission to Earth or to another spacecralft, capab111t1es which may be highly desirable
during extended missions.

The performance characterlstlcs of elect o-optical sensors are particularly
. beneficial for star- horizon measurements. These measurements, as discussed in
/ Chapter 3, provide the majority of useful nav1gatnon information. For this type of
detection task, the electro-optical sensors permlt resolution cons1derab1y below the
optmal resolution limit, are faster and more sen ,1/t’1ve These qua11t1es allow optimal

use of attitude servo capabilities and ""high Speed farget markmg, thus fac111tat,.ng
" more accurate measurements : - L=
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Electro-optical sensors permit completely automatic operation of the RSS.
This would allow the astronaut to concentrate his efforts around decision and in-
vestigative matters during time-critical phases of a mission, and also free him from
the highly repetitive and time-consuming alignment and navigation tasks.

The navigation error sensitivity analysis has shown that a relatively high
measurement frequency is desirable while within a planet's sphere of influence, and
a high measurement frequency would be more practical with an automatic instru-
ment. An automatic instrument would also allow unmanned missions or unmanned
portions of mission,

In his executive role, the astronaut would primarily contribute his intelli-
gence and versatility, monitoring on a display the performance of the alignment and
navigation sightings.

The radiation spectrum from the ultraviolet through the microwave region
has been considered for alignment and navigation sightings. The primary radiation
phenomena which have thus far been considered are listed below.

Passive Radiation (as a result of natural phenomena)
Star attitude

Planet limb

Star occultation by a planet limb

Planet radiation center (for distant planet case)
Sun limb
Planet known landmarks

3 O O W N =

Planet unknown landmarks or other radiation spatial
distribution variations
8. Asteriods, satellite, moon, and other solar system
related bodies ;
Active Radiation (generated by man-made systems)

9. Microwave and laser radiation originating from the
spacecraft and reflected off ''near' targets
10. Cooperative beacons located at locations of kuuwn
- or unknown location on planets, cooperative Vehicles,

~ satellites, or probes

There are a variety of alignment and navigation sightings which must be
performed during a planetary mission. Several of the sensors studied appear to

 hold much promise for detecting and locating the above phenomena, and for incor-

poration into a guidance and navigation system. One primary goal for the design
model was to have minimum complexity. To achieve this, a few,,veréatile yet rela-
tively simple sensors aﬁpear preferable to a large number of specialized instruments.
The sensors discussed in this section and which are presently incorporated into the

_ design model are felt to offer the best mix and total of versa’tility,;, accuracy and

reliability.
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- uncertainty is included in the navigation angle uncertainties listed in Section

4,5.1 Video-Tracker
One sensor subsystem consists of a general-purpose video image

dissector or vidicon system which is mated with a long effective focal length
lens system which providet high resolution and a relatively wide field of
view (diffraction limited resolution pver a 1° field of view). This type of
system could accurately track phenomena 1, 3, 4, 6, and 7 above. Where
available and where necessary this instrument could track phenomena 8 and
10. This instrument could also be used to display a wide variety of targets
to the astronauts with approximately "'1000 lines'' of video information.

This sensor system has the primary advantages of versatility and
accuracy. One requirement for the use of this instrument is that the line of
sight be relatively well stabilized because of the relatively large image size
that is observed with a small instantaneous field of view,

A representative video tracker design is shown in Fig. 4-8. An
image dissector is shown as the detector unit, This type of detector is pres-
ently being used in the star tracker of the MIT, X-15 Horizon Definition Ex-
periment, and would be adequate for the task., ''Next generation'' tubes are
becoming available which would permit improved performance within an even

smaller volume,

An adaptation of the electronics developed at MIT for the X-15 sys-

tem daytime tracker is certainly adequate for a planetary mission. The ad- ;
vanced detection and tracking techniques provided by this system would per- £

mit nearly optimum high speed star detection and very accurate tracking with
a suitably high bandwidth, Star tracking uncertainties for phenomena 1 and 3

of less than one arc second, cne ¢ are anticipated using this sensor-electron-

ics package in conjunction with the optics to be subsefihently discussed., This -

4.7. (This number assumes an inflight calibration prior to a navigation
measurement, as discussed in the section, in order to remove any long time
constant drifts). These electronics could also provide the raster scan for
search, and for image presentation to the astronaut.

Vidicon tubes have capabilities similar to those of image dissectors
and should also be considered for this function whenever a development\:pro-
gram is initiated. In the not too distant future, solid state 1mage dissecting
devices will probably be developed which will be competgtlve “ith tube type
sensors, and would then be very attractlve for this apphca’uon.

Phenomenon number 4 (planet radlatlon center) is use;Iul pri zamly

beyond relative ranges at which the uncertainties 1ntroduced mto the angle™ \)5
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measurement by the uncertainty in the definition of the terminator and by
the noise introduced from the central region of the planet, are small in com-
parison to the uncertainties introduced by the navigation instrument. At
ranges where phenomenon 4 would be navigationally useful, the video tracker

could be used as a planet tracker.

At intermediate ranges it is best to exclude the terminator and cen-
tral region and utilize only the limb of the planet which contains the most
useful information on the location of the planet. It is probably possible with
some additions to the mechanization to track limb phenomena such as 2 and
7 with the video tracker but the second type of sensor, discussed in the next
subsection, is better suited for the detection of limbs.

Also at these closer ranges, some detail on the planet will be visi-
ble (landmarks or even cloud variations) which could be used for navigation,
On the Earth, phenomenon 7 would be available since there are identifiable
landmarks at known locations determined within an accuracy sufficient for
navigational utility., Known landmarks can be identified and tracked by view-
ing the landmark with the video tracker and displaying the image to the astro-
naut. By comparing the image with the superimposed electrically generated
reticle the astronaut can track or mark the coincidence of the landmark and

the reticle.

On Mars, identifiable features are not lozated to within a sufficient
accuracy, and on Venus there are no fixed features available due to the ob-
scuring clouds. Even on Earth it is difficult to find and identify known land-
marks due to random weather obscurations. Thus even though features will
become visible, their identitf{and location may not be sufficiently known so

that they are of use as known landmarks.

As discussed in Section 2, and as evaluated in Section 3, tracking
unknown landmarks can provide valuable navigation information when the
spacecraft is near-the planet. The visual display discussed above can be

used for manual tracking of unknown landmarks.

For unknown landmarks the automatic t,?acking techniques"f)ecbme
attractive since the sophisticated landmark idenﬁfication problem is elimi- |
nated. Section 4,11 discusses the characteristics of several unknown land-
mark tracking instruments, The performance characteristics of these in-

- struments were used as the basis for the unknown landmark navigation tech-

nique which was presented in Section 2 and evaluated in Section 3. All of the
unknown landmark trackers considered had limitations on the aspect ang"'ig,
changes and zooming that could be tolerated without introducing significant

g
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errors. These restrictions were reflected in the limited tracking angle tech-
nique evaluated in Section 3. In Section 2 it was indicated that major improve-
ments in the utility of unknown landmarks could be realized if a landmark
could be tracked through a larger angle,

The manual technique of tracking landmarks using the video display
described could be used to track through a large angle, but this would tie up
@#n astronaut for prohibitively long periods, in contrast to the situation for
known landmarks where only a single mark is required; a task of short dura-
tion.

The video tracker could be controlled to track unknown landmarks
automatically through large angles. A modification of the Bolsey concept
could be adapted to the video tracker. The fixed diameter circular scan and
data processing used by Bolsey can detect the two axes of translation and the
one axis of rotation of the image. The video tracker can be programmed to
scan most any pattern, and the circle is one of the simplest for the tracker

to provide.

By approximately modifying the ''diameter' of the scan the video
tracker can accommodate range changes, By appropriately distorting the
circle into an ellipse the video tracker can also accommodate aspect angle
changes. The information needed to permit the tracker scan to adapt to
these two additional degrees of freedom can be obtained from a programmed
set of cyclically varying scans which varyin size and ellipticity about the
previous best ellipse. The orthogonal deflection axes of the tracker are

ideally suited to provide this type of modulation, since variations in the

- amplitude and phase of two time related sinusoidal signals are all that are

required to obtain these scan variations.

As with the Bolsey system the first circular scan would be recorded
and each successive scan then compared to it to determine the quality of a
correlation with each successive scan. By an appropria,té selection of scan
variations and proper interpretation of the associated correlations it is pos-
sible to determine error signals for all five of the degrees of freedom. The
Aetermination of the two degrees of freedom desired in addition to the three
provided by the Bolsey instrument is allowed by the modulation of the scan
with the additional size and ellipticvity variations.

' There is one variation in the pattern recorded by the initial scan

~cycle which cannot be accommodated by this relatively simple scan varia-

tion, The topbgfaphi_éaﬂ altitude variations along the annular regi_on ob-
served will cause changes from the recorded pattern as the aspect angle
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" approximately matches the aperture size of the image dissector tube. This

changes which cannot be accommodated by size and ellipticity variations.

In general this effect does not increase the errors of a recursive, unknown
landmark navigation scheme since this uncertainty in topographic altitude is
an inherent source of error. Also, the altitude averaging performed by the
tracking instrument can reduce the errors introduced by this altitude uncer-
tainty below those that would be obtained by tracking a single point. Thus,
the inability to compensate for tkis sixth distortion is not considered to be

a significant drawback.

Because of the landmark tracking capabilities of a video tracker, a
separate unknown landmark tracking instrument is not included in the ACG&N
design model (though the more severe constraints that would be imposed by
the existing specialized instruments discussed in Section 4. 11 have been as- |
sumed in formulating the error models and unknown landmark navigation
schemes presented in Section 4. 11 and analyzed in Section 3). Separate
specialized image trackers or V/h sensors wiil probably be required for
other functions as missions become defined.

4,5.2 Sensor Optics

The optical system showr in Fig. 4-8 is discussed in more detail A
in Section 4, 8. This optical system has an aperture of 2-1/2 inches and an ’
effective focal length of approximately 50 inches, Reflective optics have 4
been chosen since under light shield volume constraints they are minimally
susée’ptible to scattered light; are not susceptible to vacuum focus shifts;
and though achromatic, will still pass wavelengths considerably beyond the
visible range. The collecting aperture is large enough so that the system
can track very dim stars or planets with a good signal to noise ratio., The

long focal length of the system produces a diffraction limited irnage which

permits very accurate tracking and a minimum susceptibility to background
light. | |

The light baffling shown in Fig. 4-8 is a very important part of the
opticél design and is discussed in more detail in Section 4,9, An optical
system de‘sign similar to the one shown would permit star tra’cking rela- |
tively close to the sun or to bright planets. The baffling shown‘has been
developed using a combination of emplrlcal knowledge and with the use of a
scattered light evaluation computer program which calculates for various
designs the amount of ‘stray light which reaches the focal plane. This pro-
gram is QSpecmlly useful for indicating the sensitivity of the quallty of en~
trained stray hgu‘t to design variations, so that the baffle des1gn may be
analy‘tlcally opt1m1zed : e
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4,5,3 Scanner Photometer

This same optical and baffle design would also be used for the second
type of sensor system used in the design model, The sensor cavity of the
sensor system shown in Fig. 4-8 would be filled instead with the sensors ap-
propriate for characteristic scanning types of measurements. The low scat-
tered light characteristics of the optics are even more important for this
instrument since the instantaneous field of view will be larger than those of

the tracker,

The second type of sensor system is a scanner photometer. This
instrument would consist of rigid high resolution optics mechanically at-
tached to a fixed field of view aperture (probably a series of rectangular
slits). The aperture would be mounted or scribed on the backside of a quartz
field flattener similar to the window of the image dissector shown in Fig.4. 8.
The attitude of the target in the direction orthogonal to the slit is determined
from the radiation passed by this aperture as the slit is scanned over the
target image. This radiation is detected by photodetectors mounted behind
the aperture plate. By having a couple of non-parallel slits or a "V' aperture
it is possible to also determine the second degree of freedom, This type of
relatively simple mechanical construction permits the maximum rigidity
since there is no internal spatial modulation of the aperture position by me-
chanical or electrical modulators. The modulation of tiie target is provided
by the scanning motion of the whole scanner instrument., This type of instru-
ment is ideally suited for accurately determining the location of phenomena
1, ‘2, 3, 4, 5, 8 and 10. This sensor system has the primary advantages of
versatility, high accuracy, reduced line of sight attitude control servo re-
quirements, and simplicity. | &

A long focal length optical system similar to that required for the
vidicon tracker is desirable for the scanning photometer in order to expand
the image of the field of view on the focal plane for optimal aperture defini-
tion of the field of view. In general the successive targets will be detected
af varying locations along the rectangular aperture. Apertures can be
"machined'" by various techniques with a precision of better than 0. 0001"';
so that with the 50" effective focal length chosen for the design model optics,
the expectéd aperture imprecision would contribute less than one half of'an
arc second to the measurement uncertainty, This;long focal lehgth would
also permit less dense placement of the sensors and/or eas\iyer "piping' of
the energy to the respective sensors. | | | |

The design model reflective optiés would transmit, and achromatic-

ally focus radiation from the UV through the IR, thus permitting the use of

4-33

T R e ROt ey (i R i ek e




S A TUs - SEv

e
RS

photomultipliers, photodiodes, infrared detectors, etc., with the same set
of optics. From the UV through the near IR, sensitive high-bandwidth photo-
detectors can be used which permit very accurate determination of target
location. (The use of these detectors will be discussed subsequently.) At
wavelengths longer than approximately three microns, various IR detectors
must be used which are slower and which permit lesser navigation angle
measurement accuracies, IR phenomena are navigationally useful primarily
near a planet where limb navigation phenomena subtend a large enough solid
angle to be detected, and where the angle measurement uncertainty added by

the IR detectors is less significant than the km uncertainty in the phenomena -

location. For practical navigation instrument designs, 30-arc seconds, 10
is a representative number for the minimum navigation angle measurement
uncertainty allowed by IR detectors. In general, IR phenomena would be
relatively significant for navigation only in the few cases for which shorter
wavelength phenomena are not available. In general there are sufficient
phenomena available within the 0. 24 to 2. range which can be located much
more accurately using photo-emissive and photoconductive devices. These -
sensors will be the basis for the performance discussions in the remainder

of this subsection,

A strong motivation for including a scanner-photométer instrument
is its capability to accurately detect all sorts of limb phenomena (such as
phenomena 2, 3, and 5), which have been found to provide the majority of

the most useful navigational information on the location of solar system bodies.

In general, more power is available from limb phenomena than from stars.
Because of this stronger signal it shovld be theoretically possible to more
accurately locate limb phenomena than stars. Much more analysis is re-

quired, though, in order to realize this potential accuracy, due to the greater

‘complexity of the limb spatial energy distribution. The limb images may
’ require mathematically simple profile descriptions, but even so their detec-

tion is not as simple to analyze as the detection of "point" images from stars.
To develop an instrument which will realize the practically achievable capa-
bilities of limb detection will require considerable additional analysis of

phenomena, locators, and instrument design within the framework of general

‘mission needs and priorities. As stated previously, it is believed that in

general smaller angle related uncertainties are theoretically achievable for
limb detection than can be achieved for star detection. With the necessary
analysis and development of an appropriate instrument, it is felt that a

practical instrument could realize limb detection accur,tgc:i-,es kgpprox‘im‘at'ely

¥
i,
e,

equal to those posysible for stars.

I
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[It should be noted that for.limbs, an additional uncertainty
term, in km units, must also be included in the navigation
angle measurement error models used to describe limb meas-~
urements., This uncertainty term is due to the km uncertainty
of the phenomena ''locator' chosen (such as 1/2 maximum in-
tensity) as detected by the instrument devised for this purpose.
For star detection there is no equivalent "km' term. This
additional uncertainty term is discussed in Section 2 and in-

”

cluded in the error models used for the analysis in Section 3.)

