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INTRODUCTION

It is the purpose of this report to support the Acquisition Subsystem PDR by documenting
analysis, and descriptive material, to demonstrate the capability of subsystem design con-
cepts to satisfy the proposed CEI requirements of ECP No. 17R5*, Most of the analysis
presented represents work performed by GE. In a few cases, material has been extracted
from subcontractor PDR reports to demonstrate compliance with principal requirements.
In general, however, the PDR reports of Itek and Lear Siegler are considered part of the
GE PDR documentation, and detailed analysis presented in these reports is not repeated

here.

Section 1.0 of the report contains a table listing the requirements negotiated with the Air
Force for the Acquisition Subsystem, briefly describing the design solution proposed for

the requirement, and referencing the sections of the report which relate to the requirement.
A general statement of the state of compliance with the requirement is included in the
table; further discussion of compliance with specific requirements is presented in Section

1.2 where required.

Section 1.3 presents a description of the Acquisition Subsystem functions and hardware.

—_ *Issued 20 Nov 1967

ix/x
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SECTION 1.0
REQUIREMENTS AND SUBSYSTEM DESCRIPTION

The material in this section is subdivided as follows:

1.1 Requirements and Compliance Summary
1.2 Discussion of Compliance
1.3 Subsystem Description

1.1 REQUIREMENTS
Table 1.1-1 presents a summary of the subsystem functional requirements, briefly describes

the design solution for each requirement, and references sections of the EAR report which
pertain to each requirement. A yes/no statement of compliance is also included. Where

further discussion is required concerning compliance, it is included in Section 1. 2.

1-1

~SEGRET- SPECIAL HANDLING
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1.2 COMMENTS CONCERNING GE COMPLIANCE WITH SPECIFICATIONS
Table 1, 1-1 indicates that most of the negotiated requirements are being complied with at

the preliminary design stage. This section presents a brief discussion of those areas

where a flat statement of compliance can not be made in the table.

1.2.1 POINTING ACCURACY - Refer to entry (6) in Table 1.1-1
A detailed error analysis is presented in Section 2. 3 of this report which demonstrates that
the eight-minute pointing accuracy is generally met. A worst case set of alignment errors

and error buildup is shown to produce 8.2 minutes of pointing error, however.

. The analysis shows that pointing error is a function of over twenty independent error param-
eters, most of which are alignment uncertainties prior to boresighting and time fluctuating
errors after boresighting. It is shown that static misalignments between the various ATS

components do influence pointing accuracy despite boresighting.

The determination of an attainable set of on-orbit alignment tolerance requirements depends
to a large extent on the degree to which the structure preserves ground established align-
ment in the presence of pressurization changes, launch loads, and gravity field relief.
Analysis is planned to further investigate the capability of the structure and to establish
realistic alignment error apportionments based on this capability. A precise estimate of
status relative to the 8-minute pointing requirement can not be made until this work is per-
formed. In the meantime, it is felt that the analysis presented herein indicates that

the pointing accuracy requirement will be difficult to comply with.

GE is presently studying several approaches to improving pointing performance, including;
a. Increasing boresighting capability to desensitize ATS pointing to misalignments be-
tween the folding mirror and the scanner,

b. Analytically predicting on-orbit alignment, and pre-biasing the ground alignment ac-
cordingly (either in the hardware or the software).

c. Stiffening the structure between the folding mirror and the scanner to minimize
S~ alignment changes.
The effectiveness of increasing boresighting capability will be available prior to P.D.R.
1-13/1-14
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1.2.2 MCS POINTING CORRECTIONS (Refer to entry @ in Table 1.1-1)

It is required that the crew be able to correct ATS pointing accuracy to within two minutes
of arc with the Manual Control Stick. The accuracy and speed with which a man can control
the pointing of the ATS will depend on, among other things, the transfer function of the
Manual Control Stick and the characteristic response of the man as a servo loop component.
The necessary simulation has not been performed to determine either the MCS transfer
functions or the characteristics of the man at this time, and it is thus not possible to pre-

sent relevant analysis to demonstrate compliance with this requirement.

Preliminary simulation and servo analysis, however, has not revealed any difficulties

which will prevent compliance with this requirement.

1.2.3 JITTER PERFORMANCE (See entry (9) Table 1.1-1)

Present analysis shows that the design will meet the jitter requirement as specified in roll.

The design will not meet the specified performance with pitch gimbal rates as low as 0.01
deg/sec. Since these rates will not occur during the mission it is assumed that intent of
this requirement applies only to the roll gimbal at gimbal rates of 0.01 deg/sec. The jitter

requirement will be met in pitch for the gimbal rates to be experienced during the mission.

1.2.4 ATS RESOLUTION (Refer to Item in Table 1.1-1)

The optical resolution predicted for the telescope is dependent on the magnitude of the
various manufacturing errors assumed and, to some extent, the analytical methods utilized.
Itek has presented analysis as part of their PDR report which shows that the required resolu-
tion of 3. 3 feet can be achieved with the present design if the combination of manufacturing
error sources does not produce more than 0.152 X of wavefront deformation. They feel that
this represents a tight, but achievable tolerance budget for the system, and that they will

meet the requirement.

1-15
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In view of the critical nature of this requirement GE has performed extensive independent
analysis of the system using the optical prescription curve supplied by Itek. The results
of this analysis are comparable to, but not identical with the Itek analysis. GE analysis of
the prescription optical system, with no allowance made for errors, ylelds somewhat
better resolution than the Itek analysis. With a worst case tolerance buildup, however,

GE has produced one case where the predicted on-axis resolution was 3.4 feet.

On the basis of the analysis performed to date it is concluded that the specified resolution
can be met, but that considerable effort will have to be expended in establishing and main-

taining a realistic error budget for the system.

Visual Threshold Curve

Uncertainties concerning the exact nature of the eye's modulation threshold characteristic

introduces a significant element of uncertainty in the prediction of ATS performance. The
curve determined by Otto Shade has been used in all Itek and GE analyses. Itek is pre-
paring an experiment designed to gain some verification of the Shade curve and to determine

the effects of dynamic jitter on resolution.

Dynamic Resolution

In order to better understand the degrading effects of jitter, GE has derived an analytical

method of predicting the effects of monotonic, high frequency jitter (above 6 cps) on resolu-
tion. This work is presented in Section 2. 1.3 and yields results which are similar to those
obtained using a method applied by Itek. The analysis indicates that a dynamic resolution of

no worse than 3.6 ft. will be achieved.

1.2.5 CUE RETRIEVAL TIME (Refer to entry (31) in Table 1.1-1)
Lear presented an analysis and demonstrated on a breadboard that the required retrieval
time can be met if at least three consecutively numbered frames precede the commanded

frame. In the event that three such frames do not exist, the projector may require an

~N

1-16
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additional 0.1 second for retrieval. GE interprets the negotiated requirement to apply

only when the commanded frame is preceded by the three consecutively numbered frames.

1.2.6 PROTECTIVE SHROUD (Refer to entry @ in Table 1.1-1)

The design concept proposed by the subcontractor at their PDR was not accepted by GE
due to excessive weight, unacceptable mechanism design, and an excessive reliance on
pyrotechnic caging devices. At the time of this publication both Itek and GE are indepen-
dently establishing new design concepts. A review of the structural aspects of the GE

design is included in Section 2. 5. The Itek new design has not been presented to GE

at this time.