Star detection uncertainties are the least difficult to analyze due to the ele- -
mental image spatial distribution produced by stars. Thus for the purposes
of this study, the star location angle uncertainties allowed by the scanner-
photometer have been assumed to also represent the angle related uncertainty
term introduced into the limb location determainations.

Thus, one motivation for investigating the star detection uncertain-
ties allowed by a scanner-photometer unit is to determine the uncertainties
that can be expected for limb detection. It should be noted that phenomenon
10 and certain types of phenomenon 8 can be detectec by the scanner and also
produce elemental image spatial distribution so that the analysis of star de-
tection uncertainties can be directly applied in the evaluation of the scanner
capability to detect these phenomena. Another motivation for studying star
detection uncertainties is that star detection capability would be desirable in
the actual instrument in order to permit inflight sextant calibration prior to
navigation measurements., Simultaneous detection of one star or of two stars
would permit a calibration of any thermal or stress induced deformations be-
tween the two lines of sight which may have occurred during the mission sub-

. sequent to any calibrations performed on Earth. This type of calibration

would significantly reduce the uncertainty that would have to be allocated to
the instrument, and would provide a functional check prior to each set of
measurements, Scanner-photometer star detection capability would also be -
desirable for the minority of navigation sightings which are more optimal if
the tracker instrument is used to detect the solar system phenomena (such

as for landmari tracking).

Figure 4-9 illustrates a typical change in the mean rate of expected
photon arrival through an aperture opening as it is scanned across a star
image imbedded in some background. The photon arrival is a nonstationary
poisson‘"‘process. ‘But for véry slow scan rates the randomness of photon
arriv‘a"l;'ywould cause négligiblé variances from the mean and the limitation

Ly
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Fig. 4-10 Dynamic scan: typical photon arrival events vs. angle.
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on star location determination accuracy would be the ability of the sensor
and logic to phase detect the image location. For the optics image sizes
discussed in Section 4, 8 this would be a small fraction of an arc second and

would not significantly limit the scanner accuracy for this application.

A %ypical "fast' scan from which there is a limited star signal is
shown in Fig, 4-10 which illustrates basic information that is available from
a scan, that is the association of photon arrivals with scan angles. For a
"fast" scan as shown there is a limited expected number of photons from the
star which will pass through the aperture opening., Since the information on
star position is contained within the mean rate of arrival, the size of the
statistical sample required in order to determine the mean within a given
uncertainty is of primary importance in determining the location of a star to
within a desired uncertainty. The variance in the ''mean'' rate of photon ar-

rival evident in Fig. 4-10 from the mean rate expected is shown in Fig. 4-9,

It is aiso0 evident that the superposition of random background photon
events constitutes noise which will increase the variance of the photon arrival
rate above that obtained from the star alone, thus producing more uncertain-
ty in the determination of star location. Thus the aperture field of view is .
usually reduced in width to just slightly larger than the star image, and mini-
mized in length so as to reduce the background as much as possible. The
optical system designed for this system should allow a minimum of this ob-
scuring light through the aperture areas contemplated and except for stars
very near to the sun this should not produce serious performance degrada-
tion. Even so, background will still be an important parameter in the de-

termination of the optimum aperture geometry.

One thing to note is that there is no information on the position of

" the star relative to the aperture when the star is moving within the center

of the ‘aperture. This period is primarily useful for reducing the uncer-
tainty in star detection (whether the star is somewhere within the aperture
or not), - Because of the low scan rates which would be used for th1s appli-
cation to achieve minimal target location uncertainties there will be rela-
tively little difficulty in achieving high detection probability, Information
on the location of the star image relative to the aperture is provided only
during the ihtervals during a scan when some portion of the star image is

moving across either of the two edges of the aperture opening. The photons
from the star which pass through the aperture when the ”image” is complete-

ly within the openmg constitute noise for star location determmatlon if they

: - are not excluded from the" p051t10n estimation logic.
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There are several functional relationships which é.pproximately
relate the uncertainties of star location determinatior to some general param-
eters of scanner design and operation. The five functional dependences
listed below all relate directly to the number of photons from the star which
enter the aperture during the intervals in which some fraction of the image
is interrupted by the edge of the aperture (when the star is not completely
outside of, or completely within the aperture opening). It should be noted
that all have the same inverse square root dependence due to the fact that
they are all relative in the same way for a given image angular subtense
and a given aperture angular width to the number of star photons passing
through the aperture. These five functional dependences are:

location 1. 1/4star intensity
estimation ~
uncertainty 2. 1/4/ effective collection aperture

3, 1/4/ time star is within aperture

4, 1/\/ number of aperture slits (multiple properly
spaced aperture openings may be cut in the aper-
ture plate)

5. 1/\/number of repeated scans (It is possible to
repeatedly scan over the star in various ways
and improve the accuracy. This functional de-
pendence can be fully realized only if the scan
can be repeated without uncertainties being
added by the angular encoder reference.)

The uncertainties in estimation that can be achieved by an actual
system are dependent upon the detection used to convert photons to an elec-
trical signal and the particular circuitry and logic used to mark the esti-
matea star location.

Figure 4-11 shows scanner uncertainties calculated by Control Data
Corp. (CDCQ) for a scanner system using a single aperture, a photomultiplier,
and a particular data filtering technique for a single ¢ ocan( ) Negligible back~
ground and dark current noise has been assumed for these calculations. The

- uncertainties are plotted as a function of the rate of rotation. The parameter

of the three curves is the angular width of kt'he aperture. - The data filtering
technique used by CDC for these calculations does not exclude the counts
produced when the star image is éompletely within the aperture opening,:
Thus, the effect of reducing this noise is evident since the estimation uncer-

, tainties are reduced as the width of the slit is reduced. An approximate
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~angle prism sun sensor, as discussed in the design model section,

Corporation as a function of rotation rate for a scanner system based upon

ent angular subtense of the two aperture slit lengths chosen, of 1 degree and

- just slightly larger than the sté.’r image size produced by the optics, This

1/ V rotation rate dependence of the uncertainty upon the rotation rate is also
evident from the curves. The accuracy limitations on particular types of
photomultiplier star scanner systems have more recently been analyzed by
Control Data Corporationg‘l) From the navigation error sensitivity simula~
tion and analysis reported in Section 3, a third magnitude star is the dimmest
target that need be considered which is the intensity of the star assumed for
the CDC plot, The effective aperture of the design model optics is approxi-
mately 2 inches in diameter. Thus, since this is about half of the collection
area assumed by CDC the uncertainties expected at a given rate using the
design model optics would be \[_2"higher. But since the rotation rates to be
used by the design model scanner are much lower than those used in the
CDC calculations (between one and ten degrees per second), uncertainties
considerably less than one arc second can be anticipated using the design
model scanner under these conditions.

Solid state photodiode sensors are also attractive for use in a scan- ¥
ner system. They are very attractive for space applications because of their é
compact size, mechanical ruggedness and their wide spectral sensitivity.
Silicon photodiodes are attractive for a couple of other reasons. It is possi-
ble to mount several miniature /,c/hips directly to the back side of the aperture
plate, each directly behind its‘wi'espective aperture, thus permitting multiple
detectors in a rigid compact and reliable package. It is also much easier to v
sense the limb of the sun with photodiodes than with a photomultiplier, which o
is important for navigation and to permit in-flight calibration of the critical

In general, photodiode detector systems have higher quantum effi-
ciencies and thus produce higher signals at low signal levels, but are noisier
than photomultipliers. In order to minimize the noise it is necessary to use '
the smallest possible detector. A single miniature sensor is used as the ba-

sis for a scanner design developed by Baird Atomic Corporation, Figure 4-12
shows the estimation uncertainties calculated by W. Westell of Baird Atomic

the use of the design model optics and a Baird Atomic sensor-data processing
electronics design combination. Data is shown for several star-aperture sit-
uations. Two different sensor areas are analyzed as required by the differ-

10-arc minutes, An indication of the sensor noise is that a "plip star'' of +4
magnitude would give a signal equal to the detector noise produced by the de-
~tector’ for the 1° slit, ‘ :

A 10-arc second wide slit was assumed in both cases so as to be
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corresponds to the results of the CDC analysis for photomultiplier systems
which indicates the best accuracy for isie smaller slit widths which are just
slightly larger than the star image.

As an indication of background susceptibility for these two aperture
lengths: a background of 0.5 foot-lamberts for the 1° length, and a back-
ground of 3 foot-lamberts for the 10-arc minute length would increase the
uncertainties shown in Fig. 4-12 by a factor of \ 2.

Anralysis still needs to be done on the photomultiplier scanner sys-
tems at the lower rate range anticipated for the navigation angle measure-
ment application. At these lower rotation rates considerably better per-
formance than that shown in Fig. 4-11 is anticipated. The 1/V rotation rate
dependence should approximately hold in this region so that these curves can
be extrapolated to these lower rotation rates to see what kinds of perform-

ance can be anticipated.

Thus, for both photormultiplier and silicon photodiode single aper-
ture-single scan systems, estimation accuracies of a fraction of an arc sec-
ond can be anticipated. Approximately 0.7 arc second, 1o estimation un-
certainties are assumed for both star and planet limb detection which is
felt to be sufficiently conservative. This number is incorporated into the
"estimated navigation angle measurement uncertainties' of Section 4. 7 which
are used in the ''navigation error sensitivity analysis' of Section 3. It should
be noted, as discussed in Section 4. 7, that this uncertainty number does not
include the km unit uncertainty term related to locator detection variations,
nor the km unit term determined by uncertainties in the location of the phe-
nomena, nor does it include angle encoder and structural induced uncertain-

ties,

There are a large number of scanner design variations which are
possible in order to optimize the design for specified objectives. Variations
in aperture geometry have already been mentioned. Multiple apertures open-
ing onto a single sensor would permit reduced location estimation uncertain-
ties. Multiple detectors behind a single aperture could measure dlfferent
wavelength bands by usmg a ladder of filter mirrors to direct the” energy to
its respective detector. (Multlple wavelengths would be useful duv*mg horizon
scanning to reduce the phenomena uncertainty, as discussed in Sectzon, 2.)
Multiple apertures combined with multiple detectors in innumerable ways
are also possible, These combinations could permit detection of many dif-
ferent phenomena; could allow optimization for each of the many types of
navigation sightings encountered during a planetary mission; and could per-

mit duplication for maximum rehablhty
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It is worth commenting that in the design model a single set of optics
is mated to an aperture-sensor system containing several apertures and sen-
sors, rather than using several separate special purpose instruments. This
is done in order to minimize the total complexity; to permit the most accurate

NPT T CE IV TR T

relative alignment accuracy between the individual aperture-sensor combina- i
tions; and to provide the most collected energy per.sensor for a given limited i

system volume, %

l There is an important and extended development task which remains §
| to be done, That is to optimize the versatility, accuracy, simplicity, and

reliability of a practical scanner design based on the simultaneous analysis |
of mission requirements, phenomena uncertainties, and locator definitions. ;

e R e

The analysis and design of an optimal horizon detection system is one of the

primary development requirements for a planetary mission,

4,5.4 Sun Sensor
The third type of sensor which is incorporated into the design model

[N CHOCREY S LR U N, =

is a critical angle prism sun sensor which would sense phenomenon 6. This
sensor is very simple and small in comparison to other sensor systems con-
sidered. Since this device is used only to detect the sun, its primary utility
for a planetary mission would be for the IMU alignment function discussed
later. The reason that this sensor would not be as useful for navigation as

the two previous sensors is not due to the accuracy capability of the sun sen-
sor but is due instead to the limited navigational utility of the sun as discussed
in Section 3, Actually the critical angle sun sensor is extremely accurate for

its size.

4,5.5 Onboard Radar , ' &
Radar devices have not presently been included in the design model

; discussed in the next section since the primary utility of onboard radar is

i for clese proximity navigation and guidance. The emphasis of this study ‘ pi
~has been on the primary task of navigation, guidance, and control of the

spacecraft trajectory., Little effort has been expended thus far on consider-
A n _ ~
ing the other mission CG&N functions. )
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4.6 Description of RSS Design Model
The configuration shown schematically by design layout in Figs. 4-13 and
4-14 depicts a dual-line-of-sight, automatic photometric sextant. Before describing

the design facets of this instrument, let us identify the ground rules under which the
design was developed. These ground rules take the form of the following list,

a. A fully automatic photometric sextant providing vidicon or other

appropriate executive monitoring.

b. Two line-of-sight, four degree-of-freedom instrument (3 base

motion and 1 precision)
c. Maximum spherical coverage
d. Maximum optical aperture with reflective optics
e. Maximum scatter shielding and protection

f. Inclusion study of IMU components on outer stabilization axis to
provide calibration potential for inertial units.

The mechanization shows an outer azimuth isolation axis member in the

form of a hemisphere to which the six IMU components are attached., This hemis-

" phere constitutes the equivalent of a navigation base reference between the inertial

and optical referenc'esk,, It further contains a heat exchanger for thermal control.
The allowable motion of the azimuth isolation axis is £360°., Electrical lead throughs
are suppiied by a symmetric twelve-member flex-print preassembled canister.

The two remaining base-motion isolation axes lie in the ground plane of the
azimuth axis, This configuration eliminates the possibility of any gimbal lock con-
ditions due to base-motion inputs as a function of sighting directions. The cross-
trunnion or middle axis isolation member has +30° of ang;ular freedom from the
ground plane. This angular freedom is considered adequate to accommodate base-

motion inputs during active sightings.

The trunnion or inner isolation axis has +£180° of angular freedom from the
ground plane, This freedom is supplied for dynamic motion as well as for the pur-
pose of allowing the detector heads to be totally stored during their non- operative
periods, Co-~axial with this trunnion or inner gimbal axis is the precision sighting
angle axis, which allows for relative motions of the lines of sight with respect to
each other. Each line of sight is capable of non-occulted viewing from -20° to +70°
referenced to the azimuth ground plane, Inasmuch as the two lines of sight are as-
sembled back-to-back, the total angular viewing Capability on the precision axis is
2 (+70°) or 140° between the two objects being observed. | L

The design model conflguratlon is governed primarily by the nav1gat10n
angle measurement requ1rements but as d1scussed in Chapter 4, it can also readlly ~
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Fig. 4-13 Schematic, design model RSS.
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perform the alignment functions. The f)asic navigation package consisté of an image
dissector or vidicon tracker which is related through one degree of freedom (contain-
This angle measurking unit serves the function of a space sextant. The two-sensor
subsystems may be switched in function as is appropriate during different phases of
the mission. Either instrument can be used to detect star or solar system body
features, and depending upon the situation it may be best for one or the other to
sense the star, etc, (One such situation would be near a planet where the video in-
strument might be used for landmark tracking, and the scanner would then be re-
quired to detect star locations.) It is also possible for both instruments to detect the
same target or two similar targets (such as a pair of stars) thus permitting inflight
calibration of the sextant, Both radiation sensors use diffraction~limited folded re-
flective optical systems (as discussed in Sections 4.5, 4.8, and 4.9). A sun

sensor is attached to.the ''back' of the image dissector tracker housing so that

we can use the tracking servos of the tracker line of sight, and for ir;-flight calibra-
tion using the sun limb detection capability of the scanner instrument, A video dis-
play is used to present images of phenomena such as landmarks and horizons from
the tracker instrument to the astronaut. The video display would also be useful to
display data on horizon profiles, star scans, etc. measured by the scanner instru-
ment, Comparative data could be brought up from memory and simultaneously dis-
played for astronaut analysis.