1.2.7 WEIGHT
Weight figures have been negotiated for all elements of the subsystem except the Acquisition

Optics. At time of this publication GE has not yet established an acceptable weight bogey for
- the A, O. subcontractor (Itek), and the weight bogey established for the prime K electronics

is being exceeded.

1.2.8. DECOUPLING - (See Entry () in Table 1.1-1.)

While the two degree decoupling requirement can be met, GE proposes increasing the per-
missable decoupling to 5 degrees to relieve hardware and equipment alignment constraints.
At present a 1 degree error allotment is required by the position readout potentiometer on
the pechan prism, and a 1/2 degree allotment is required by the A/D converter. Thus less
than 1/2 degree remains for errors in the alignment of the Manual Control Stick and the

ATS. Considering the relative motion between the consoles and LM structure during powered

flight, this would dictate the need for on-orbit alignment of the stick to the ATS,

1-17
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1.2.9 JITTER PERFORMANCE - (See Table 1-1, entry (9) ).

The best data available from the gimbal encoder vendor (Wayne George) indicates that en-
coder noise from the 18 bit pitch encoder will exceed the level required to meet the jitter
specification in the CEI specification. A 20 bit pitch encoder will permit the specification
to be met, but will exceed the space envelope available for the encoder with the current
scanner design. GE is continuing to evaluate the use of a 19 or 20 bit encoder to meet the
requirement. Consideration is also being given to switching to a straight rate loop in pitch

which does not depend on the encoders in the track mode.

GE intends to comply with the present CEI jitter requirement and will discuss the alternate

design changes which are necessary to meet the requirement with the Airforce.

G.E.'s interpretation of the jitter requirement is discussed in section 2.2.1. 1 of this re-

port. It is believed that this interpretation is in agreement with Airforce/Aerospace intent.

1-18
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1.3 SUBSYSTEM DESCRIPTION
This section presents a brief description of the subsystem hardware and functions. The

material is subdivided as follows:

1.3.1 Purpose of the Acquisition Subsystem

1. 3.2 Operational Modes
1.3.3 Description of Subsystem Hardware

1.3.4 Description of ATS Controls

1.3.1 PURPOSE OF THE ACQUISITION SUBSYSTEM

The Acquisition Subsystem provides M with high-resolution telescopes whose
LOS's are computer-controlled in the same manner as the main tracking mirror. With
these devices the crew can observe weather and activity at the selected target areas and
can select the most desirable targets for photographic operations. By manually correct-
ing computer commands, the crew can minimize pointing and tracking errors due to
target location information, ephemeris prediction, attitude reference, computation, and
servo errors. Therefore, the crew and an effective Acquisition Subsystem will eliminate
most of those factors which limit performance in the Automatic Mode of operation, and

increase the quantity and quality of intelligence data acquired in the manned-automatic

mode.

Specifically, the Acquisition Subsystem - crew combination permits the following:

a. Target appraisal for activity
b. Target weather evaluation

c. Selection of optimum targets for photography

1-19
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AN
d. Target centering and rate nulling
e. Stored target position parameters to be updated by crew observations.
A schematic showing the relationships between the various elements of the Acquisition
Subsystem and related Subsystems is shown in Figure 1.3-1. Reference to panel controls
shown on this Figure can be found in Section 5.
=~

1-20
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1.3.2 OPERATIONAL MODES

Detailed operational modes are still being refined. The modes described here are intended

to summarize, in general terms, some of the ways the ATS's may be utilized.

A. Activity Mode - The activity mode represents the primary mode of ATS operation.

In this mode, each crewman observes pre-programmed targets for activity. The selected
targets will be identified in target "groups', where each group will contain one primary
target and up to six secondary targets. One target in each group will be selected by the
computer for photography by the main optics at a predetermined time designated "decision
time". The main optics will photograph selected targets without direct crew support. In
selecting the target to be photographed, the computer will consider stored information con-
cerning the targets importance and the crews inputs concerning current target activity and

weather conditions.

The crew will be able to indicate three levels of target visibility and activity by depressing
one of three "voting" buttons. The ACTIVITY button will tell the computer that the target

is visible and that an unusual level of activity exists (such as the loading of a missile in a
silo, etc.). The INACTIVITY button will tell the computer that the target is visible but

that no unusual level of activity exists. The REJECT button will indicate that the target is
cloud covered or too hazy to be photographed. The activation of any of these voting buttons
will cause the ATS to slew to the next programmed ATS target. The computer will select the
primary target if a reject vote is not entered for this target, and if no active votes are en-

tered for the secondary targets in the group.

Each target will be assigned a weighted number in the computer to provide the basis for the
computer to select the most desirable target when one or more ACTIVE votes are entered

for secondary targets or when the primary target is rejected.

1-23
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In some cases the computer logic might be such that an INACTIVE primary target will take
precedence even over certain ACTIVE secondary targets. If the crew observes a level of

activity at a given target which he feels makes photography mandatory, he can override the
computer selection logic by actuating the PRIMARY OPTICS OVERRIDE button to cause the

primary optics to immediately slew to the target under observation by the ATS.

In addition to appraising activity and weather conditions, the crew will have the capability
of updating the computer stored target position parameters. When the crew observes a
primary or an active secondary target which is not positioned near the center of the FOV,
he may center the target with the Manual Control Stick and actuate the POSITION UPDATE
switch to cause the actual target position as recorded by the ATS gimbal encoders to update

the target location in the computer.

B. Single Operator - In this mode, one crewman performs a complete target operation,

using first the ATS to acquire the target for weather assessment and to null rates and
center the target (if required). The crewman then switches his attention to the visual (main)
optics and nulls rates (if required). If the IVS is operating within spec., the crew involve-
ment with the visual optics would only be occasional to check on IVS performance. The

crewman would then revert to the ATS and repeat the above process with another target.

C. Specialist - In this mode, one crewman acquires all targets with the ATS, performing
the same ATS operations as described for the single operator mode. The second crewman
works only with the visual (main) optics, taking over control of the target after the main
optics slew to the target. If the IVS is operating, visual optics operations would not be

necessary.

D. Leap-Frog - This mode consists of two crewmen, each operating in the single operator
mode. Since only one crewman can use the visual optics at a time, the operations of the

two crewmen are programmed such that while one crewman is using an ATS, the other is
using the visual optics. If the IVS is operating, visual optics operations would not be

necessary.

1-24

—SEGREF SPECIAL HANDLING




NRO APPROVED FOR

RELEASE 1 JULY 2015 —'S‘Ee"R'H- SPECIAL HANDLING

Although the Acquisition Subsystem can be operated in any of the four primary modes as
described above, it is most likely to be used in the Activity Mode.
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1.3.3 LIST OF PRINCIPAL COMPONENTS COMPRISING THE ACQUISITION
SUBSYSTEM

The acquisition subsystem is comprised of the following elements;

a. Acquisition Optics (on ATS) - Includes;

Telescope

Window

Scanner

Folding Mirror
Peripheral Display
Shroud and Shroud Door

b. Cue Projector and Alpha Numerics Display

c. Drive K Electronics

d. Cue Module Storage Rack

e. Magnification Control Stick

f. Head Rest

g. Gyroscopes

The manual control stick is considered part of the N&C subsystem.