It is evident that the many navigation situations encountered during a plane-
tary navigation mission including near-earth, m.ucourse, intermediate planet range,
and near-planet observations situations will require a great deal of multiple capabil-
ities and versatility. The design model described provides simultaneous detection of
the two lines of sight, The sequential measurement philosophy which uses a scanner
photometer mated to an inertially-referenced angle encoder such as a ring laser is
conceptually elegant since it is capable of the highest potential accuracy, and allows
reduced servo performance from the attitude isolation system. By the addition of a -
3/ 4 X 6 inch ring laser pancake on the side of the scanner photometer, it would be
possible to include also the sequential detection capability, without major changes
in the mechanical design or in the attitude isolation system. To achieve the 360° of
rotation required for ring laser operation would necessitate a relatively minor modi-
fication in the flex-print design. The measurements can be taken with the system

rotating in either directica so that at the end of a measurement cycle the direction of

rotation can be reversed and another measurement performed in the opposite direc-
tion as the flex-print is unwinding. When used for sequential detection the ring laser
would provide the primary,precisibn,angle measurement, The séanner-ring laser |
combination would be able to provide the most accurate measuréments of all
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limb-star angles which appear at this time to constitute the probable. majority\ of the
navigation measurements, '

On the other hand, the design model utilizes a conventional precision-angle
encoder which requires less development than a ring laser angle encoder. The de-
sign model is also more versatile since it contains a vidicon instrument (in addition
to the scanning instrument) which would be additionally useful for detecting near
planet navigation references (such as landmarks), for unusually high-background
star sensing situatioﬁs, for auxiliary vehicle navigation and guidance, and for general
astronaut viewing of targets and points of interest, The tracking instrument is not as
useful as the scanner photometer instrument for sequential measurements because N
finite rates have to be maintained in order to realize the high-accuraéy capability of
the ring laser; thus considering sequential detection alone, there is little motivation
to include a tracking instrument. But as discussed above, the additional instrument
used in the design model to enable simultaneous detection is also a very valuable in-
strument because of its versatility. One advantage that the inclusion of a tracking
instrument would have for sequential measurements is that it would provide a second
_attitude reference signal in addition to the one axis of information provided by'the
ring laser, thereby relieving the computer and the Inertial Measurement Unit (IMU)

of most of the task of gimbal attitude control during navigation measurements.

Besides enhancing accuracy and versatility, this duplicate capability would
also increase total reliability by permitting various backup modes in the event of a
failure in some part of the navigation package. Amnother advantage is that with the
inclusion of this sequential detection cipability, it would also be practical to perform
both simultaneous and sequential measurements at the same time which would facili-

tate an accuracy cross check between the measurements,

Thus it appears desirable to consiqf_ér the incorporation of both simultaneous
and sequential navigation measurement czapébilities into one navigation package. The
development of this inertiall_y-referenceci pancake angle encoder could be,,cérried on
in parallel with the development of the engineering model of the "'sextant" instrument
and, if successful, could be incorporated? into the system by the time the design of a
planetary navigation system prototype is initiated,

4.6.1 Mechanization to Support the Navigation Package

In the design model, the navigation package is isolated from the spacecraft
by three degrees of freedom, each with a servo drive and precision angle encoder.
The navigation package is positioned in attitude during calibration, target search,
sextant anglé measuremént, sequential angle measurement mapping, and IMU align-
ment modes using IMU attitude information, In the evéntuality of a complete lack of

- this informé.tion, it is possible to obtain this informati_pn by using the navigation
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system in various ways, as discussed herein, The three degrees of freedom
may also be controlled by signals from the radiation sensors completely, or by some
mixture of IMU and radiation sensor information, These three degrees of freedom

plus the precision degree of freedom can also be controlled manually,

The complexity of the attitude isolation mechanization and sophistication of
the servos required depends to a large extent upon the spacecraft environment and
constraints. Vehicle attitude constraints, large RSS field-of-view requirements,
spacecraft rotation rates and accelerations, linear vibrations and accelerations all
impede the objective of complete indzpendence from spacecraft attitude and motion.
Depending upon the severity of the spacecraft attitude isolation "environment', vari-
ous factors will need to be considered, such as: rigidity of gimbals and bearings,
gimbal restrictions on the field of view, gear drive vs., torquer servos, inertial
rate sensors on the tracker housing for servo damping, angle encoder bandwidths,

computer computation and communication rates, etc.

The attitude isolation design required to isolate the navigation instrument is-

the portion of the development most dependent upon the spacecraft definition and thus
has received a minimum of emphasis until such time as a spacecraft environment is
specified, The attitude isolation systems used in the design model should afford the
maximum independence of the spacecraft attitude environment, but once a spacecraft
environment is specified, various modifications may be more optimal,

Presently, it appears that practically all communications to and from the
radiation sensors subsystem can be handled through the common computer communi-
cations bus. The only exception considered thus far is the probable interface with a

video display to the astronaut,

The radiation sensor subsystem interface with the computer will probably
be defined at the communication format and timing logic which is tied to the com-
munication bus. It may be desirable to define the interface even closer to the radia-
tion sensors and control circuitry so that the A to D and D to A registers and other
digital devices are included as part of the computer system responsibility.

The other major interfaces considered, in addition to the mechanical and
'gommunicati'ons interfaces, are the power, ground, and possibly the temperature
control interfaces. Whether the RSS should include some power supplied or not
would have to be decided after the spacecraft is defined. Except for peculiar power
requirements, it would seem reasonable that most of the specified power types would
be supplied by a central power system which would service the total guidance and
navigation system. There are similar possibilities for the electrical ground and the

temperature control systems, |
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The system ‘Ehat is described above is an elemental radiation sensor sub-
system. Due to the stringent reliability requirements and/or due to obscuration of
navigationally useful regions of space from a single location on an unmaneuverable
spacecraft, it may be desirable to utilize redundant Guidance & Navigation systems |
which are deployed at several locations on the spacecraft. It appears preferable at ;
this time to use identical redundant systems instead of several different designs in
order to simplify the design of the total system and, if any repair is required, to ‘

facilitate modular repair,
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4.6.1 IMU Alignment Function and Design Concepts
The navigation function discussed previously requires accuracies in the

arc-second range, IMU alignment accuracy from the radiation sensors subsys-
tem in the arc-minute range is requitred for spacecraft guidance functions, and
to a somewhat lesser accuracy for establishing the planes of the navigation angle

measurements,

b bl g 7

; It appears that the fine alignment of the IMU (from the arc-degree range
down to an arc-minute and less) could easily be performed by the navigation

measurement system,

It seems reasonable at this time to assume that there will be suitable
':_':."fi ' accurate coarse alignment information available during most of the mission due
to spacecraft attitude requirements for communications antenna pointing and/or
solar panel positioning. Any solar heating or artificial gravity rotations would
also require attitude information which would restrict the attitude search field

required for IMU fine alignment,

If, during some interval, coarse attitude information is not available,
it is still possible to automatically acquire two axes of the IMU alignment with ‘
the use of the navigation instrument sun sensor. The design model scanner in- :
strument could easily determine the attitude in the remaining degree of freedom.
There is one situation in which the sun senéor could not be used; that is when the

spacecraft is on the shadowed side of a planet, (It is anticipated that several
identical systems will be deployed around the spacecraft so that shading by the

‘ spacecraft should not be a problem.) The scanner.in association with the AC

| G & N IMU would have the ability to acquire all three alignment axes through
star mapping and correlation techniques and could be used in such a situation to
r : . supply complete attitude information. The AC G & N design would utilize the

: ’ IMU as the inertial memory requifed to develop the field of view from scans of

] the instantaneous field of view, The small instantaneous field of view and high
power are desirable to minimize the scattered 1i‘gh;c'“s‘;‘n_d thereby to ma:g’imize the
star visibility, A computational technique for obtaining inertial attitude which
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uses only the angle between stars, and which does not require the use of any
star intensity or color information has been reported.(s) Using the contemplated
advanced computer, the required computations should not be at all prohibitive,

If an astronaut were free to assist with a coarse alignment, another al-
ternative would be for him to perform an approximate determination of the space-
craft attitude. By viewing space through one of the windows which will probahbly
be available, and with the assistance of some simple optical aids, it should be
possible to fairly easily perform a satisfactory coarse alignment to within the
field of view of the navigation sensors. The fine alignment could then be per-
formed by one of the navigation instruments.

Because of these several alternatives, no effort has been expended in
this study toward the development of a separate attitude-finding instrument, since
the navigation instrument can perform all of the alignment functions considered
thus far, As the manned mission requirements become defined, variations in
these functions or additional tasks may indicate the need for a separate, steer-
able, wide-field-of-view-manned viewing instrument,

4,6.3 Other Radiation Sensor Subsystem Functions

Two other functions of the radiation sensor subsystem have been sug-
gested which can be achieved by navigation instrument design. One is the func-
tion of low-power, long-duration attitude determination and stabilization for
those periods in which IMU pdwer or life-time degradation are critical consider-
ations. The other is the navigation and guidance of associated vehicles or probes,
The requirements for this informatibn will become clarified as specific planetary

missions are defined,
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4.7 Anticipated Navigation Angle Measurement Uncertainties

The sequential measurement technique utilizing a scanner photometer mated
to a ring laser is expected to make navigation angle measurements accurate to
l-arc sec, 1o. This is a technique which has been proven in parts, but the building
and testing of a total package is yet to be done. It is the only system concept that
we know of that could be available in a reasonable time and practically provide one
arc second accuracy. The ring laser encoder and mechanical stability errors are
expected to contribute negligible uncertainties to the total. The mec hanical stabil-
ity errors are believed to be negligible relative to the detectiorn uncertainty since
there are no bearings between the scanner instrument and the inertial angle encoder,
and the mechanical path between the two lines of sight is ''short'. Also, the scanner
discussed in Section 4,5 is a very rigid design, as is the ring laser, and the two
are rigidly mated to each other., Only very short-term mechanical instabilities are
of significance since the unit performs an intrinsic calibration during every meas-
urement, The primary source of error for this system is due to detection uncer-
tainties which are expected to contribute nearly all of the 1-arc sec, 10 uncertainty.

The design model which uses electro-optical simultaneous detection of the
two lines of sight is expected to be able to make navigation angle measurements
accurate to 3~arc sec, 1g. The detection uncertainties are assumed to be the
same as for the 'sequential system, that is 1-arc sec, 1¢0. The primary source of
error is due to the precision angle encoder errors coupled with the minimum me-
chanical flexibilities allowed by the precision-axis bearing. It is anticipated that
these two errors will contribute just less than 2-arc seconds, 1¢ of uncertainty for
a state-of-the-art angle encoder and bearings. The remainder of the error is due
to the '"longer'' mechanical path between the two lines of sight and the associated

additional small flexures,

Two types of sextant designs which use superposition of two lines of sight
and visual detection (see Section 4. 4), are expected to make navigation angle
measurements accurate to 10~-arc seconds, 1lg, Thé; inherent two-for-one multi-
plication in the articulation of the precision angle encoder produces an uncertainty
of just under 4-arc seconds, 1g allocated to the angle encoder and bear{’in‘g assembly.
The main source of error is due to the difficulties associated with manual detection
of the superposition of dissimilar targets, primarily stars and horizons. As stated
previously, atmospheric horizons are a difficult phenomenbn‘ to detect manually
but are of principle importance for planetary missions. Repeatibility of manual
image superposition may be less than 5 seconds, 1o under favorable conditions

| \but abskolut,e accuracy is more difﬁcul‘t to achieve sinice the locator of a distribut'ed

“phencmenon is difficult to uniquely define as required for navigation. The locator
"points'' marked by different individuals will vary as will the points marked by one
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individual on successive days due to variations in training, judgement, adaptation
level, and physical condition. There is the compounding difficulty that even with
high-power optics and high-performance servos small unavoidable image motions
will somewhat degrade the manual detection accuracy. Thus we feel that 10-arc
seconds, 1o uncertainty in the angle measurement is a fairly accurate representa-

tion of this instrument's capabilities.

Under favorable condifions, somewhat smaller uncertainties than those
quoted above would be obtained for all three instruments. These numbers could
also be improved by the evolution of improved technology (although there is not
much time for the development of new technology if it is to be opei‘ational in time
for the first generation of manned planetary mission being congidered), On the
other hand, the planetary missions being considered are long and there would be a
lengthy period without the close assistance of sophisticated ground support, and
thus it is ‘beti.er to be somewhat conservative at this point, The navigation error
sensitivity analysis has shown that the accuracy quoted for the design model is
adequate. Reliability and simplicity of operation are criteria which are just as
important as accuracy for the optimization of the RSS design, The sensitivity
analysis results indicate that there is no immediate need to press for more accu-
racy and therefore it is better to seek maximum reliability and simplicity of
operation.

- These numbers are felt to be as representative as possible prior to actual
development, Peak errors are expected to be approximately three times the 1o
values given., A Gaussian error distribution is assumed for the error sensitivity
analysis in Chapter 3. This statistical description is felt to be sufficiently valid
for the purposes of this study. It should be noted that these numbers assume the
performance of in-flight calibrations to minimize uncertainties due to drifts. It
should also be noted that these errors are not all inclusive. In addition to these
angular measurement uncertainties, the total navigation measurement uncertainty
must include a phenomena and detection uncertainty term, in km units. The
anticipated magnitudes of this term are discussed in Chapters 1 and 2, and are

inciuded in the error sensitivity analysis,
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4, 8 Folded Optics Design

The ability of the available optical design techniques to satisfy the pres-
ently anticipated needs of an advanced CG&N system has already been demonstrated
both by work accomplished during the course of the Mainline Apollo Program and,
more recently, by the design of a number of telephoto systems of very long effec-
tive focal lengths for star tracker systems, and also several UV camera lenses,

There are several computer-aided optical design and evaluation programs
which are used to develop iese designs which are being continually updated. Conic
section, refractive and reflective elements can be handled by the optimal design
program. A wide range of design constraints and a variety of optimization criteria
can be put into the program in order to optimize specific design objectives. A
versatile ray-trace evaluation program and 2 tolerance evaluation program are

also available to support a design or to analyze existing systems.

The primary new program that is being developed is a scattered light eval-
uation program, This program (discussed in the next section) is the basis of a
restriction which has impact on the optical design: In order to alleviate a potentially
serious scattered light problem, no glass elements can appear in the direct path of
sunlight, i.e. in the forward section of the optical system. This criterion plus the
desire for conseérving physical space leads to the use of a predominantly reflective
design of a Cassegrainian type and eliminates the use of the family of Schmidt-type
objectives because of their employment of a large correcting lens up front,

The following paragraphs discuss the MIT Instrumentation Laboratory in-
vestigation and experimentation in optical system design for advanced CG&N systems.
Our project objectives are discussed along with our progress to date, including our

suggestions for future effort.

4.8.1 Project Objectives

a. To update computer programs to accomplish general optical
| designing and testing.

b. To develop practical, diffraction-limited, very long effective-
focal-length optical systems which are miniaturized so that

they can be contained in a very small volume,

c. To determine the optimal optical designs for the‘navi‘gational S : z

measurements considered,

d. To désign optical systems which are optimum for the require-
ments of the space sextant designs considered.

A

The basic considerations in the design of the optics for an automatic

sensing device are:
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a. The resolving power of the sensor (e.g. lines per inch)

b. The angular accuracies required to perform the necessary

tasks

c. The mechanical constraints to be anticipated, especially on

the basis of previous experience with Apollo designs

The resolving power of the sensor will determine the best F-number

(focal length/collecting aperturej for the optics because:

a. The linear size of the diffraction pattern is a function of

F-number

b. The size of images produced by a point source should be
made about equal to that of the smallest discs distinguishable
by the sensor when placed with their radii apart from one
another, For the space sextant presently under design, we
have assumed the use of a vidicon or image dissector capa-
ble of resolving 0. 001 inch diameter images., Consequently,

an F/20 system is being considered.