SEEREF SPECIAL HANDLING
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1.3.3 DESCRIPTION OF SUBSYSTEM HARDWARE

1.3.3.1 Acquisition Optics
The Acquisition Optics (or ATS) consists of the optical elements of the subsystem and

their supporting hardware. All elements of the Acquisition Optics are supplied by Itek

under subcontract to GE, and are shown schematically in Figure 1. 3-2.

1.3.3.1,1 Telescope Assembly and Optical Performance Description

The heart of the acquisition subsystem is the Acquisition Telescope whose size and
elements are shown schematically in Figure 1.3-3. This component consists of a
10-inch objective, refractive, high power, telescope mounted within the pressurized
Lab Module of the spacecraft. It presents a magnified ground scene to the crew
through an eye piece with a 60-degree apparent FOV and a 2 mm (minimum) exit pupil.

Two such telescopes are included in each spacecraft as shown in Figure 1.3-4.

The peak magnification of the telescope is 127 power. At this power, the telescope will
have a field of view of 0.5 degree and will view approximately 0. 7 nautical miles on the

earth at a slant range of 80 nautical miles (nadir).

The on-axis resolution of the telescope from 80 nm is predicted to be about 3.6 feet when
operating in orbit in the presence of a low level of predictable "jitter" caused by servo

noise. The static resolution of the telescope is about 3.3 feet.

-

The scanner (to be discussed later) is designed to permit the LOS of the telescope to be
directed through a scan field from 70 degrees forward to 40 degrees aft in pitch, and from
-45 degrees to +45 degrees in roll. In operation it will be possible to lock on and track a

target at something less than a full 70 degrees forward in pitch.
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There will be no vignetting in the optical system of the acquisition optics from +10 degrees
to +60 degrees in pitch and from -35 degrees to +35 degrees in roll. Outside of this region,

vignetting will occur in the external optical elements.

The magnification of the telescope can be continuously varied from 16 to 32 power, and

from 63 to 127 power, by means of two independent mechanisms as described below.

The magnification of the telescope can be reduced by a factor of four by inserting a set of
low power lenses into the optical train. These lenses reduce the effective entrance aper-
ture to 2.5 inches; they do not change the exit pupil diameter. The lenses are inserted and
removed by an electric motor on command from the flight crew via the Magnification Con-
trol Stick and the Drive K Electronics. A manual override exists to permit operation of the

power lenses in the event of control system failure.

The magnification of the telescope can vary continuously over a two-to-one range by means

of a zoom mechanism. This 2:1 change can be obtained with the low-power lenses either

in or out of the optical train. The zoom is part of the eye piece optical train and its opera-
tion affects the exit pupil size, causing it to increase to 4 mm at one~-half maximum power.
The zoom magnification changes are effected by two sets of lenses which are axially posi-
tioned in the telescope by an electric motor. The relative movement of the two sets of
lenses is controlled by a cylindrical cam which in turn is driven by an electric motor. The
commands for the zoom mechanism are originated by the crew at the Magnification Control
Stick. Electronic controls for the zoom are contained in the Drive K electronics. A manual
backup is provided to permit control of the zoom mechanism in the event of automatic

control failure.

A pechan prism is contained in the optical train to permit the target scene to be rotated to
present the crew with a scene whose in-track component is always vertical in eyepiece

FOV at the end of slew. The prism is prevented from rotating during the tracking of a
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target so as not to introduce jitter into the scene. The scene will thus rotate slightly in
the eyepiece as the target is tracked. Commands generated by the manual control stick
will be decoupled in the software to remove the effects of this scene rotation such that

vertical displacements of the stick always cause vertical scene displacements.

The pechan prism is driven by a control system in the Drive K electronics in accordance
with commands generated in the computer. A manual backup will permit setting the prism

to a zero reference position in the event of mechanism failure.

A solar blanking shutter and associated sun sensor are included to protect the crew from

inadvertant viewing of the sun. This mechanism will be controlled by the Drive K Electro-
nics in such a manner as to prevent any portion of the solar disk from entering the FOV of
the ATS when the gimbals are slewing at any speed up to the maximum gimbal rate. After

closing, the shutter will be re-cocked (opened) manually by the crew.

-

A filter wheel is included in the telescope to permit the crew to insert any one of four

filters into the optical train to improve optical performance.

The telescope will not require any refocusing when the target range lies anywhere within the
scan field for spacecraft altitudes from 75 to 230 nm. The eyepiece of the telescope will be
focusable over a range from -2.5 to +3.5 diopters to permit individual crewmen to adapt

the telescope to their eyes.

The telescope eyepiece includes a reticle with cross hair references to locate the center of
the FOV, and a circle to reference the size of the real field of view attainable at maximum

zoom magnification.

The telescope eyepiece also includes a peripheral display to be described later in this

section.
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The telescopes are mounted in the spacecraft by a rigid mount to the pressure shell at the
objective end. The objective lens serves as a backup for the window which provides the
primary optical feedthrough in the pressure shell. A shear mount near the elbow in the
telescope provides additional mounting restraint. The eyepieces for the two telescopes
are brought through consoles 2 and 8 for crew observations. The telescope can be broken
down into three pieces at "field breaks" to facilitate installation in the Lab Module. Pre-
cise alignment of the telescope will not be required; the external folding mirror will pro-

vide the necessary alignment adjustment.

Peripheral Display

The Acquisition Telescope contains a set of peripheral display lights arranged in the eye-
piece as shown in Figure 1.3-5. The brightness of the lights in the display can be controlled

from a single panel control.
The operation and function of the display groups is presently planned as described below.

a. Group I - Time Reference Display - This group of 25 lights will convey informa-
tion to the crew concerning:

1. The number of seconds remaining to the next decision time (up to 25 seconds).
2. The number of targets remaining to be evaluated in the group.

3. The ground estimate of the point in time at which the crew should have released
each target (by voting).

At the beginning of a new target group, a light will be 1it in the display at a position
indicative of the time remaining to decision time (that is if 24 seconds remain, the
24th light will be activated). The position of the activated light ("bouncing ball")
will be advanced one position in the display each second. In addition the first light
in the display will remain lit during the countdown to serve as a zero reference
point.

In addition to the time reference countdown described above, one light will be
activated in Group 1 for each target which remains to be evaluated in the group.
The position of each "marker" light in the group will be indicative of the time by
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OF VIEW
GROUP 2

5 LIGHTS

GROUP 1
25 LIGHTS
GROUP 3
5 LIGHTS

—_ Figure 1.3-5. Peripheral Display Pattern
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which ground personnel recommend that a vote be entered to release the target.
As each target is released, its marker light in the display will be extinguished,
while the time wipeout countdown continues.

Group II and IIT - These two 5-light groups will be controlled by the computer to

convey information on target priorities, voting instructions, etc. Final determina-
tion of the precise information to be conveyed will be made later. The switching
control for these lights will permit them to be individually controlled.

The lamp drivers for the peripheral display lights are located in the console con-
troller.

1.3.3.1.2 Window - The window provides the optical feedthrough through the Lab

Module pressure shell. I is mounted in the pressure shell in a DAC-supplied
penetration fitting which controls the temperature of the circumference of the
window within +2 degrees.