The collecting aperture is determined by the trade-off between the
desire for high signal strength and the need for minimum system size. A
2- to 2 1/2-inch aperture system is planned for each half of a space sextant,
Image sizes of less than 4-seconds of arc over the field result from this

aperture size.

The mechanical considerations for the severe environment and limited
spaée available require the use of as few optical components as possible and
a highly-folded, telephoto-type design. Whenever feasible, optical components
should be hard-mounted to a single main housing. (In the Apoilo Alignment

vOptical Telescope (AOT), all the lenses and lens assemblies had to be epoxied

in place.) The main shift to be eliminated is an axial change in focus since
small x-y-type displacements cen be calibrated out by the two-line-of-sight
instrument. A very careful choice must be made of the material for the pri-
mary and secondary mirrors in order to minimize optical power changes

caused by temperature variations,

Two types of designs have been investigated extensively, each type

being developed for overall lengths (first element to focal plane) from 5 to

12 inches, 50 inches effective-focal-length, one degree field of view, and 2-

to 3-inches aperture., The first type is a simple Cassegrain with conic primary

and secondary Figures 4-15 and 4-16 show examples of a short and long

~ version of this type. The long effectlve focal length is produced by plamng the
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Fig. 4-15 Reflective Cassagranian short system.
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Fig. 4-16 Reflective Cassagranian for design model package.
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secondary very close to the focal point of the primary. If the separation
between the primary and secondary is at least 4 inches (for 2~ to 2 1/2~inch
apertures), geometric images smaller than the diffraction 1limit can be main-
tained over no more than a 2/3° field of view in a single plane. Attempts have
been made to develop a field flattening lens to be positioned just in front of the
focal plane, as shown in Fig. 4-16. The use of a single element has the fol-
lowing complications: A higher order asphere is required (a sinusoid shows
the most promise). Also the glass thickness required at the edge of the field
of view in order to fully flatten the entire field introduces lateral color which
reduces the effectiveness of the lens near the edges of the field, Thus a less
than full flatness-correcting element was tried in order to avoid lateral color
problems, and has thus far improved the diffraction limited focal plane up to
0.85° with negligible lateral color effects. The other lantenative, which was
selected as preferable for the design model, was to flatten the field so that it
would be diffraction limited over the full field of view and suffer the small
lateral color effects at the edge of the field of view. For all of the situations
considered this shift would be insignificant since its only effect would be a
change in scale factor at the edge of the field, Each of the navigation pheno-

- mena considered lies within a sufficiently restricted spectral range that there

~(a larger range than origi,ne.lly anticipated). The same glass types have proved

would be no-significant blurring of the images. To correct the color and
flatten the field simultaneously would require three lenses and would result in
a design essentially. comparable to the second type investigated. One difficulty
with the three elerhent system is that some of the glasses required would only
transmit light near the visible region of this application. The single element
corrector selected for the design model can be made of quartz to allow use of
the optics from the UV through the IR,

The second type of system consists of a Cassegrain of lower power
(approximately 25-inch EFL) and a Barlow lens (2 negative lens of about 2
power). The most compact version of this type is shown in Fig, 4-17, This
kind of system balances off the sensitivity between the reflective and refrac-
tive parts, and produces diffraction-limited images over the whole field in a :
single plane, The Barlow consists of a cemented triplet placed‘between the
primary and the focal plane and color corrected vover the visible spectrum

usable over the entire range of systems including the most recent: a 3-inch
aperture, 86-inch EFL, 11 1/2-inch long system (Fig. 4- 18) The disadvan-

tages of the reflectlve Barlow design are the add1t1onal lens rnountmg required -

and the poor transmission of the glass below 4, OOOA ‘The vacuum shift of
focus has been found to be negligible, ‘
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Fig. 4-17 Reilective Barlow short system.
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Fig. 4-18 Reflective Barlow, iongest focal length for design model package.
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In the case of the space sextant, the shortest opfiéal system does not
result in the most compact packaging. Because of the large size of the vidi-
cons (approximately 2 1/2- by 4-onches), it is most efficient to place the
sensor parallel to the Cassegrain and use redirection mirrors to transfer the
optical axis (see Fig. 4-8). This packaging calls for about a 10-inch long
optical system before folding, for a 2 1/2-inch aperture.

In general, it appears that the reflective Barlow design will give the
best performance with a sensor which has sensitivity limited to the visible
region, The all-reflective design will give the best all-around performance
over the full spectral range from the UV through the IR and the 1° diffraction-
limited, color-corrected FOV is felt to be adequate for the requirements of
the space sextant. The amount of lateral color shift beyond 0, 85° does not
cause a serious degradation for the applications considered. If larger fields
of view are necessitated by modifications in the concepts assumed herein,
then a reflective-Barlow system could be incorporated into an instrument
design, Thus, because of its versatility, simplicity, and suitable perform-
ance, the all reflective system shown in Fig. 4-16 and 4-8 has been chosen
for incorporation into the design model.
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4,9 Stray Light Evaluation Program

One of the critical characteristics of an optical system design for space
navigation and alignment is its susceptibility to stray light from outside the field
of view., Reference phenomena (such as stars, distant planets, limbs, beacons,
etc.) in general provide very low power, relative to the intensity of the sun, or in
comparison to the light received from a near sun illuminated planet.

A program has been developed for the purpose of supporting the design of
optical systems with low susceptibility to stray light. The availability of this type
of evaluation program early in the optical design stages eliminated much of the
"cut and try' design iterations. With this type of analysis tool it is possible to
achieve a more optimum design within given time and budgetary constraints,

The function of this program is to determine that fraction of stray light in-
cident upon the telescope which reaches the focal plane. An elemental case is
represented by a plane wave of stray light incident upon the entrance aperture and
outside the field of view, at a given attitude relative to the optical axis, In general,
some fraction of this power per unit area will reach the focal plane, producing an
effective background illumination some power per unit area on the focal plane, The
attitude of this beam of light constitutes an important parameter in determining the
magnitude of this fraction, It is possible to plot, as a function of this attitude angle,
the ratio of the incident stray light which reaches the focal plane, The stray light
which would reach the focai'plane from a more complex "hemispheric' distribution
of stray light can be calculated by linearly superimposing a combination of the

elemental plane wave cases discussed above,

There are two objectives of the program. One is to indicate sensitivities
to optical system design parameter changes in order to determine which design
changes will most improve the design. These sensitivities can be determined at
whatever incident stray light attitude and intensity distribution is considered to be
the most indicative of a givén application. |

A second objective is to quantitatively determine the numerical ratio

described above in order to evaluate actual sensor performance (trackers, scanners,

etc.). This is the more difficult of the two since it requires the most accurate
quantitative simulation of the optical system design. Accurate data on the specular
and nonspecular ‘réﬂ‘ectivity of the surfaces, and the scattering characteristics of
anyvtransmissive elements, are required in order to obtain accurate dé.ta on the
effective background illumination,

A future objec,tivé is to develop an optimization program 'Which,ﬁkill use
the sensitivities derived by this program and iteratively redesign portions of the
stray light baffling toward a selected optimization criterion. This would be a more
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complex program but it would eliminate much of the human optimization that would
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need to be done if only the sensitivity analysis program were ¢ railable,
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The present scattered light evaluation program is formulated to include
specular reflections of non-optical surfaces. Both specular and non-specular re-
flections are included for optical surfaces. Scattering on or within transmissive
elements has not thus far been included since the most promising optical designs
avoid transmissive elements near the entrance aperture.

i The present program is essentially a ray-trace program which traces each
of a group of rays until each ray is reflected out of the telescope or is reflected a
sufficient number of times to be effectively extingﬁ.i,shed, or reaches the focal plane.
A sufficient number of appropriately distributed rays are required to allow a
statistically meaningful sample to reach the focal plane.. Naturally, the better the

D O LA

telescope scattered light performance, the more incident rays will be necessary in
order to obtain a large enough sample. The large sample is needed in order to
correlate the fraction of rays which reach the focal plane (including attenuations
from each scattered event before reaching the focal plane) to the fraction of total

; b power,

b The distribution of rays is ulso important so as not to bias the fraction

' toward one stray light effect, which would produce an inexact power fraction calcu-
lation. To determine the power fraction from 'che-i fraction of rays reaching the focal
plane, a ray is effectively correlated with an areéﬂx whose scale is approximately
equal to the separation between adjacent rays.

One difficulty in using a purely ray-trace tecidnique is the cumbersome
evaluation of baffle designs which use diffuse black surfaces; especially in a good
baffle design where many ray bounces are produced before a ray reaches the focal
,gﬁlanga. At each reflection, each ray becomes an infinite number of new rays which
distribute in direction and magnitude as determined by the character of the diffuse
reflector. In practice, only a relatively small finite number of rays can be generated
and analyzed at a ray reflection so that again, care must be taken to assure that this

set of generated rays also represents a statistically meaningful sample,

For the evaluation of diffuse surfaces a program formulation using con-

- tinuous distribution reradiation patterms is probably more apprdpriate than a purely
'ray-trace formulation, A‘,continuous distribution type of formulation only becomes

i comparatively practical when high-performance baffle systems with diffuse scatter- |
ing elements are to be analyzed. To utilize this type of formulation it Would be
necessary to first determine the ,r_efadiation character of each type of baffle element.

- The necessary functions for a general configuration of this baffle element could be
obtained by use of the ray-trace program, and/or by photometric experiments. |
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Only a few general types of baffle elements are usually used in a design and they are
usually repeated many times so that a function derived in this manner would then
apply for many of the baffle elements to be analyzed., This formulation would thus
relieve the stray light program used to evaluate the total optical system from
having to effectively develop this function for each baffle element and for each
geometry change,

4.9.1 Cassegrainian Telescope Baffle Design

The Cassegrainian telescope shown in Fig. 4-16 was used as the
test system for developing the scattered light evaluation program. The
analysis capability of the program to determine the stray light sensitivity
to variations in baffle geometry was used to develop the baffle design used in
the design model as illustrated in Fig. 4-8. There are some general design
features that can be indicated. For the optical system shown in Fig. 4-8 no
unreflected stray light can reach the focal plane due to the pipes inserted
between the primary and secondary mirrors, Thus, in order for stray light
to reach the focal plane, the focal plane must be able to ''see'' some surface
or scattering element which is itself illuminated by stray light.

One way that stray light can reach the focal plane is through non-
specular reflections from the primary mirror which can be seen by the focal
plane. For stray light incidence angles greater than approximately 20°, no
direct stray light can reach the primary mirror since it is considerably re-
cessed from the entrance aperture. For stray light incidence angles of less
than 20°, direct stray light can reach portions of the primary mirror, The
amount reaching the primary mirror will usually increase as the angle is de-
creased toward the optical axis, In general, for a mirror in good condition
and relatively free of dust, the amount of the non-specular reflection which
would reach the focal plane is still relatively small but can still be the
predominant source of stray light.

For stray light incidence angles larger than 20°, the primary mirror
must be scattered from the more forward surfaces of the housing, The outer

diameter (OD) and the inner diameter (ID) stops of the system are formed by the

extremes of the exposed annulus of the primary mirror. This prevents the
focal plane from '"seeing" these forward internal surfaces of the housing by
direct specular reflection, and only non-specular scattering will allow the
focal plane to receive any of this radiation

The forward internal surfaces of the housing and the external surface
of the pipes are broken up with baffles so that only a small portion of the
radiation kinc‘ident upon the forward surfaces can reach the primary mirror,
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The edges of these baffles are made as sharp as possible so that the effective
scattering area will be minimal., It appears at this time that the edge con-
tributes less stray light if it is very sharp, even if it has a relatively high
reflectivity, than it would when covered with a low reflectivity coating which

would increase its scattering area.

The back surfaces of the baffles are slanted so that no direct stray
light can illuminate the back surfaces which could then scatter some of this
radiation to the primary mirror. Thus, multiple reflection would have to
occur before any stray light could reach the primary mirror where non-
specular reflection could then scatter some of this radiation toward the focal

plane.

The baffles are made as deep as possible within the mechanical design
volume constraints so that as many reflections as possible will occur within
each baffle cavity before it leaves the cavity., For a given limitation on depth
it is desirable also to put the baffles close together, so as to further increase
the number of reflections prior to the ray leaving the baffle cavity., There is

a disadvantage to spacing the baffles too closely since this effectively increases

the total area of baffle edges which can scatter stray light; thus a tradeoff

must be made.

It 1s preferable to have the opposite surfaces of a baffle cavity some-
what close to parallel, in such a way that as many internal reflections as
possible will occur within the cavity before the ray can escape, thus effectively
trapping the ray. The actual #)ptimurn angular relationship between the two
surfaces depends upon all of the geometry of the situation and the baffle design.
The variation in tilt of the baffle allov’ed by the constraint which prevents the
back side of the baffle from being directly illuminated by stray light, allows

" the opposite surfaces of a baffle cavity to be more nearly parallel than would

be structurally feasible if they all had the same slant.

As stated previously, the OD and ID aperture stops are placed at the
primary mirror. This placement is preferéble to placing the stops near the
entrance paerture since the edges of the system aperture stop can be "seen'
through mirror specular reflections by 'thebfocal plane. The further the edges
are from the entrance paerture, the less likely the edges of the stop will be

illuminated.

: There is one aperture stop which is presently near the entrance

# aperture, This is the "spider" support for the secondary mirror. To mini-

mize the amount of scattered light which reaches the primary mirror, the
sides of the three rectangular supportvs(Fig. 4-{‘8), ‘which are "ho\minally
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parallel to the optical axis, are slanted toward the front of the optics so that
the sides of the supports cannot be seen by the primary mirror. Also, the
rearward edges of these supports are made as sharp as possible so as to
minimize the effective reflective edge area that can be seen by the primary
mirrer, Calculations have shown that these edges will contribute much less
stray light than would a glass window support of the secondary mirror. It is
also possible to place masks, somewhat larger than the projection of the
spider supports, at the primary mirror thus forming the stop at the mirror.