1.3.3.1.3 Folding Mirror (Fixed) - The folding mirror is located external to the space-

craft and functions to fold the telescope LOS parallel with the roll axis. The
mirror provides alignment adjustments in its mount to permit accurate align-
ment of the LOS between the folding mirror and the scanner. The folding
mirror is mounted to the same penetration fitting which supports the window
and the telescope to minimize relative alignment changes between these com-
ponents.

1.3.3.1.4 Scanner - The scanner provides the gimballed flat mirror which permits the

1-38

telescope line of sight to be directed within the prescribed scan field. It con-
sists of the scanner mirror, supported on two orthogonal gimbals, and asso-
ciated gyros, bearings, encoders, and alignment references.

The outer axis of the gimbal is the roll axis of the scanner and is mounted
such that it is canted 9 degrees from the spacecraft roll axis in the horizontal
(X-Y) plane. This gimbal cant minimizes the occurrence of zero roll rate
conditions during target tracking and thus minimizes jitter due to bearing
stiction.

Incremental shaft encoders are mounted on both gimbal shafts. The incre-
mental pulses are accumulated in the Drive K to generate shaft position
signals for the computer and the Drive K servo loop.

The gimbals are driven by brushless dc torquers which are controlled by servo
electronics in the Drive K in response to computer-generated commands.
Gyros, mounted on each gimbal, are an integral part of the rate loops in each
servo control system. Energy-absorbing stops limit the gimbals' movement.
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The bearings supporting the gimbals are the object of a continuing develop~
ment program to insure smooth jitter-free tracking by the gimbals.

The scanner is mounted to the pressure shell on a three-point mount. Align-
ment references will be provided to permit accurate installation.

1.3.3.1.5 Shroud and Shroud Door - The external components of the ATS are enclosed
in a hinged shroud which provides thermal control and protection from con-
taminants when the ATS is not in use. When closed, the shroud will compress
a seal to insure that contaminants from the thrusters and the waste manage-

ment system do not degrade the optical quality of the mirrors.

Thermal control of the shroud and its internal components is achieved pass-
ively. The shroud is opened and closed by redundant electric motors, con-
trolled via the Drive K electronics in accordance with commands generated
either by the computer or the flight crew. The shroud door drive will be
interlocked to prevent closing when the scanner is not in its stow position.

1.3.3.2 Drive K Electronics
Most electronics associated with AO operation will be in a single package called the Drive

K Electronics_.\ The functions of the Drive K Electronics are categorized in ten groups,
designatedf; 'Kljéhrough K10, and are described briefly here. The K designations are

utilized in non-classified documents to refer to the functions listed. A more detailed

description of the controls is presented in paragraph 1.3.4.

KO0 - Digital Processor - Processes digital signals from the MDAU for the Drive K.

K1 - Gimbal Control - The K1 electronics receive inputs from the MDAU and the
MCSA (in backup mode) and provides drive signals to gimbal gyro torquers.

K2 - Gimbal Control - The K2 electronics receive gyro rate signals from the
gimbal gyros and process them for application to the gimbal torquers.

K3 - Derotation - The K3 electronics receive derotation signals from the MDAU/
computer, and the analog prism position pickoff, and generates the drive
signals for the derotation prism in the AO.

K4 - Zoom - The K4 electronics receive inputs from the Magnification Control

Stick and the analog zoom position transducers and generate the drive signals
for the zoom motor in the AO,
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K5 - Power Change - The K5 electronics receive signals from the Magnification
Control Stick and generate signals to control the power change lens in the ATS.

K6 - Solar Blanking - The K6 electronics receive analog signals from the AO sun
sensor, provide threshold detection, and generate the necessary signals to
actuate the solar blanking mechanism.

K7 - Door Control - The K7 electronics receive signals from the control console
door switch and the door limit switches, and generate a signal to drive the ex-
ternal AO door.

K8 - Power Supply - The K8 electronics receive unregulated power from the OV
power system, and generates necessary regulated DC voltage.

K9 - Telemetry - The K9 electronics perform signal conditioning necessary for
telemetry.

K10 - Monitor and Failure Switching -

1.3.3.3 Visual Display Projector - Design and Description

The Visual Display Projector is primarily intended to aid the crewman in locating targets
in the ATS field of view by cueing him with high-resolution pictures of the scene. I is
intended that the crew review the cues for the targets assigned before each target pass
(prepass briefing), and that he be briefly presented a cue for each target during the pass
while the ATS is slewing to the target. A secondary function of the VDP is to provide

maintenance or instructional material to the crew.

In order to satisfy the mission requirement the VDP will be capable of rapidly retrieving
and displaying cue frames from 16mm strip film. The retrieval time will be less than
0.45 + N/100 seconds where N is the number of frames traversed in retrieving the cue

(provided that at least three consecutively numbered frames precede the desired cue).

The resolution of the VDP will permit 228 Ip/mm material on the film, with a 6:1 contrast

ratio, to be visible on the screen with the aid of a 10-power loupe.
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During target pass operations, cues will be called up by computer commands which are
held in the console controller and presented to the VDP as parallel binary words. Each

cue frame so retrieved will be held for a short fixed duration and then released to permit
the projector to retrieve the next cue. The operation will be planned so that the cue is be-
ing retrieved during the periods when the astronaut is viewing an ATS scene, and displayed
during the slew period (perhaps with some overlap into the track period). The cue will be
released automatically if the crew votes on the target while it is still being displayed. The
crew can retain a cue frame beyond the planned release time by actuating a cue hold control

on the magnification control stick.

The VDP is located on the console in a position to permit the crew to view the projected

scene from the ATS head rest position to maximize usefulness during the target pass.

The 6 1/2-inch rear projection screen has a high gain to provide minimum screen resolution
N

degradation and maximum illumination efficiency.

During prepass briefing periods, it is intended that the computer automatically command
each frame retrieval as in the target pass operation. The cue would be released and the
next cue displayed, however, by the crew by operating a manual control (probably the

REJECT button on the magnification control stick).

Cue frames can be called up manually by dialing the desired frame number, in octal form,

on the manual selector control on the face of the VDP panel.

Film for the VDP is stored in special modules which can be quickly inserted or removed in
the VDP front panel. Schematics of the projector and film module are shown in Figures

1.3-6 and 1.3-7.

Alpha-Numeric Display

A six-character alpha-numeric display is included on the VDP to project cue words relating
to each ATS target. The information for these frames is stored in the computer, not on

the film.
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Figure 1.3-7. Film Module Layout
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Operational Description

The Visual Display Projector has the capability of displaying any cue frame in a library of
32,752 frames. These cue frames will be stored in 8 film modules, each containing 4,094

frames. Each frame is uniquely identified by a binary code which is printed on the film.

When the frame called for is not on the film, the servo will recognize this and stop to pre-

vent damage to the film.

The beginning of the film reel is identified by a series of frames identified by all zeros,
and the end of the film is identified by all ones. In the event that the frame called for
appears to be off the end of the reel, the servo will recognize the end of the reel and stop

to prevent damage to the film.

Drawing 47D405106 (Figure 1.3-8) is the schematic arrangement for the Visual Display

Projector.

When the Off-Auto-On switch is in the Auto position, the projector is in the automatic mode.
In this mode, the projector will accept binary commands from the computer via the console
controller, and in the absence of commands from the console controller it will accept octal

commands from the manual frame selector.