Other concepts reflected in the design shown in Fig, 4-8 are that it
is easiest to shield a small field of view optical system and/or a long-
z‘ effective-focal-length optical system from stray light, -

Another way that stray light can reach the focal plane is if the
secondary mirror or portions of the inside of the pipes which can be seen by
the focal plane are illuminated by stray light, but this is a secondary effect.
‘-3"‘ g There are various other paths of lesser significance to the focal plane which
S will not be enumerated,

Fortunately, the program developed does not require the fore-
knowledge of what all of these paths are, if the system is modeled in a
proper manner, The. prcgram effectively searches out these paths and in-
dicates the sensitivity of this path to design changes,

i
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4,10 Flashing Light Visibility

4,10.1 Introduction
During planetary missions, it is expected that many rendezvous and

ERFERTY SR A A TP -

clocking mapzuvers will be performed, The visibility of a flashing beacon

AN

has importent implications in the design of rendezvous guidance systems to
| aid in these precise maneuvers. This section discusses the MIT Instrumenta-

/! tion Laboratory investigation into the visibility of a flashing beacon,

Flashing beacons are motivated by the desire to maximize target

visibility while minimizing average electrical power consumption, a chronic

concern in spacecrafi designs. Previous experiments have determined that

greater target visibility can be obtained by storing energy and periodically L
g releasing it in a high-intensity flash than can be achieved by a continuous
! source using the same average power, New data are presented herein on the
é improvements that can be achieved in beacon power consumption by means of }‘
{; the flashing light technique. One of the most significant results of this work . ,
EC is the development of a simple and accurate technique for obtaining several ;
%i types of flashing light visibility data. ' ? g
’i ; 4,10.2 Flashing Light Visibilit)[ Experiment

| The flashing light visibility experiment, originally planned as z sim-
B ple test, initially sought to determine the ratio of the luminous power from a r
g steady point source to the average luminous power from a flashing light source;
% both near the visual threshold,
A translation of the classic paper on this subject by Blondel and Rey' ‘
% (Journal de Physique, Ser, 5, Vol. 1, p, 530, 1911) by Dr. Arthur C. Hardy. } :
§:§ _(MIT Physics Department) in collaboration with Instrumentation Laboratory | '
§v personnel, matured into IL Report E-1942, On the Perception of Flashes of ,
3 Light at the Limit of Their Perceptibility, January 1964. Briefly, when
e

Blondel and Rey attempted to compare the conspicuity of a steady source with
that of a flashing source, they encountered difficulties which they avoided by
causing both sources to flash, one with a constant time-duration of 3 seconds,
and the other with a variable time-duration down to 0. 001 sécond. However,
it can be questioned whether a flash of light that-persists for 3 seconds is the
equivalent of a steady source. o

- Further provocation for this study was prompted by a one-page
reference to an assembly called a Rendezvous Evaluation Pod (REP). It was
there estimated that the flashing lights on the REP at 20 nahtical. miles would
be equivale‘nt'to the iﬁtensity,é}«g third magnitude star. Since the literature

4~67




1/

would not enable such an estimate to be made with confidence, it was proposed
that the Blondel-Rey ratio be determined experimentally by a new procedure
that eliminates virtually all photometric uncertainties,

4,10, 2.1 The Flashing Mode

The source of light used in this experiment was an incandescent lamp

with a horizontal tungsten filament approximately 2 mm wide, The effective
length of the filament was reduced to 2 mm by an aperture adjacent to the en-
velope. These 4 square millimeters of hot tungsten were reduced to a "point
source'' by a 10X microscope objective turned end for end. As a matter of
convenience, the observer sat beside the source, which was in a ventilated,
light-tight box, and he observed the point target by reflection from a first-
survace mirror on the opposite wall of the room; the total distance from the
target to the observer being some 25 feet;

In the plane of the target was an opaque disc rotating at 30 rps. A
radial slot in this disc produced 30 flashes of light per second, each with a
duration of approximately 0, 001 second. Another disc rotated about the same
axis at only 1 rps. This latter disc occulted 29 of the 30 flashes per second;
so that, in the flashing mdde, the observer saw one brief flash every second.

When making observations, the observer looked with one eye into a -
tube which allowed him a 10° field of view. This tube contained a sheet of
glass which served as a beam-splitter; and the luminance level of his field of
view was provided by an auxiliary diffuse source attenuated by appropriate
neutral gélatin filters,

- In the space between the lamp and the microscope objective was a
trough with slots to support neutral gelatin filters ior coarse adjustment of
the intensity of the point source. The fine adjustment was provided by a
neutral density wedge and compensator, the wedge being moved longitudinally
by a micrometer screw, In the days when it was believed that a visual thresh-
old represented a discontinuity between "seeing'' and ''not seeing, '’ the pro--
cedure would have been to. set the wedge near its midpoint, to find a neutral
filter that reduced the intensity of the target to a value close to the visual
threshold, and then to determine the "end point' by adjusting the neutral’
wedge. This procedure was again used with the addition of a special fea\fﬁré -
an occultmg filter, whose optlcal density was ord1nar11y 0.3 (transmlttance .

= 50%). The observer could introduce this occulting filter into the target
 beam at will by depressmg a foot switch, His end point was the setting of the

wedge that enabled him to see the flashes without difficulty before mtroducmg
the occultmg filter, but. to miss seemg the flrst flash after the occultmg filter
had been introduced.
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4.10. 2.2 Precision

In view of the problems normally encountered in threshold determina-
tions, the ease and precision of this occulting-filter method were found to be
surprisingly satisfactory. As a sample of intra-day and day-to-day reproduci-
bility of the wedge settings, the following table of raw data is included for one
observer on three consecutive days. On these three days, the 10° field was
matched in color temperature to that of the service lamp in a Macbeth illu-
minometer, and the luminance level was adjusted to 10 foot-lamberts. A
neutral gelatin having an optical density of 3.0 was then introduced to reduce
the luminance of the field to 0. 01 foot-lambert, a little more than ten times
the luminance level at which a point target is seen more readily by averted
vision. The observer was allowed to adapt to this luminance level; and there-
after was encouraged to pretend that he was looking out through a window of a
spacecraft or through an onboard instrument. The wedge settings given in the
three columns represent the end points (in millimeters) which caused the ob-
server to miss seeing the flashing target immediately on. introducing the
occulting filter. After each reading of the wedge position the wedge was backed
off (toward ths thinner end) by an arbitrary amount, and the observer there-
after had to make some six or more adjustments of the wedge before reaching

a new end point.

Sept. 12 Sept. 13 Sept. 14

54,8 mm 55,8 mm 52,8 mm

58. 3 55. 7 54.6

57.8 54, 2 54. 4

58, 7 , 56,7 54.3

58.1 54, 1 54.3

56. 7 . ~ 55.9 56. 0

56.1 57,5 . 54,3

54. 8 . 56.6 55. 8

55, 2 ‘ 56,0 56. 4
Mean = 56,7 mm  Mean = 56.1 mm  Mean = 54,8 mm
a.d., = 1,3 mm a.d. = 0.8 mm a.d, = 0.9 mm

The mean value of the wedge settings on the three consecutive days
is shown at the bottom of each column, as is also the average deviation (a.d.)
of the individual settings. It will be seen that, on the average,. a single set-
ting differed from the mean value by about one millimeter on the wedge. The
nominal wedge constant (units of optical density per millimeter) bemg 0. 021,; a
displacement of the wedge by onek'millimeter{c,orresponds to a change in the

Ji
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effective intensity of the target of less than 5 percent. This implies that the
mean of 10 settings should have an average deviation of some 1.5 percent.

4,10, 2.3 The Steady State
In principle, the threshold of this source in the steady mode could be

obtained merely by opening the motor circuit at such an instant in time that,
in the final stationary position, the apertures in the two discs would be open,
Obviously, the observer would then receive approximately 1000 times as much
luminous energy per second as when both discs were rotating. In the flashing-
mode tests reported above, it has been necessary to insert a neutral gelatin
filter having an optical density of 2. 0 between the lamp and the microscope
objective to bring the threshold settings near the midportion of the neutral
wedge. If the human eye were capable of integrating luminous power over an
interval as long as one second, an additional neutral density of 3. 0 would be
required to do this in the case of the steady mode., Some preliminary experi-

- ments showed that the required density would be in the neighborhbod of only

2. 3; but even an optical density of 2.3 (transmittance = 0.5 percent) cannot
easily be measured with the accuracy warranted.

In the procedure actually employed in these tests, the steady mode
was simulated by stopping the disc that rotated at 1 rps and allowing the other

‘to continue to rotate at 30 rps. Then, if the frequency of the power supply is
a constant 60 cps, the observer will receive 30 times as much energy per

second as he did from a single flash per second. Under the conditions of these
tests, no 30-cycle flicker was observed; indicating that Talbot's law (1834)
applies, As a consequence, the visual effect of this pseudo-steady mode is the
equivalent of a steady mode having the same average luminous power content,
It bears noting that although the nominal duration of the individual flashes was
0. 001 second, the actual duration did not need to be known because 0. 001
second is well within the region of brief flashes for which Bloch's law (1885)
applies. | ‘ |

It was pfedicted from s'omeV preliminaiiry tests that, if the threshold
settings for the pseudo-steady mode were to fall near the midportion of the

- neutral wedge, an auxiliary neutral filter with a density of 0.8 would be

needed between the lamp aLnd the micros’ch‘e objective, With such a filter |

in place on the three consecutive days mentioned previously, the same ob-

server made 10 wedge settings for the pseudo-steady mode, using the:
occultmg f11ter method The mean ‘values of these 10 settmgs (in milli-

W,meters) were 56,5, 55. 9 and 54, 1, respectlvely, and the average devia~-
“tions of a single setting (from the mean of 10 settmgs\ were, raspectlvely, ;

0. 8 1.0, and 0.5 m1111meters

i'-,
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3 The identical tests were repeated on the three days mentioned with
a neutral filter having an optical density of 0, 7 instead of 0. 8. The mean
wedge settings in this case were, respectively, 59.8, 57.9, and 57.9, and
the average deviations of a single setting from the mean of 10 were 1.1, 0.7,

and 0, 7 millimeters. respectively.

It will be noticed that the mean wedge settings obtained with the two
auxiliary filters (0. 8 and 0. 7) bracket the settings obtained in the flashing-
mode tests. The wedge constant (units of density per millimeter) can be
calculated in each case from the wedge displacement corresponding to a
density difference of 0.1. Then, by a linear interpolation, the effective
densities (auxiliary filter plus wedge) were found to be 0.80, 0.79, and 0, 78,
respectively. These values of opﬁz‘k_'cal density correspond to transmittances
of 0.160, 0.162, and 0. 166. |

As mentioned at the outset, the purpose of these tests was to deter-
mine the ratio of the luminous power from a steady source to the average
luminous power from a flashing source, both being at or near the visual
threshold, It was shown above that the average luminous power was 1ncreased
30-fold when the switch was made from the flashing mode to the pseudo-
steady mode. However, as indicated in the preceding paragraphs, the average
luminous power received by the observer in the pseucdo-steady mode was at-
tenuated by 0,160, 0.162, and 0. 166, respectively. Multiplying these num-
bers by 30 gives 4. 80, 4.86, and 4, 98, the mean value of which is 4.88. It
is therefore conciiuded that this observer, under the above-recited conditions,
required 4. 88 times as much average luminous power when the stimulus was
effectively steady as he did when the stimulus consisted of brief flashes at

intervals of one second,

14.10,2.4 Effect of Adaptation Level

On a single day, another observer determined the above ratio by the
identical procedure except that he made only a single careful adjustment of
the wedge, this time varying the luminance to which his eye was allowed to
adapt.‘ !His results are shown in the table below, where 'Bb is the adaptation
luminance in foot-lamberts and R is the ratio of the average luminous power
received by the observer from the pseudo-steady source to that received from
a source that flashed briefly only every second, both sources being near the

It will be noted that the ratlo R appears to be nearly mdependent of
the observer's adaptatmn level. The relatlvely hlgh value of R obtained by the

observer at 10 foot-lambers was found by h1m on several subsequent occasmns.
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10 5. 68
1 4. 84
0.1 4.78
0. 01 4.72
0. 001 4,73

He complained that when he looked into a 10° field at this luminance level, it
seemed so uncomfortably bright that he had little confidence in his wedge set-
tings. Possibly the optical density of the occulting filters should have been "
increased at the higher adaptation levels, or it may be that the value of R is
actually higher above 1 foot-lambert. In any event, the performance of the

eye at high adaptation levels, although perhaps of physiological significance,
would not be important in rendezvous maneuvers because a flashing source

that would be visible against an intensely lighted background would require

inordinate amounts of average power,

4,10, 2,5 Color of the Target : .
It should be mentioned that the current through the ribbon filament

lamp was maintained with the utmost care at its rated 18 amperes. Obviously, .
the ratios obtained in these tests, although valid for this sdurce, might not be
applicable if the source had a different spectral composition, as it would, for
example, in the case of a gaseous discharge tube. Later, another observer
investigated the ratio R at Bo =0, 01; foot-lambert with a Wratten #29 filter in
the target beam. This is a deep red filter which is virtually monochromatic
visually, and is as unlike the previously used unfiltered tungsten radiation as
could easily be arranged. Nonetheless, the ratio R for this deep red target
was found to be 4.62, surprisingly close to the value found by this observer

for the unflltered radiation.

4, 10. 3 Summary and Conclusions

1. The indications of the tests reported above are that, at the visual
threshold, an observer requires almost five times as much av-
erage luminous power from a steady point source as he does
from a point source of the same spectral quality flashing briefly
at a rate of one flash per second. Or — inversely —a source
‘that flashes briefly once evexy second requires only about 20
percent of the average power that is required to mamtam a

steady source of the same spectral quahty both sources bemg
at or near the v1sua1 threshold,
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‘The precision of the occulting-filter method used in these -
threshold determinations was surprisingly high. The indica-
tions are that the method can be used to compare sources of
radically different spectral compositions. Presumably, the
results would then depend on the luminosity function of the ob-
server, Conversely, this method might be of scientific interest
in examining subjects with abnormal luminosity functions,

Thresholds determined by this occulting-filter method are un-
doubtedly higher than those determined statistically by, for
example, a forced choice type of experiment, On the other hand,
thresholds determined by the latter method are customarily mul-
tiplied by a field factor suitable for the task at hand. In a sense,
the occulting-filter method has a ''built-in'' field factor.

The procedure devised for these tests should greatly simplify
the determination of the number of candle-seconds of luminous
energy emitted by a discharge tube that flashes periodically.

. A microscope objective turned end for end (or equivalent) could

be made to form an effective point image of such a source; and
the threshold of that point image could be compared with a simi-
lar point image of another flashing source. If desired, the com-

- parison source could be a tungsten lamp and a pair of rotating

sectored discs, Then, by removing the discs, the intensity of

- the tungsten source could be determined for the steady state by

conventional photometricv techniques,
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4,11 Unknown Landmark Tracking

4,11,1 Devices
The instruments applicable for automatic unknown landmark tracking
can be grouped into three major categories:

1. area correlators ’
’ 2. scanners
3. parallel-slit reticles
The ensuing sections will treat each device separately and specify the advertised

accuracies of the devices involved,

4,11.2 Area Correlators

Area correlations are generally used for known landmark identification
and tracking. It is also possible to use them for unknown landmark tracking
through suitable aspect angle changes,

Area correlators perform an optical correlation between a prepared

map, sketch or photograph and the terrain containing the landmark, Bomzer _
and Gansler of Kearfott Systems Division (Wayne, N. J.) reported at the Fourth .
Space Congress in April 1967 that Kearfott has been working on such a device :
that "requires no optical lens, no scanning, no data processing, no electrical
memory and no active sources'. They report that their system can be used
when the aspect angle is within 15° of the vertical with no correction, When
the angle is greater than 15° rectification can be used to allow tracking., The
system uses a four-quadrant solid state device to detect the correlation spot

and "is a completely autonomous and automatic acquisition devirze''.

From flight test programs, it is estimated that with this system angular

‘ accuraéies corresponding to a few hundred feet can be achieved for a low orbit,

The device could be used with a remote electronic display if the sensor ' -
is a vidicon camera, To obtain the optimum correlation, the scale of the refer-
ence should correspond to the height of the vehicle above the terrain, This can

be open loop controlled, but is one of the sources of error in the device,

In the situation involving a planet flyby, where no prepared maps or
photographs are possible and the time of tracking is limited to a few seconds,
any 1mp1e"nentatlon would have to be done by an electronic display, perhaps

using mernory tubes or similar 1nstrum°nts.