When the Off-Auto-On switch is in the On position, the projector is in the manual mode and
will accept commands from the manual frame selector only. The console controller input

is inhibited.

1-44

—SECRET- SPECIAL HANDLING




a0joefoxq Aejdsiq TBNSIA ‘8-€°T 0Indig

[EIEA05) a dt- SIS SN
20 AS B3 UIANOD = 4_ »mZuu._m_.u.‘_«w_ E YOLDINNOD ¥IMOd

ALNoay 3y

(oo

3AA dWYT LNOAY Y div -023+2IC S

—SEEREF- SPECIAL HANDLING

YOLO3NNQD
DHINNN~ YHd WY

TYNIIS ¥3ILNINOD
Wo¥3

DIYIWNN - YHATY

3007 118 og

LNoaviy
—.

Lnoav a3y

dWVYT Y30V

3000 W4 —
e e T, = yIav2Y = a9,
. ' 3002 W4 | NO
— =
! Lyaw)
“ 140
oLV
A ._”vllll NO
ion oo [ & A2 AHRIESN
0LOW E
@ ton o 2 2ACLOANNOD
o YNSIS
S ARULNGWOD
m WOoa4
21901 10HLNOD
e T ] Aeves
[ awonaos ] . K, dioN108 Qurm04
dWVT NOILD3 ro¥d

NRO APPROVED FOR
RELEASE 1 JULY 2015

————{ ] 3103
IINaw
dWVT  NOILLD3rOYd INouMm —— 3
W4
AALAINOD [IIB
ARWNBOL
V100 L ¥0103738
WONYW

—{ "1

@ TOHLNOD

e = ALISNILNI

5 TauLNOD

O AZISNALNI

1-45

SEEREF SPECIAL HANDLING




NRO APPROVED FOR

RELEASE 1JULY 2015 _S.EG.R.EF SPECIAL HANDLING

In the Automatic mode, inputs from the console controller will command a particular cue to
be displayed. Upon receipt of this command, the projector will read the code of the cue
frame in the film gate and compare it to the new input code. As a result of comparison, the
logic will determine the direction the film should be moved and the speed. If the command
frame is more than three frames away from the frame in the film gate, the servo drives the
film at 100 frames per second, until the frame which is three frames prior to the command-
ed frame is reached. At this time, the servo dynamically brakes until a speed of approxi-
mately 10 frames per second is reached. The film travels at this speed until the binary
code of the frame in the film gate corresponds to the commanded binary code. When this
occurs, the servo switches to fine position and centers the frame in the film gate. The
motors are de-energized, the platen presses the film against the prism face to insure flat-

ness, and the projection lamp is turned on. If the commanded frame is three frames or

less away from the frame in the film gate, the servo drives the film at the low speed until

the commanded frame is in the film gate. The sequence is then the same as above.

In the manual mode, the thumbwheel switch is set to the octal number that describes the
frame to be displayed. The octal-to-binary converter converts this signal to binary code.
The execute button injects the binary code into the signal control and the servo handles this

input in the same manner as an input from the console controller.

In either the manual mode or the automatic mode, the astronaut may select the frame
immediately ahead or behind the projected frame by depressing the forward-reverse switch
in the proper direction. This command is overridden by a new input from either the manual

frame selector or the console controller, depending on the mode of operation.
When the VDP is energized, the alpha-numeric circuitry will accept binary commands.

Each readout segment is controlled by a 5-bit binary code and is capable of displaying any
number, 1 through 9, or any letter, A through Y, with the following letters missing: OIS Q.

R

The display remains illuminated as long as the command is present.
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The outline of the Visual Display Projector is shown in Drawing 47D405104 (Figure 1. 3-9).
The screen size and location, the controls provided, and their description are shown on the
drawing and need no further description. The test switch, the 2X/1X switch, frame missing
light, and end of reel light have been deleted since the preparation of this drawing. In addi-
tion, the location of the Visual Display Projector is being changed in the console, and the
change in relocation will require a complete repackaging of the Visual Display Projector.
The outline drawing presented here represents the previously defined baseline design with

the Visual Display Projector subcontractor.

1.3.3.4 Cue Module Storage Rack

16-cue modules will be stored in a single-cue module storage rack in the Lab Module.
Detailed design of this rack is not complete. It is presently intended that this rack be

located in console 8A. During the launch phase, the cues will be stored in the Gemini.

1.3.3.5 Magnification Control Stick

The Magnification Control Stick will be designed for operation by each crewman's left hand.

Its functions will be to:

a. Provide the means to electrically select any of four incremental magnification
levels for the visual optics.

b. Provide a signal to switch the manual control stick between the Main Optics and
the Acquisition Subsystem.

c. Provide two separate continuous control ranges for controlling ATS zoom magnifi-
cation in the high-and the low-magnification ranges, respectively (63 to 127X, 16
to 32X).

d. Provide a switch for commanding magnification step changes to the ATS.

e. Provide three finger-operated voting switches for target REJECT, ACTIVE, and
INACTIVE votes on the stick handle.

f. Provide a control for commanding CUE HOLD by twisting the stick handle.
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The Magnification Control Stick will move in a two-range track on the console as shown in
Figure 1.3-10. One range will provide four discrete positions corresponding to four dis-
crete VO magnification levels. The other range shall provide two continuous ATS zoom con-
control ranges separated by a detent corresponding to the position at which a magnification
step change is commanded. The two ranges (ATS and VO) are separated by a switch to

signal the computer which subsystem the manual control stick controls (Acquisition or Main

Optics).

Visual Optics Control
It will be possible for the crew to select any of the four visual optic magnification levels

without commanding intermediate power levels (i.e., it will be possible to switch from
1000X to 125X without going through the intermediate steps of 250 and 500 power). Detents

or other means shall be provided to permit the crew to position the stick by 'feel".

A functional block diagram of the magnification stick is shown in Figure 1.3-11, A detailed

design of the stick has not been completed.

1.3.3.6 Head Rests

Head rests will be provided at each console to aid in stabilizing the observer's head in the
head rests. Detailed design of the head rests has not begun and will ultimately be con-

strained by simulation results and flight crew preference. The following general guide-

lines are considered relevant:

a. The head rest will provide maximum crew comfort over the duration of full target
pass.

b. It will provide stable, comfortable positioning of the crewman's head to allow
viewing through a 2-mm AO exit pupil in a zero-g environment.
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MAGNIFICATION
CONTROL
STICK

PROVIDES

1) V.O. MAG. SELECTION

2) ATS ZOOM CONTROL

3) ATS MAG. CONTROL

4) CUE HOLD

5) TARGET VOTING

6) DIRECTION OF MCSA
TO ATS OR M.O.

TO TLM
CUE HOLD STATUS
MCS STATUS

TO DRIVE K

DISCRETE MAG.
STEP COMMAND

ZOOM CONTROL
SIGNAL

TO CONSOLE
CONTROLLER

V.0. MAG. LEVEL
SIGNAL

TARGET VOTING
SIGNALS

ATS MAGNIFICATION
STATUS SIGNAL

Figure 1.3-11. Functional Block Diagram,

Magnification Control Stick
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(" 1000X <
500X J
V.O. CONTROL 4
RANGE J
250X
—_ \_ 125X 127X )
SWITCH TO SIGNAL 63X ATS CONTROL
COMPUTER WHICH 39X RANGE
RANGE THE STICK
IS IN
16X _J
. Figure 1.3-10. Magnification Control Stick Slot Configuration
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e.

It will maximize the crew's ability to scan the FOV at all magnification and pupil
sizes produced by the AO.

It will provide sufficient adjustment to allow either eye to be used and to allow
each crewman to position his head in accordance with the AO eye relief. It shall
be adjustable with a gloved hand.

It will prevent contact of crew head with ATS eyepiece.

It will not interfere with the crew's ability to move quickly from the ATS to the VO
eyepiece.
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1.3.4 ATS CONTROLS DESCRIPTION

1.3.4.1 General Functional Description
The functions of S/S Alpha Controls will be described with reference to Figure 1.3. 4-1.

The primary functions of S/S Alpha controls are to provide:

a. Proportional control of the ATS two axis gimballed LOS scanner mirror in
response to computer generated digital steering commands (Functions KO0, K1,

and K2)

b. Bi-valued position control of an environmental protective shroud door in response
to computer controlled (primary) or manually initiated commands originating on
the control console (Function K7)

c. Proportional position control of an image orientation prism in the ATS tele-
scope in response to a computer digital command (Function K3)

d. Proportional position control of a zoom lens assembly on the ATS telescope
in response to signals originating from a manually operated zoom/magnifi-
- cation controller, (Function K4)

e. Bi-valued position control of a magnification lens assembly on the ATS tele-
scope to select a high or low range of magnification in response to a command
from the zoom/magnification controller (Function K5)

f. An ATS telescope solar blanking mechanism which will protect the astronaut
against viewing the sun through the telescope (Function K6a)

1.3.4.2 Detailed Functional Description

The detailed functional description of the S/S Alpha controls is presented in the following

paragraphs:

1.3.4.2.1 Scanner Control

The functional block diagram of the scanner controller is presented in the top portion of
Figure 1.3.4-1 and, in greater detail, in Figure 1.3.4-2. The scanner control operates
on separate inner and outer axis digital rate command signals received from either MDAU

— No. 1 or No. 2.
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1,3.4.2.2 Inner Axis (TA)
For the Inner axis, control is provided by either of two configurations. In both modes the

IA rate command is integrated at a 19.5 KC rate and stored in the eIA command register.
The contents of this register is compared to the "whole-word" gimbal feedback information
formed in the 6;5 feedback register from the incremental data generated by the IA gimbal
encoder. The error signal, 691 A is sent to the K1 D/A converters.

In the primary mode the error signal is used as the input to a rate minor loop formed
around the IA Rate Gyro Package (RGP) mounted on the IA gimbal. Functional block KlalA

provides the D/A conversion, compensation and gyro command torquer drive.

Functional block K2 IA operates on the gyro output signal and provides the compensation
and the torquer motor drive capability. |

In the back-up configuration, the rate minor loop is not required and the digital error signal
is converted and compensation is supplied by functional block K1bIA, The compensated
signal directly drives the IA torque motor power amplifier. In both primary and back-up
configurations, the position feedback data is read out to the computer (via the MDAU) from
the GI A readout buffer.

1.3.4.2.3 OUTER AXIS (0OA)
Two control loops are also available in the OA, The primary configuration operates directly
on the rate command word from the 9 OA register. This rate command is converted to an

analog signal, compensated and conditioned to drive the OA rate gyro torquer in functional

block K1a0A.

The gyro output signal is then compensated and applied to the OA torquer motor driver in
functional block K20A. In the back-up mode the integrated rate command in the 6, reg-

ister is compared with 8pp feedback register to produce a position error, EGO A° 28 in

1-59
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the IA loops. As in the back-up IA loop the OA position error is converted, compensated
(in K1bOA), and applied directly to its torque motor amplifier (via K204).

Also as in the IA loop, the 90 A feedback data is read out to the computer via the MDAU's,
in both primary and back-up modes, from the 6y5 g oa readout buffer,

1.3.4.2.4 Operational Control

On orbit, during normal operation, certain scanner functions are automatically carried.
These include power turn on and off, initialization and synchronization of digital registers,
in KO and stowing of the scanner, In addition, an interlock with the shroud door (K7) is
provided to prevent either moving the scanner from its stowed position while the shroud
door is closed (by interrupting unregulated power to K2 until door is fully open), or closing
the shroud door with the scanner not in its stowed position (by K2 interlock signal to K7

input logic). The signal flow for these functions can be seen in Figure 1.3.4-1.

Launch lock release is manually actuated from the Operational Panel. In the present base~
line design the scanner and environmental launch lock employ electro-explosive devices
(EED's) to supply the force to remove locking pins, (Studies are under way to eliminate

EED's.)

Both scanner and environmental door are released by operation of switches on the Opera-
tional Panel, employing the primary and backup actuation circuits in sequence. An EED
circuit enable switch (also on the Operational Panel) must be actuated in conjunction with

the release switches, as a safety precaution.

Contingency control, by redundant command signal paths, can be initiated by manually

actuated switches on the Overrides and Status Panel to perform the following functions:

a, Stow the scanner

b. Synchronize the position feedback registers

1-60
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h

c. Remove power manually from torque motor amplifiers (to hold scanner position
while switching configuration)

d. Perform an operational check of the scanner
e. Select the backup loop configuration

f. Select backup encoder electronics

A description of the Initialization and Synchronization, Stow Procedure and the Scanner

Operational Check is given in the following paragraphs:

Initialization and Synchronization (See Figure 1.3,4-2)

These functions serve to minimize the "turn-on'' transient (initialization) and force agree-

ment (synchronization) between the feedback registers and the gimbal positions (IA and

OA) initially, and periodically throughout the active period.

Initialization begins immediately after power turn-on or when commanded manually from
the control console and results in blocking the normal rate commands; and-setting the rate
command registers (91 A REG and 8 oA REG) to zero; the OA positionﬁregister (6pa REG)
to zero; the IA position register (GI A REG) to approximately 11.25 degrees; and the applica-
tion of a constant rate command (via the IA and OA D/A converters) to drive the IA and OA
axes toward their respective ""synch" positions, (0o for OA, and 11,25° for IA), As each
gimbal reaches its ""synch'" position the constant rate drive in that axis is removed, and
when both gimbals have reached their respective ''synch'' positions the normal rate com-

mands are again admitted.

Synchronization takes place in each axis independently, and occurs not only as part of the
initialization process but whenever the gimbals pass through their respective synch posi-

tions during the periodic slews. Synch is inhibited from occurring during the "rate" mode.

1-61

—SEGREF SPECIAL HANDLING




NRO APPROVED FOR

RELEASE 1JULY 2015 —S-EER'E-T— SPECIAL HANDLING

Synchronization is accomplished by resetting the position feedback registers (90 A and
61 4 FDBK REG) to 0° and 11.25°, respectively, as the associated gimbal passes through

its synch position.

For manual initizalization, which is employed in a contingency mode, the synch pulse in
each axis is stretched out to approximately one second duration and used to momentarily
light indicators on the Overrides and Status Panel as an indication that initialization was
successful, The initialization and synchronization function described above are implerhented
by the various gate, pulse, drive and word generators and register input loglc shown in
Figure 1.3.4-2, operating on the sector signals generated by the OA and TIA shlﬁt position

encoders.