4, 11 3 Scanners
The Bolsey Assomates, Inc. (Glen Brook Conn. ) Image Motlon Detec- -
tor is a proven space- tested device that assisted the Lunar Orbltox.j spa’cecraft‘ in
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producing the excellent photographs of the lunar surface. The device, as shown
in Fig, 4-19, consists of a rotating aperture that scans the field of view, The
scan radiance is fed to a photodetector (photomultiplier or solid state detector)
and is recorded during one revolution on a magnetic drum that is part of the
rotating slit assembly, During subsequent scans the incoming signal is com-
pared to the prerecorded signal and a correlation is performed between the two
signals to extract the tracking information, Due to the high scanning rate,

6, 000 to 12, 000 rpm, only the low-frequency information is recorded and com-
pared. Image plane motion as low as 1 or 2 microns can be detected and used
to correct the errors in a control loop. The angular error depends on the actual
optical system used. For example, with a focal length of one-half meter, 2.5
microns at the image plane corresponds to 1 second of angular motion. This
motion will only be seen if the diffraction limit of the objective lens is less than
1 second of arc, which requires an objective of 5, 35 inches diameter.

In addition to the normal x-y tracking, the scanning device senses roll
attitude changes as well, The electronic circuits can perform the correlation
as the signal is being received and the processing is simple and fast; 20- to 100~
milliseconds, A variation in scale from 0.7 to 1,5, and in aspect angle, +45°,
can be tolerated, At higher light levels, the device will track as diffuse a sur-
face as a sheet of bond paper. The contrast level necessary for tracking at low
levels will be as high as 1.5to 1°,

- Principal defects for a long space application appear to be the rotating
member and the high rate of rotation. For application with low V/h rates, as
in a planet tracker, lower rpm's may be possible while retaining the high track-
ing accuracy.

4.11.4 Parallel Slit Reticles
i If an optical device, as in Fig, 4-20, has a parallel-slit reticle in the
image plane and this device is pointed normal to the direction of tréb"‘el, then the

light 'inten;sity passing through the reticle will be modulated, The frequency is
directly proportional to the line density of the reticle and to the velocity of the
vehicle and is inversely proporfional to the height above the terrain; hence, the
name V/h rate measuring device. This is the type of device made by Chicago
Aerial Industries (Chicago, Ill.), and is principally used to control the film
motion in aerial strip film cameras. It is possmle to obtam an analoghe signal
that will give the V/h rate te one percent, but reducing this error is difficult.
‘The signal also gives no indication of pnase, i:o there is amb1gu1ty if the veloc1t§
| 'goes through zere, : '
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Ball Brothers' Research Corp. (Boulder, Colo.) has developed a vari-
ation on the reticle scanning technique which employs a rotating reticle to deter-
mine phase. The signal passing through the reticle has a frequency that depends

upon the scan rate and the angular velocity of the target. By means of a frequency

discriminator, the magnitude and direction of V/h can be determined. An angu-
lar velocity component perpendicular to the scanning direction will not be detec-
ted, although it will increase the ncise output of the detector. Hultquist and
Bartoe(s) have reported that this device will measure angular velocities in the
range of 0.6 to 29, 5 milliradians/sec,

Baird-Atomic, Inc, (Cambridge, Mass,) has carried the rotating scan-
ner idea a step further and uses the device as a tracker. The signal chopped by
the reticle is compared in frequency with the signal resulting from the same
reticle chopping the light from a lamp. If the frequency increases or decreases
a signal is fed to a serve system, correcting the positioning so that the frequency
difference returns to zero, Although there is no long-term memory with this
device, William Westell of Baird~Atomic reports that accuracies of 2-seconds
per second can be obtained with their optimal signal processing techniques.

Seward, Croopnick, and Rosenbloom of the MIT Instrumentation Labora-
tory have reported on a device that uses no memory, but does use the spatial
phase in order fo develop a tracking device. Two reticles are used (see Fig,
4-21) that are cemented to glass prisms in such a way that the image falling on
one set of lines is displaced by half a line width from the image falling on the
other reticle, If the image now moves over each reticle, similar frequencies
will be developed but, more important, they will carry phase information, An
x-y recorder made the lines shown in Fig, 4-22 as the image from an aerial
photograph was passed over the two reticles. The higher the contrast levels,
the larger the radiance of the trace. The rate of rotation of the trace depends
on the V/h rate, the reticle spacing, and the particular optical system used. A

- zero crossing, point A in Fig, 4-22, for example, indicates that the signal could

be used as an error signal in a feedback control system. It is estimated that the
noise in the system corresponded to about a 5-micron tracking accuracy in the
image plane. This compares favorakly with the 2.5 micron accuracy obtained
by Bolsey Inc. Sensitivity of this system to changing aspect has not been tested,
nor have the effects of cross motion. Ina typicalv tracking system, two of these
devices would be-required to perform x-y tracking, thus cross motion will be

‘Z€ero; however, rotation can still occur and if that poses a problem, another

tracker could be placed with its optical axis at an angle to the x-y tracker so
that rotation would produce another signal that could be used for error control.
However, in the typical navigation system, other devices such as a star tracker

4
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or an inertial system will detect rotation of the line of sight of the tracker. The
MIT device seems best suited to track unknown landmarks that are not changing

aspect more than a few degrees,

In general, it is possible to obtain tracking accuracies of a few arc
seconds using off-the-shelf hardware with a typical optical system such as a
75-mm objective and a 1-m focal length. Selection of a particular device to
accomplish unknown landmark tracking for a specific mission will depend upon
constraints such as reliability, power, weight, size, and compatibility with the
optical system, In addition, the performance of each device should be evaluated
for flight conditions subject to the particular mission, such as errors due to
change in aspect angle, low level illumination, low contrast, off-axis tilt, and

long term tracking,

For the purpose of the error sensitivity analysis of Chapter 3, it is
required that some uncertainty values be placed on the probable errors to be
expected from the tracking device. The specifications given for the Image
Motion Detector made by Bolsey Associates, Inc, will be used, since the device
has been flight tested.

4.11.5 TUse of Unknown Landmark Tracking as a Measurement in Recursive

Navigation Systems
Based upon the capabilities of the devices just discussed, this section
develops an analytical expression for the technique of using unknown landmark

tracking as a measurement scheme for recursive navigation.

Space navigation is the problem of determining the two vector quantities,
position and velocity, throughout a mission. The state-of-the-art technique for
estimating these vectors is recursive navigation. This basically consists of
specifying a nominal trajectory and calculating the deviations from this trajec-
tory at various times using navigation measurements,

For example, assume that at a specified time along the nominal trajec-
tory the measured angle between a star and a planet should be A degrees. How-
ever, when the measurement is actually made, there is a difference of dA de-
grees between the estimated angle and the measured angle, The measured dif-
ference, dA, is then used to update the position and velocity estimates and there-
by establish a better estimation of the trajectory, The current best estimate of -
the spacecraft's position and velocity may then be used to predict the same in-
formation at a future time in the mission. If necessary, corrections may be
applied to the velocity vector at suitable times to fulfill mission trajectory re- |
quirements, There exist, however, certain constraints on the number and mag-
nitude of these velocity corrections due to the fuel budget, Obviously, the better
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the navigation information, the less the fuel requirements. Hence, it is desir-
able to obtain high-accuracy navigation fixes utilizing instruments with low
weight, low power, and high reliability.

The unknown landmark measurement discussed herein is defined as the
measurement of the rate of change of the angle between an unknown landmark on
a planet's surface and a known star (see Fig., 4-23)., This measurement will
then be compared with the predicted rate, calculated from the current best esti-
mate of the spacecréft's state, and the difference will be used to improve the
estimation of the spacecraft's position and velocity, The instrument that would
perform this measurement is an Unknown Landmark Tracker (ULT).

The purpose of the following section is to derive the analytical expres-
sions necessary to incorporate this unknown landmark measurement into a re-

cursive navigation scheme,

A "rate' formulation is used instead of a large angle tracking formula-
tion for two reasons: First, the tracking angle is restricted to small angles so
as to remain within the known capabilities of the instruments just discussed.
Second, we minimize the complexity of the analytical expressions., It is antici-
pated that a large angle-tracking formulation would permit better navigation ac-
curacies than those reported in Chapter 3, and such a general formulation would
be incorporated into any future studies, Section 4.5 discusses the techniques for
accomplishing manual and automatic large-angle tracking with the video tracker
incorporated into the design model,

4,11.6 Theory

This section will be devoted to obtaining the relationships necessary to
incorporate an unknown landmark measurement in a recursive navigation scheme.
What is required is a six component state vector that describes respectively
spacecraft position and velocity as a function of time, Output of an unknown land-
mark measurement will be used as an input to a Kalman filter routine, where-
upon the information may then be used to improve the current estimate of the
state, Essentially, the measurement consists of comparing the angular rate of
an unknown landmark at a specified time with the calculated nominal_ rate. To
first order, the linear relationship between the measurement deviation and state

deviation from their nominal values is:

D) = h (1) 6X(t) | 4.11.6-(1)

where 6Q2(t) is the measurement deviation, _r_xm (t) is the measurement vector
whose components are sensitivities in state deviation to measurement deviation,

and 6X(t) is the dimensional state deviation vector, i.e.,
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6r(t)
6X(t) =W 4,11,6-(2)

For readability it will be convenient at this point to exclude the time dependence
when we write X, r, v, @ andh . The measurement vector, h ., may be de-
rived from the star-landmark measurement equation (7.7) which is given in
Astronautical Guidance by Battin, as

p+ or

A ==
|z + B|

4.11,6-(3)
where z is the vector from the spacecraft to the center of the attracting body,

p is the vector from this center to the unknown landmark and p is a unit vector

in the star-landmark plane perpendicular to the line of sight to the landmark

(see Fig, 4-24). Define

h=z+p 4,11, 6-(4)

so that h is the vector from the spacecraft, hence,

p- or

SA = T - 4.11.6-(5)

Since 8A is the angular difference between the nominal star-landmark angle and
the actual star-landmark angle, the angular rate difference 62 may be obtained
by differentiating expressicn 4.11,6-(5)s Where,

A=Ay - A, 4.11. 6-(6)

so that,
cdeay el gy d - i

hence, d/ dt(At) is the quantity that is actually measured and d/dt(8A) is the quan-
tity that is calculated from Eq., 4.11,6-(7). Performing the indicated differen-
tiation, o ‘

d d -1

yields:

-

-2.dh d(ér). dp ]

d : -1 s
E‘E(SA) =h aT(g- 6r) + h [[_)' —'aT— +ai:-' ér | 4,11, 6-(9)
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Evaluating the derivative terms as they occur yields:

dh _ _ V-h

dt h
Define:

h
hTH

so that

dh _ ;.

TN

4.11.6-(10)

4.11.6-(11)

4.11.6-(12)

where V is the spacecraft's velocity. Therefore,

d(ér)
7 N

4,11.6-(13)

To facilitate the definition of p and dp/dt, define the direction of the star

to be —is' Define alsc the normal to the measurement plane, _in:

B X4,
*n " XL

Hence,

N | .
p=h "(hXi)

——

differentiating to find dp/dt;

4 dn 1(, g
- H(a? X.in> * H(E XF
1 2
It may be shown that
: dh
1) -V
2) di, @pXigddg- i

dt . . 13
hl_lnx_l_SI

+KE;1_>Q_ST [(V- 1), Xig) - (U xig]
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4.11, 6-(14)

4,11.6-(15)

1 . dh
;—2-(h X1V 4.11.6-(16)

4.11. 6-(17a)

) ‘ :
Pl i), i) - (L 1)]

4.11.6-(17b)
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;
Substituting in Eq. 4, 11.6-(16), g
‘ %“?‘ _.th .(Ly;:;_ls) i X (i X )[ Lg " i)"Y 33.1»1) . X x.lh ‘
lip X 3] s h|i, X1 1[5, X ] §
(V- 30 ' _1h)'| iy >< 4 >f_18>+ (V- ih).%h Xy X_;S> 511 6-(18) t
nli, xig]®  J Bl Xig] by X ig] :
To simplify the final results, let h  be represented by two vectors § and m as 4
indicated
K
L .
h = 4,11,6-(19) ¥
m
i ,
: The result, upon substitution of the appropriate terms into Eq. 4.11.6-(19) z
o [T+ i3 (V.ei)-(V-ilig- i) i

g == |=8 =h" ‘- -=h - —=s ‘=8 =h Lo
=72 . . 12 ?;
h ; '-lh X_ls'

VX (i, Xi) + i X (LX) i

4,11, 6-(20a)

+3(Ve i) -
o %[, X |

and, accordingly:

4,11, 6-(20b)

|H
il
=] o

where

1, X (L, X 1)
= Zh’_“h_ s 4.11.6-(21)

p = e q
i i
£ - Il x"S'
iy
(These equations are used for the navigation error sensitivity analysis reported

in Chapter 3.) -

N
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7

4-87




4,12 Bearing Heat Transfer

During the period April to November, 1967, bearing heat transfer studies
were conducted at the MIT Instrumentation Laboratory Thermal Laboratory, Bed-
ford Flight Facility, Bedford, Massachusetts, The studies conducted were analytical
and experimental investigations into the thermal resistance of a typical angular-
contact instrument bearing, The results of these studies are contained in MIT Instru-
mentation Laboratory Report E-2215, Analyiical and Experimental Investigation on
the Thermal Resistance of Angular Contact Instrument Bearings,

The analytical investigation consists of two distinct sections: the elastic
contact analysis between a ball and race under typical loading conditions, and the
thermal resistance analysis.

The elastic contact study shows that the contact area is al.says elliptical in
shape having very small linear dimensions relative to those of the ball or race.
E-2215 includes a detailed description which will enable engineers to quickly calcu-
late the size of the contact area knowing only the geometry and physical properties
of the ball, both races and the load.

‘ The thermal study shows that the thermal resistance at the ball/race inter-
face is a function of the elliptical contact area and the ratio of the semi-major axis to
the semi-minor axis. For symmetrical loading and heating conditions the bearing
resistance is ihversely proportional to the number of balls,

E-2215 also discusses the correlation of heat transfer data with thermal
resistance theory and includes an analysis of the influence of thermal strain upon
thermal resistance when bearing loads are very light,

haeey
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4,13 Ring Laser Angle Encoder
The difficulties of realizing a practical digital angle ¢ncoder which has the

attributes of high sensitivity and high accuracy and also simplicity and reliability
has led to the conception and investigation of another angle-encoding technique. The

gas ring laser has characteristics which permit its use as high performance digital
angle encoder, The intrinsic inertial characteristic of the ring laser is advantageous
for certain applications, but causes limitations on its applicability for other applica-

tions.

This section presents a discussion of the concepts involved in the use of a
ring laser as an angle encoder, The first subsection, 4.13.1, discusses the proper-
ties of the ring laser which make it attractive for angle encoding applications. The
second subsection, 4.13.2, discusses a typical angle measurement cycle and the in-
trinsic self-calibration performed on the ring laser, and on the navigation target
sensor. The third subsection, 4.13. 3, discusses the ring laser error mechanisms
which become either insignificant or which are readily avoided in the following ring
laser angle encoder design. The fourth subsection, 4. 13.4, discusses the primary
source of error. The fifth subsection, 4.13.5, discusses one way that the effect of
this error mechanism can be minimized using the attitude isolation torquer and pre-
sents analysis on the anticipated angle measurement uncertainties as a function of
scan rate, At the nominal scan rate assumed for the navigation angle' measurement
application of 1/10-radian/second, the calculated maximum angle measurement un-

"certainty contributed by the ring laser angle encoder is 1/300 of an arc second, as .

plotted in Fig, 4-33. Thus the conclusion drawn from this anal 'sis is that the ring
laser would contribute an insignificant amount of error under the conditions of this

application,

Persons familiar with the concepts of the ring laser may wish to skip vari-
ous subsections. More detailed discussions of pertinent ring laser phenomena are
available in the literature. Most of that work was motivated by gyro applications.
The purpose of this section is to discuss the propertles of the ring laser from the

viewpoint of the angle encoder application,

4.13.1 Angie Encoder Properties of the Ring Laser
A typical ring laser is shown schematically in Fig. 4-25. Ideally, the

a-c (beat) output from the ring laser photodetector is a sinusoidal signal whose

frequency is directly proportional to the inertial rotatlon rate of the ring laser
about the sensitive ax1s.(7) This signal is the beat frequency between the two
contratraveling optical wave frequencies ‘within the ring laser as measured in
‘the rotating reference frame. An alternate mterpretatlon is based upon the
fact that the two contratravrrlmg electromagnetic waves in-‘the equ1valent

i
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circular ring laser have the same frequency in a non-rotating inertial frame
and combine to produce a standing optical wave within the ring laser cavity.
The detector in the rotating frame then passes peaks and nodes of the standing
wave at a rate which is proportional to the rate of inertial rotation(g’ 910

(Fig. 4-26).