1.3.4.2.5 Stow Procedure

The stow operation consists of commanding the scanner gimbals to a position which will
permit the environmental shroud door to be closed. The scanner will be maintained in this
position, with power off, until the shroud door is opened at the commencement of the next
operating period. A non-power consuming latching device will be supplied, if necessary, to
hold the scanner in the stowed position, As shown in Figure 1.3.4-2, the present baseline

selection for this holding device is a permanent magnet.

Stowing is initiated by the computer, via the MDAU's, at the end of an active period, or by
the manual actuation of a switch on the Override and Status Panel. On the receipt of a stow
command the normal rate commands are blocked and a 5°/sec rate is introduced in both
rate command registers (éo A and 61 A REG's). As each gimbal reaches its stow position,
the stow rate command to that axis is terminated, The normal rate commands, however,
remain blocked, and effectively zero rates are commanded, as long as the stow command is

continued.

Stowing is implemented by employing the stow commands to the rate register input logic to

block the normal commands and to set up to IA and OA "ST'" Gates. These gates are reset
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by the stow position signals (CW Limits) from the encoders. The "ST'" gates go to their
respective rate command registers to gate in the stow rate command until the stow posi-

tions are reached. An indication of stow for each gimbal is provided on the Override and

Status Panel.

1.3.4.2,6 Scanner Operational Check
An operational check of the scanner can be quickly performed with the controls and displays
available on the Override and Status Panel, and a stop watch, The first step is to manually

initiate synch by means of the manual synch switch, Completion of manual initialization

is signaled by the synch indicators.

The next step is to manually initiate the stow procedure and time the period elapsed before
the stow lamps are lit in each axis. Knowledge of the stow rate and the gimbal displacement
between the synch and stow locations in each axis provides the astronaut with the nominal
reference times, for a properly operating system, with which to compare his measured

values.

1.3.4.2.7 Image Orientation Control (Function K3)

The functional features of the Image Orientation Control is shown in Figure 1.3.4-3. The
control consists of a proportional position servo loop operating on a digital step position
command received from the computer through the MDAU's, The input is converted to an
analogue command signal and lagged by the shaper transfer function before being compared
to analogue position feedback signal. The shaper function limits rate of build-up of a step
command to reduce the tendency to saturate the following amplifier stages. (Saturation
would reduce the loop response time.) The Summer and Power amplifier generates the

error signal, provides compensation and drives a pechan prism to orient the image,

Image orientation is made to some angle predetermined by the computer for each slew, and
executed during the slew period, In the tracking mode the control loop is opened to immo-~

bilize the prism. This function is performed by solid state switching in the power amplifier
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oy

stage responding to the position/rate synch from K0. The position feedback signal is read
out to the computer, to be used in conditioning the MCSA transfer function with respect to

prism position,

The pechan prism can be manually positioned in case of failure of the electrical control
loop. The electrical drive can be disabled by a switch provided on the Override and Status
Panel if it becomes necessary to use the manual back-up. The electrical disable control

operates through the LMMC to cut-off unregulated power to the output stage.

1.3.4.2.8 Zoom Control (Function K4)
The Zoom control is functionally depicted in Figure 1.3.4~4. The zoom function employs
a proportional control loop with an analogue command signal derived from the zoom/mag

stick on the Operational Panel and an analogue position feedback signal, Shaping is pro-

.vided on the command signal to minimize saturation and resulting loss in response time,

in the event of a steep-sloped input.

A signal indicating high or low zoom magnification setting is generated from the position
feedback signal to be used by the computer in adjusting MCSA sensitivity. This signal is
transmitted through the MDAU's.

Manual zoom positioning is provided as a back-up to the servo loop control.

A manually operated switch, located on the Override and Status Panel is used to disconnect

the unregulated power to the output stage to disable the motor drive during manual operation.

1.3.4.2,9 Magnification Control (Function K5)

The K5 functional block diagram is shown as part of Figure 1.3.4-1. In operation, a con-
stant voltage is applied to the load actuator, to drive the lens assembly to the commanded
position. A limit switch removes the drive when the attained position agrees with the

command., The command is bi-valued, corresponding to lens assembly "out" (for high
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magnification power) or "in" (for low power) of the optical path. Position accuracy in
the optical path is established by a cam configuration that assures the lens is firmly posi-
tioned against its precisely located stops before a limit switch signal is generated, and the
incorporation of a brake that is applied when.power is removed, The state of the limit

switches is also sent to the computer (via the MDAU's) for adjusting sensitivity of the MCSA,

Commands to the lens assembly are inhibited during scanner slew. Manual positioning of
the lens assembly is employed as a backup. Disconnection of power to the power switch
during manual operation is accomplished by actuating a switch on the Override and Status

Panel.

1.3.4.2.10 Solar Blanking (Function K6a)

The solar blanking control functional block diagram is shown as part of Figure 1.3.4-1.
The solar blanking mechanism is a lightweight shutter that is removed from the optical
path when an actuation spring is wound up and latched. The shutter will be manually cocked
(reset) by the crew. A "sun-presence" will light an alarm indicator on the Monitor Alarm

Panel

1.3.4.2.11 Cue Insertion (Function Kéb)

Space provisions are included in the telescope for a cue insertion mechanism in the event
such a feature is desired. The cue insertion mechanism would drive a mirror into the
optical path to allow cue information to be presented to the astronaut in place of the ground
image. The functional block diagram of K6b shown in Figure 1.3.4-1, represents a possi-
ble configuration for this control if it is added to the subsystem. This function is not a

part of the baseline design.
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1.3.4.2.12 Shroud Door Drive and Launch Lock Release Actuation (Function K7)
The functional characteristics of the shroud door control is shown as part of Figure 1.3.4-1.

a. Shroud Door Control - The Shroud door is driven by two motors, one placed on
each end of the door (forward and aft). Inthe primary mode of operation the
command to open or close the door is received from the LMMC (shown as the
K7 command) and is applied to the drive logic of both aft and forward motors.

A separate set of limit switches is associated with each end of the door and is
used to cut off the associated motor drive when its end is positioned as commanded.

The input logic also incorporates an interlock signal which prevents the door from
being closed unless the scammer is stowed (K2 interlock). The scanner stowed
signal is derived from the scanner encoder position limit and sector signal.
(Shroud door launch locks are also provided and are released as described in
paragraph 1.3.4.2.4.)

For back-up to the primary mode of operation, the following functions are provided:

1. A manually initiated switch signal from the Override and Status Panel can
operate the doors in place of the normal command from the LMMC,

2. Power can be removed from either motor by switches on the Override and
Status Panel in case of an electrical control loop failure, permitting con-
trol through the remaining motor and control loop.

3. Either motor can be mechanically disconnected from the drive shaft by
manually actuating a switch on the Override and Status Panel, in case of
binding of one of the motor shafts.

4, A spring incorporated on the door drive mechanism can be released to open
the door after mechanically disconnecting both motors. (Note that in the
current baseline configuration the disconnects and door release function of
(3) and (4) are accomplished by EED actuated pins, and for safety reasons
an EED circuit enable switch is also provided. Currently a study is being
made to reduce the number of/or eliminate completely, these EED's.)

5. A continuous position indicator is also provided on the control console to aid
in determining which motor must be mechanically disconnected in case of a
binding shaft. The position signal is derived from one end of the door so
that the response, or lack of response of the position indicator to a door
drive command determines which side is binding.