4,13.1.1 Quantization Size

- The standingf sptical wave and detector, shown schematically in Fig,

4-26, provide high resolution, and would be intrinsically digitized, As an ex-
ample, a 6 inch diameter pancake, Helium-Neon laser unit would have approxi-
mately 106 nodes per revolution, or, approximately one node (or beat) per arc
second, For the application to be considered here, rotation rates on the order
of one milliradian per second up to one radian per second occur so that no phase
detection would be required for resolution, even considerably below one arc
second, Interpolation in time is accomplished by counting clock frequency pulses
between antinode (or beat) "'marks', and dividing this count into a count of the
number of clock pulses between the first beat mark and the mark from the sensor
at target detection, At the maximum angular accelerations expected and within
the angular velocity range considered, this ratio would yield digital encoding
resolution accurate to a small fraction of an arc second. The signal-to-noise
ratio available from the ring laser is sufficiently large that statistical varia-
tions in the time of detection of the antinode '"'marks' would introduce less than

one-thousandth of a beat of error into the time interpolation digital quantization,

The lower brotation rate would be important as a limit to time interpola-
tion accuracy if there were large variations of angular velocity of the ring laser
block, which would cause varying ""mark" intervals, For the applications con-
sidered here, the possible errors induced into a linear time interpolation by the
maximum angular ‘accelerations anticipated and the minimum rate considered

(one milliradian per second) are insignificant for this application,

At a high rotation rate, such as 10 radians per second, when the "marks"
occur with an interval of less than a microsecond, a primary limitation on time
interpolation occurs because the mark interval approaches the time constants of
the counting and timing logic. However, this is not a primary limitation to atti-
tude sensing since the time constants of any associated attitude sensor component,
such as a scanner or tracker, would contribute larger 'érrors at these high rota-
tion rates, as discussed in Section 4.5, so that the 1-arc second intrinsic guanti-
zation would be sufficient and beat or "mark" interpblation would not have to be
considered. . ' ' ‘/

4-91

AT



LOSSLESS
CAVITY

/ MIRRORS

¢’ STANDING OPTICAL
/ WAVE OF Nth MODE

WR ROTATING
CAVITY

+

~ PORTION OF
AN n-SIDED REGULAR
POLYGON OPTICAL CAVITY

DETECTOR
WINDOW

~—_ STANDING WAVE
\. NAILED TO INERTIAL

,xSPACE

1. ELECTROMAGNETIC STANDING WAVE IS STATIONARY
OPIICAL IN INERTIAL COORDINATES.

DETECTOR 2. RING STRUCTURE (WALLS, MIRRORS, LASER GAS,
DETECTOR ETC.) ROTATES AROUND STATIONARY WAVE.

3. INTEGRAL TOTAL NUMBER OF NODES, N = i”zﬂ )ﬁ-
x 4. NUMBER OF NODES PASSED BY DETECTOR/IN TIME at,

% = det -?‘—det

5. BEAT FREQUENCY OBSERVED BY DETECTOR
dN 2R 4A,

fg =G - 2Y - Ix

26-¥

o —> O
IDEAL CIRCULAR
CAVITY




e B e e e aBntn T T 2 D i T T LA ANELI L NPT S S

At the nominal rate considered for this navigation angle measurement
application of 1/10~radian per second, the technique of counting clock pulses
between beat marks would allow digital quantization precise to approximately
one-thousandth of a beat. This would result in a digital quantization of approxi-
mately one part in 109 of a revolution which is much more than is required for
the navigation angle measurement application,

4,13.1.2 Quantization Precision

"ruling" would be

The precision of the equivalent circular ring laser
orders of magnitude better than those of incremental optical encoders and the
128-speed resolver, The wavelength of the standing light wave can readily be
maintained uniform to one part in 109 during the time the ring laser is rotated
through an inertial angle of 360°, within the previously considered angular veloc-
ity range. The linearity of the equivalent ring laser ruling is thus an insignifi-
cant source of error. This inherent linearity can be contrasted with the diffi-
culties of producing a precision ''ruling' on a disc accurate to much better than
one part in 106 of a revolution. Iz order for the previously discussed angle
encoders to achieve measurement linearities of the order of one part in 106,
various averaging techniques are utilized which tend to minimize the effects of
the "ruling" variations. Several Fourier compensation components, determined
from calibrations, must also be applied to the 128-speed resolver in order to

achieve the above linearity,

4,13.1.3 Angle Measurement Sensitivity to Bearigglmpe‘r‘fections and Loading

Another feature of the ring laser is that it is insensitive to bearing run-
out and rigidity problems. Conventional angle encoders are required to have
components on both members and are sensitive to relative translation motion

between the two members., By contrast, the ring laser shown in Fig, 4-25 has

‘the beat detector and the navigation phenomena sensor rigidly mounted to the

ring laser block and the whole unit resides on one member, thus avoiding de-
pendences on relative translations of two members., Calculations have shown
that accelerations up to several hundreds of g's would cause negligible errors
in the detection of the precision angle due to deformations in the ring laser.

Calculations have shown that it is relatively more difficult to obtain
negligible flexure of the navigation phenomena sensor optics, which would be
the limiting source of flexure error under high loadings. '

4,13.1.4 Inertial Reference Property
The primary considerations for the use of the ring laser as.an angle
encoder is the relationship of the standing wave to a useful reference frame,
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Conventional angle encoders measure an angle in relation to the reference
frame of the other member. The ring laser, on the other hand, is referenced
to inertial space. For the purposes of space navigation and alignment, this

is a very useful property, while on the other hand the ring laser is less readily
adapted to measuring attitude isolation, gimbal angles, etc. in which the angle
encoder must ultimately be referenced to the other member and not to an
inertial reference frame,

If there were some way to tack the standing wave to the other member
(as well as the ring laser block) then the ring laser could be used as would a
conventional angle encoder. As it is, the ring laser's reference frame is
physically tied to inertial space which prevents its use as a conventional angle
encoder for applications in which neither member is inertially referenced.
But there remain many areas where this inertial property permits exceptional
performance using sequential detection techniques.

One of the primary advantages of being referenced to inertial space
lies in the fact that sequential detection of two navigation targets with a single
instrument is possible, Single sensor detection of both navigation phenomena
produces an intrinsic calibration during every angle measurement, thus elimi-
nating the error caused by distortions of the system prior to the measurement.
Also, the "shorter' mechanical path between the two lines of sight provided by
using a single scanner instrument, minimizes the amount of distortion error
which can build up during a measurement. Also, since no tracking instrument
is involved, the pointing servo requirements may be reduced to those required

"by a scanner photometer instrument.

Any sources of error in using the ring laser as an inertially referenced
angle encoder are limited to those mechanisms which cause variations in the
attitude of the equivalent circular standing wave relative to inertial space
within the period of the angular rotation rate,

4,13.1.5 Angle Encoder Self-Calibration

- Ring lasers have thus far been developed primarily considering gyro

applications., The difficulties encountered in using the ring laser for gyro
applications are certainly not sensitivity (quantization) or precision of the
"ruling", but rather drifts in the attitude of the standing wave inertial reference.
For a gyro application, the important questions are how much the drift rate of
the standing wave will vary from the time the unit is calibrated (probably on the
ground) until and during usage in a mission weeks, months, or even a year later?

By contrast, the angle encoder application provides an intrinsic cali-
bration during every angle measurement which is repeated at an interval of .

- 4-94




less than a minute down to an interval of a few scconds, Thus, only short-term
variations in drift rate of the standing wave are significant for the angle encoder
applications. Fortunately, the crror mechanisms which have paced the develop-
ment of the ring laser gyro have predorninately long time constants, such as
temperature drift and dc power supply drift.(a) Also, much larger variations

in the standing wave drift rate can be tolerated for angle encoder applications
than for gyro applications since there is much less concern about the time pro-
pagation of the errors due to the repeated calibration during each measurement
cycle., The net result is that the intrinsic calibration of the angle encoder appli-
cation eliminates the need for practically all of the error mechanism control

loops and devices which are necessary for gyro applications.

4,13.2 'Typical Measurement Cycle

The description of a star-limb angle measurement cycle would serve
to illustrate the self-calibration character of the device. A ring laser unit
(Fig. 4-25) is mounted rigidly to a scanner photometer instrument (such as de-
scribed in Section 4. 5). This combination is isolated from spacecraft attitude
by bearings and a torquer servo motor as required for spacecraft attitude in-
dependence. The relevant components are shown schematically in Fig, 4-27
along with a functional block diagram,

A typical star-limb measurement cycle would consist of first estab-
lishing the plane of measurement which contains the lines of sight to the star
and to the limb [as would be done for a simultaneous detection (sextant) meas-
urement] and then positioning the bearing axis so as to be perpendicular to the
piane of measurement., Secondly, the torquer motor accelerates the unit up to
a selected inertial rotation rate, which is indicated by a comparison of the ring
laser beat frequency with a preselected control frequency, As the scanner
photometer rotates it detects the star, then detects the limb, and continues
rotating until it again detects the star., Either direction of rotation may be

 used, thus the unit may reverse its direction at the end of any number of meas-

,:‘,; urement cycles and perform the next measurement rotating in the opposite

direction, During this 360° measurement cycle the ring laser beat antinode
"marks' have been counted such that each of the scanner detections are corre~
lated to a beat count (total unit beats plu;s, fractions of a beat if accuracies of
better than 1-arc second are required for an application, as determined by
time interpolation between the '"'marks''). The number of beats in a 360° rota-
tion of the ring laser in inertial space are found by‘ counting from the first

detection of the star until the second detection of the same star. This provides

the scale factor relating beatc'ounts,to angles which is used to convert the
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beats counted in the interval from the star detection to the limb detection into
the navigation angle, These two digital numbers can be directly communicated
to the computer where they are combined to form a ratio which will give the
desired star-limb angle,

The self-calibrating nature of the measurement cycle is equally ad-

vantageous for the calibration of the navigation phenomena sensor. As discussed

for the ring laser, only the error mechanisms with time constants shert enough
to cause drifts during the measurement cycle are significant. The optics must
only maintain a fixed, but arbitrary attitude relative to the laser block during

a measurement cycle. ‘T'hermal, shock, vibration, and creep induced deforma-
tions between the optical axis and the ring laser block which occur prior to, or
after the measurement, do not effect the accuracy of the measurement. Elec-
trically induced drifts would be minimal since the scanner design utilizes a
field-of-view aperture rigidly mounted to the scanner block (in contrast to a
vidicon sensor in which the aperture is positioned by electrical signals), For
these reasons, errors induced into the measurements due to drifts in the atti-
tude of the optical axis relative to the ring laser would be small relative to
those introduced by mechanical deformations during a simultaneous detection

angle measurement,

4,13.3 Ring Lacer Angle Encoder Design

Ring lasers have been built for gyro applications which could be used
for angle encoder applications., A suitable quartz ring laser design for an
angle encoder application has been shown in Fig, 4-25. There are several
features that are important for the implementation of a ring laser for use as
an angle encoder, First, a self-sustaining standing wave must be established
within the laser cavity at a single TEMoom mode, For this to occur, only the
TE‘Moom mode of the optical cavity is allowed within a spectral region in which
the laser will supply gain by suitable choice of optical path length and excita-
tion.(a) To maintain a specified mode requires that the temperature of the
cavity not vary more than +3°F for the quartz ring laser shown in Fig. 4-25,
Thermal expansions caused by temperatures outside this range would move the
cavity resonance frequency associated with this mode outside of the gain region.
For this ring laser design, the temperature range for sustaining the neighbor-
ing modes will be very close to, or just overlap the specified mode tempera- '
ture range, and so, if the temperature deviates too mucn another mode would
be established. The neighbor modes will have one more or Qne less mode

around the ring laser optical circuit than the ''specified" mode, depending

'upon whether the ring has expanded or'contracted.
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For the angle encoder application it is not important that a specified
mode be established (in contrast to gyro applications). A prespecification of
the number of modes is not necessary since a calibration for any mode estab-
lished is determined during each measurement cycle. Thus, any one of the
series of modes which would allow the use of the instrument at its nominal,
momentary temperature would be suitable,

Once a mode is established, the cavity resonant frequency is brought
near the peak of the gain curve (of a He?’-Nezo-Ne22 ring laser) by small adjust-
ments in the cavity optical path length, A small amplitude, low-frequency
(10%-10°
tude intensity variations of the laser output at harmonics of the dither frequen-

cps) dither variation of optical path length will produce small ampli~

cy.(ll) Information in the first and second harmonics can be converted into an
error signal controlling the cavity mean optical path length, For this applica-
tion, a simple temperature adjustment, which uses a heat transfer control would
be suitable. A mechanism for heat transfer control of the cavity circumference
would most likely be available since there would probably be some sort of
temperature control for parts of any navigation instrument exposed to a space
environment., Another technique could be used which would eliminate the need
to heat or cool the instrument. The piezoelectric crystal used to dither the
cavity dimension can be d-c biased to change the mean dimension,

12,13, 14) ¢ the excited neon gas,

Drift in the Langmuir flow rate(
induces a varying drift rate of the "'standing'' optical wave, The velocity of the
gas oppositely doppler shifts the dispersion curves associated with the two di-
rections around the optical circuit of the ring laser, The gas velocity is pri-
marily a function of the d-c current exciting the laser. The small amount of
drift occurring in the best power supplies can be fatal to the highest-accuracy
ring laser gyro application, but produces a negligible effect in the short self-
calibrating interval of the angle encoder application,

Since just the fact of rotation of the ring laser also produces an oppo-

(8)

very significant for gyro applications is the variations in the drift rate of the

sitely directed deppler shift of the dispersion curves' ' one effect which can be
standing wave in inertial space when the slope of the dispersion curve varieg in
time. In essence, the phase velocity of the resonant modes of the contra-
travelling light beams depends on the laser gas excitation and upon the frequency
of detuning of the modes from the neon isotyopes spectral line centers. A varia-
tion in the drift rate of the standing wave can be produced when the difference in
phase velocities of the two waves varies. Variations in plasma ex;z;?t%t,jon pro-

duce variations in the slope of the whole dispersion function, 'Vq/“z(/iatibns in {(

V4 .
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.reveals additional features suchas thé distortion from sinusoidal of the

ing'' wave as the rotﬁationfratga is decreased toward the mode locking rate

detuning shift the modes to different portions of the dispersion curve. For the
more demanding gyro applications, this must be controlled by active feedback
of the excitation and detuning.(s) Fortunately, it turns out that with the use of a
reasonably stable power supply, as mentioned in the previous paragraph, the
variations in dispergion slope have long time constants relative to the angle en-
coder measurement cycle. Variation in detuning occurs mainly with tempera-
ture variations which also have long time constants in the solid quartz laser
cavity. Thus these effects turn out to be insignificant in the angle encoder

application.

4,13.4 Scattered Radiation Mode Coupling Nonlinearity
An effect which is the primary source of ring laser error for the angle

encoder application and which has paced the development of the ring laser for
gyro applications is the sobject of this subsection. For the angle encoder ap-
plication, the requirements on the control of this effect are considerably re-
duced. Because of these lesser requirements it is possible with a relatively
simple technique (which uses the required attitude isolation se'rvo motor) to
reduce the uncertainties introduced into an angle measurement to an extremely
small number. The expected uncertainties are shown in Fig, 4-33 at the end
of this subsection.

In a ring laser, that portiori of the light scattered by the moving miir-
rors from the direction of one travelling wave into the direction of the other
travelling wave produces a fairly strong steudy-state signal at a different fre-
quency (doppler shifted by the moving mirror) from the primary wave oscilla-
tion as well as causing a slight shift in the primary frequencies, The combined
optical oscillator frequencies a‘ssociated with each travelling wave direction
appear to cause the previously mentioned standing wave of the equivalent cir-
cular cavity to rotate slowly in inertial space in the direction of rotation of the
ring laser.(ls) As the ring laser rotation rate decreases, the scattered-wave
frequencies more closely approach the primary travelling wave frequencies
and the steady-state ampfg’ifudes of the primary wave and scatter-induced waves
approach each other, Thus, as se¢n in inertial space, the standing wave rotates
movre rapidly as the ring laser rotafg;s less rapidly. At some point the ampli-
tudes reac¢h equality, the two rotation rates also become equal and the detector
passes no modes and therefore senses no beat frequency. - bThis is the rotation
rate at which mode locking occurs and below which no beat frequency or indica-
tion of rotation is detectable. The mathematical treatment of this interaction

"stand-

(15)

" due

&
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to the four waves of differing frequencies. A typical ring laser beat vs rota-
tion rate curve is shown in Fig, 4-28,

For the above-described nonlinearity cf heat frequency vs rotation
rate, the lower lock-in rotation rate {which is indicative of the nonlinearities
encountered), can be decreased by as much as a factor of 10 by such techniques

14)

mirrors to feedback light in such a phase and amplitude as to cancel the inter-

(14) (16)

and by mechanically vibrating the whole ring laser.!

as introducing an a-c Faraday element into the cavity,( utilizing the external
nally scattered light
Although the nonlinearity is reduced, the accuracy is sacrificed because an
artificial rotation rate bias is introduced by these techniques which is limited
in stability by the electrical and mechanical means employed. In effect, such
a bias uncerwainty would shift the curves shown in Fig. 4-18 to the right or to
the left in an unknown manner,

At MIT, two techniques have been devised for reducing this nonlinearity
which do not introduce an undesirable bias uncertainty. One technique oscillates
the mirror surfaces and any other material which backscatters significant
amounts of radiation in such a manner that the backscattered light experiences
full doppler shift and the primary waves experience zero doppler shift. This
oscillation causes varying amplitude, with a high rate of phase shift variations
between the backscattered radiation and the primary travelling wave. This
technigue promises to reduce the lock-in frequency by more than a factor of
1000. This technique shows great promise for strapdown gyro applications,
as well as yielding great linearity over a large dynamic range of rotation rate

for the inertial anglé encoder applications.

All of the above technique’s have the effect of reducing the lower lock-in
rotation rate and also the associated nonlinearities occurring at rotation rates
above this lock-in rate. The effect of introducing these techniques is to expand
the abscissa scale of the typical case shown in Fig. 4-28 so that the lock-in
occurs at a lower rate, but the shape of the curve remains essentially unchanged.
Improvements in the state-of-the-art of mirror fabrication also will effectively
shift the abscissa.

Considering this physical characteristic of functional similarity, a
primary question for the use of a ring laser in a gyro or angle encoder applica\—'
tion is what range of, and variation in, rotation rate inputs will occur. The
manner of operation of the ring laser over the nonlinear beat-rotation rate
relationship will determine the attitude drift uncertainties which will be pro-
duced, Fortunately for the angle encoder application, there is no need for the
rate of rotation to be near the lock-in region. And in fact, when used in

":‘J:'""‘“"L‘f,‘»‘&“"":;2"7““‘,‘?‘" T et i o
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Fig. 4-28 Beat frequency as a function of rotation rate
of the equivalent circular ring laser. Typi-
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conjunction with a scanner photometer a finite rate of rotation is required for
scanner operation. Also, there need be no reversal in the direction of rotation
during a measurement cycle (in contrast to strapdown gyro applications in which

the rate of rotation may frequently pass through zero),

The larger the rotation rafe is above the lock-in region, the larger are
the variation of rates which can be allowed during a measurement cycle and
still achieve a specified precision of the angle measurement, The accuracy
provided when the ring laser is operated within a given range of rotation rates,
or alternatively, the range of rotation rates allowed for a required accuracy is
strongly dependent upon the ratio of the nominal rate of rotation to the lock-in
rate of rotation., At the lowest rotation rates, the nominal rotation rate is con-
strained by the time allowed to make a measurement. If a very short time is
allowed for a measurement cycle and a very high accuracy is still desired then
the best manner of operation would be to slowly scan through a target in order
to maximize detection accuracy and then fo roiate at a much higher rate to the
next detection point where the rotation rate would again be slowed down to per-
mit the most accurate defection, etc. The speeding up of the rotaticen rate be-
tween detections will add little error since the operation at higher rotation rates
is even more linear. A small amount of error could be introduced by this rate
change if the slower rate was pushed closer to the lock-in rate. Adding the
MIT shear mirror technique to the ring laser design would greatly reduce the
lock-in rate, and would eliminate even the small error which would be intro-
duced by the larger range of rates required. This mode of operation can cer-
tainly be provided, but at this time there does not appear to be any need to go

through the additional conceptual analysis.

A measurement cycle using a single uniform inertial rotation rate of
the ring laser which would produce less than an arc second of angle meaysur'é-
ment uncertainty /including both ring laser and scanner uncertainties) would
take less than a minute, The mechanization for performing this type of meas-
urement cycle and the mode of operation would be that which has been de-
séribed in Section 4, 13, 2, This technique of rotating the ring laser at a con-
stant inertial rate is the second scheme referred to previously, which does not
introduce a bias which must be subtracted out of the relationship between the
beat frequency vs. rotation rate, Drift rates of the standing wave are only very
weakly coupled to variations in the ring laser body inertial rotation rate. Thus
the rotation rate does not have to be "'subtracted out'' of the beat frequency in

order to convert the beat frequency into a rotation rate, The following section

analyzes ‘the_errqir‘s produced by the ring laser during this type of measure-

ment cycle, .7
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4,13.5 Ring Laser Angle Measurement Error Caused by Angular

Velocity Variations

The ring laser can be used for extremely precise angle measurement
providing suitable steps are taken to stabilize the processes taking place in
the laser. As just discussed, the primary source of error for this application
is due to the partial coupling of the standing wave to the ring laser reference

"veat frequency"”

frame. Backscaitering phenomena within the laser cause the
output of the ring laser to deviate from proportionality to ring laser angular
velocity according to the following relationship (which is the typical nonlinear

relationship shown in Fig, 4-28):

i

i

]

H

i

g;
b

__RT[. 2  271/2 _
iy 2?[‘% -wc] 4.13.5-(1)

where

23]
i

the radius of a circle inscribed in the ring laser polygon

the wavelength of the sustained mode
w, = the instantaneous inertial angular velocity of the ring laser

w, = the greatest laser inertial angular velocity at which the
standing wave in the ring laser is completely coupled to the

ring laser cavity, and no beat frequency cari be observed

15)

given by the following expression to second order

It can be shown( that the error in the angle measured by the ring laser is

2 3 ()
5 dw/w [
0=9-9=9(wc>5 (w/wm)z- (/m)zz‘ 4.13.5-(2)
€ I r o\ @, g )1 N (“’c/“’ro) 2[1 - (wc/wro) ]
where ‘ , ;
9I = the indicated angle measured by the ring laser

Gr = f wrdt, = actual angle through which the ring laser has rotated
o - ’

g ‘ , 90 = erT = the nominal angle through which the ring laser would have o
' » rotated in T sec if @, = wrothroughout that time interval
W .o = the nominal 'con,s"cant angular velocity of the ring laser

dbw = W, = W F the 'variation of the instantaneous_ angular velocity from the

nominal
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(6w/ wro) = the temporal mean of the ratio enclosed in parentheses

(6w/ wro)z = the temporal mean square value of the ratio enclosed in

parentheses

To control the angular velocity of the ring laser so that it is approxi-
mately constant, the ring laser is mounted on a rotating shaft and torqued at a

servo controllea angular velocity.

To calculate the error from Eq. 4. 13.5-(2), it is necessary to have
an estimate of 6w, This is expedited by designing an angular velocity servo
loop mathematical model. Use of this model will then permit calculations of
6w if a disturbance input is given. A block diagram of the angular velocity
servo loop mathematical model used for this study is shown in Fig, 4-29, The
error calculations done with this loop assume the use of a 20 oz, -in, d-c
torquer having 31 commutator segments (hence 31 ripple torque cycles/revolu-
tion). Although an open loop gain of 260, 000 is theoretically realizable with the
matherhatical model selected here, a nominal loop gain of 52, 000 was selected

to be conservative and to allow for the use of less sophisticated hardware,

There are expected to be a number of sources of disturbance inputs
seen by the ring laser angular velocity servo that will tend to cause the ring
laser angular velocity to vary, Disturbance torques are expected to come
primarily from three s'ources:' flexi-pinrt or wire twist torques; bearing, seal,

slipring and brush friction; and torquer ripple torque.

The steady state or average friction torque numbers used in this study
were generated by adding the torquer brush friction to the expected bearing
friction, and then doubling that sum. The doubling is expected to take care of

any flexi-print or wire twist torque, or alternatively any slipring torque, which

is added by the mechanization required for transmitting power and signals through

the rotational degree of freedom. At the relatively low rates considered here,
it is expected that the average friction torques produced by the bearings and
torquer brushes (any sliprings that may be used) will be essentially Coulomb in
nature without any significant viscous effects. It turns out that it is not the av-

erage torques, but the variations in torques occurring during a measurement cy-

cle which are the main source of difficulty in maintaining a uniform rotation rate.

Over the range of the spacecraft attitude motion environments antici-
pated, it is reasonable to assume that the relative velocity of the ring laser with
respect to its neighboring member will not change sign during a measurement
cycle. Thus, no large transients in torque which are caused by friction need

be considered. Also the torque variatiqns contributed by ahy fléx-prints or
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wire twists through the degree of freedom are not expected to significantly de-
teriorate angular velocity stabilization performance, in comparison to the torque
variations contributed by the bearings and torquer.

Based upon the data gathered to date, calculations have shown that
bearing and torquer ripple torques are the limiting factors in determining the
angle encoding accure\lcy of the ring laser., It is possible to use an a-c torquer
in place of a d-c torquer to reduce the ripple torque, but this is not necessary
because the accuracies attainable using a d-c torquer with a ring laser are still
quite exceptional. From Instrumentation Laboratory experience with IMU gim-
bal servos, it is expected that at the rotational speed considered here, that the
bearing ripple torque will be about the same order of magnitude as the torquer
ripple torque. '

o«

Direct-current torquers have been shown to exhibit two periodic com-
ponents of ripple torque, one sinusoidal and one sawtoothed. The error gen-
erated in ring laser output by each component has been calculated separately
and the resulting error (time) functions have been added to yield the data shown
in Figs, 4-30 and 4-31. To allow a conservative margin for the effects of
bearing ripple torque, as well as any torque variations caused by flex-prints
or sliprings, the amplitudes of the torquer ripple torque have been doubled to
yield the data in Figs. 4-30 through 4-33. Bearing ripple torque is expected
to be somewhat random in nature and hence its effect would be more likely to
add statistically to that of torquer ripple torque. Figures 4-30 and 4-31 show
the ring laser angle encoding error caused by doubled torquer ripple disturbance

at every point in one ripple cycle,

Figure 4-30 is plotted to a linear scale so that the relative magnitudes -
of one curve during the cycle may be appreciated. Figure 4-31 plotted the log
of the absolute value of error versus 90 (or time, since 60 = wrot). From Fig
4-32 the effect of changing the operating point of the angular velocity servo, @6
on the magnitude of ring laser output error is more readily observed. This is
considered ""worst case'' data because the phasing of the two components of
ripple torque is adjusted to produce the maximum mean angular velocity error.
The actual phase relationship between these two ripple torque components is
not known., '"‘Worst case' was used to place an upper boundary on what could
be expected from this error source. Figure 4-33 shows the ring laser output
error remaining at the end of one cycle of ripple torque plotted as a function
of w . Since the torquer induced errors are largely detyerministic and hence
repeatable, much of the residual errors could be removed by calibration, but

 this is not necessary since the errors introduced, even if the unit is assumed
to be linear, are still miniscule. ' el
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The maximum value of error occurring during one cycle of ripple
torque (at 90 = 0,10134 radians) is plotted against nominal angular velocity,
W in I’ig., 4-33. This is the maximum error to be expected (from ripple

torque disturbance) in any measurement,

Figures 4-30 through 4-33 have been normalized with respect to loop
gain, K, and the mode locking angular velocity, W, - To obtain the accuracies
obtainable at loop gains other than 52, 000 and less than 260, 000, and for values
of w, other than 10 Earth Rate Units (ERU) (but within the constraints noted on
each figure), use the following relationship for Figs. 4-30, 4-32 and 4-33:

2

w
_| ¢ 52,000

O¢ (1_0> B Penom
where 6 is given in Figs. 4-30 through 4-33, «_ is in "earth rate units'!,
and K is loop gain, For Fig. 4-33, use

2
o -(2c) 52,000°%
€ 10 K enom

From these plotted results, which assume all ripple torque distur-
bance factors adding up in such a way as to produce worst case errors, it is
evident that very high angle measurement accuracies are possible by using a
ring laser in this manner. Under the constraints previously assumed, which
are believed to be reasonable for the spacecraft designs now being considered,
the disturbance inputs studies (torque and bearing ripple torque) would be ex-
pected to be the most significant cause of variation in ring laser e‘hcoder angu-
lar velocity and the errors resulting thexj"\' :,':;om, Since the error estimaies
presented here represent a worst case estimate with respect to this error

source, these estimates should provide a conservative upper bound on the total

- angle measurement uncertainties for the most stringent in'terpretatioh of the

beat output which assumes perfect linearity, For other applications and user
situations, these estimates provide an indication of the order of magnitude of

the uncertainties in ring laser encoder angle measurement to be expected.

For the nominal rate of 1/10-radian per second, which is forh the
navigation angle measurement application, an error of less than 1/300 arc
second would be produced by the ring laser. (See Fig. 4533), The minimum
sequential angle measurement uncertainty provided by a ring laser-scanner
combination occurs near the rotation rate at which each of the two units sepa-
rately contribute t,_h“ey sé.rpe magnitude of uncertainty. Assuming the simplest

scanner mechanization which uses one slit 10 minutes long and cne pass, and

il
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a star intensity of 2. 5 magnitude in a background of 3 foot-lamberts, this rate
would occur at approximately 3/100 of a. radian per second (see Figs, 4-12 and
4-33). The correspondihg combined angle measurement error from these two
sources would be approximately 2/10-arc sec, 10. Thus we feel that the com-
bination of the ring laser angle encoder described, coupled with a scanner in-
strument designed for this purpose, has the potential to provide more than an
order of magnitude improvement in the accuracy of arngle measurements over
that possible within the present state-of-the-art of angle encoders, Based on
the studies we have performed, it is our belief that this concept can provide
the next major step in angle encoder technology.
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