1-72

—SEGREF SPECIAL HANDLING




NRO APPROVED FOR

RELEASE 1JULY 2015 TE&R'ET‘ SPECIAL HANDLING

1.3.4.2.13 Power Conditioning and Distribution
A functional diagram of the power conditioning and distribution is shown in Figure 1. 3.4-53.

The general features of the arrangement shown are dictated by the following considerations:

a. Power turn on will be accomplished on computer commands to the LMMC via the
MDAU's.

b. Flexibility to turn on gyros separately for peak power management,

c. Two separate power paths. Primary and Secondary Power Generation and Routing.
1. Primary power for primary scanner, shroud door and launch lock control
2. Secondary power for all remaining functions.

This separation will prevent propagation of electrical failures through a common
power path, from the functions in path (2) to function in path (1).

. This is advantageous since all functions in (2) can either be performed without
electrical power, in a back-up mode, or are part of back-up provisions for the
path (1) functions.

d. Separate control of unregulated power to individual functions to allow overload,
isolation, failure mode switching, and interlocking on an individual function
basis.

An additional feature which is shown in Figure 1. 3.4-5, but is still tentative, is
the inclusion of fuses on the regulated power inputs to the functions of path (2).

A possible reliability penalty may be tolerable for these functions since they have
function manual back-up,

The advantage lies in the ability to operate in a normal mode with the remaining
functions after one function fails in a manner which overloads its conditioned
power lines.

The functions of path (1) will not be fused, since reliability of these functions
cannot be compromised.
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SECTION 2,0
ATS ANALYSIS

This section contains analysis relative to the design and performance of the acquisition

optics components. The material is subdivided as follows:

2.1 ATS Optics Analysis

2.2 ATS Controls Analysis

2.3 ATS Performance Error Analysis
2.4 ATS Temperature Control Analysis
2.5 ATS Structure Analysis

2.6 Boresighting

— 2.7 Image Rerotation and Decoupling

2-1/2-2

—SEEREF- SPECIAL HANDLING




NRO APPROVED FOR

RELEASE 1JULY 2015 _SEBH SPECIAL HANDLING

2.1 ATS OPTICS ANALYSIS

This section presents material related to the optical design and performance of the ATS.

The material is subdivided as follows:

2.1.1 Design Description
2.1.2 GE Performance Analysis
2.1.3 GE Analysis of Optical Performance Under Dynamic Conditions

2.1.4 Secondary Design and Performance Information

2.1.1 DESIGN DESCRIPTION

This section defines the optical design as it exists for preliminary design review.

2.1.1.1 Optical Prescription
The optical prescription for the ATS is given in Table 2.1-1, The prescription is not

) expected to change further. Minor adjustments will be made based on melt and manufacturing
tolerances. Column headings are as follows:

1. Surface Number - The outside surface of the telescope objective is Surface No, 1
The exit pupil is surface No. 53, Surface Nos. 5 through 15 inclusive are con-
tained only in the power changer mechanism,

2. Radius - Radius of curvature at each surface

3. Radius tolerance

4. Thickness

5. Thickness tolerances

6. Air Space

7. Air Space tolerance

8. Clear Aperture

2-3
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9. Refractive Index measured at 5876 Angstroms

10. Dispersion

11. Glass Type
2.1.1.2 Optical Design - Low Power
The optical design of the telescope design at low magnification is shown in Figure 2.1-1.
Optical elements 5 through 16 are part of a power change mechanism inserted into a basic
telescope design to reduce the magnification and to increase the field of view. Optical ele-
ments 1 through 4 make up the objective lens assembly. Optical elements 20 through 52
are part of the eyepiece assembly, These parts will be described in more detail in para-
graph 2.1.1.3.
2.1.1.3 Optical Design - High Power
The optical schematic of the telescope design at a magnification of 127 times is shown in
Figure 2.1-2. Optical elements 5 through 15 have been removed to increase the magnifi- -
cation of the telescope. The optical element between surface 16 and 17 is the Pechan Prism
used for image rotation. The optical element between surface 18 and 19 is a field flatner.
The reticle is contained on surface 21 of an optical flat represented by surface 20 and 21.
Optical elements between surface 22 to 46 are part of a zoom mechanism. The peripheral
display will be located between surface 46 and surface 47,
2.1.1.4 Eyepiece Assembly
The eyepiece assembly consists of the following subassemblies:

a. Eyepiece

b. Peripheral Display

c. Filter Assembly

d. Zoom

e. Reticle

—SEGREF SPECIAL HANDLING
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In addition to supporting the optical elements, the eyepiece mechanical design must al'iséw

a focusing adjustment to be made. This adjustment is to compensate for the eye differences

between various observers.

The eyepiece of the AO Telescope is specially designed to compensate for residual aberra-
tions of the zoom relay assembly. Because of this, the alignment tolerances are consider-
ably tighter than the standard eyepieces found in military instruments. These tighter

tolerances impose a restraint on the design of the focusing mechanism,

The individual lenses are kept in optical alignment via accurate fabrication of the glass,
tube bore and spacers. Decenter and tilt errors are kept small by manufacturing tolerances
and can only be built up by the operational clearances between the tube and the outer housing.

The final scheme will reflect the final allowable optical design tolerance on tilt and decenter.

Weight is minimized by using the smallest elements optically allowable thus producing a
minimum eyepiece envelope. A weight reduction study on the eyepiece housing and tube

will be performed as soon as final tolerances are established.

2.1.1.4.1 Peripheral Display
Another design restriction imposed upon the eyepiece focusing mechanism.is the space

required for incorporation of the peripheral display.

Three types of light sources for the peripheral display have been considered: solid state,

electro-illuminance, and incandescent.

For any type of light source, it may be viewed directly or the light transmitted to the image
plane by an optical means. While direct viewing is more efficient and possibly lighter

weight, it does present packaging problems.

2-9
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During the course of display evolution the pattern as seen in the apparent field has gone
from two complete annular rings of possible sources to the present arrangement of three

groups, each being a single row.

The lamps will be epoxied into recesses machined in the circuit board. Multi-colored lamps
will be visible from the front side through clear viewing ports. The wiring side of the board

will be epoxied over to provide both structural integrity and electrical protection.

The present approach using the printed circuit board is geared toward quickly getting a
workable system to prove out the optical design problems through simulation. Full attention
will be given to developing a minimum size, reliable, minimum weight system that will pro-
vide optimum display information while allowing minimum degradation of the optical system.
It is intended that this approach be developed further through evaluations of such techniques

as flexible printed circuits and complete encapsulation.

The design will minimize package size to allow for the - 2.5 to + 3.5 eyepiece dioptric
adjustment. The optical design of the peripheral display will provide patterns visible in
the eyepiece field of view while at the same time providing for minimal degradation of sys-
tem performance. Optical design objectives include minimizing random reflections, mini-
mizing obscuration of the apparent field of view, and minimizing the undesirable effects
cuased by moving the eyepiece through its diopter range. The display luminosity level is
vet to be determined. The display does not encroach upon the eyepiece field within + 30

degrees of the in-track vector thus meeting the requirement of + 27 degrees.

2.1.1.4.2 Filter Assembly

Various methods of inserting a filter into position on the optical axis were studied. One
method evaluated has four individual filters mounted in arms that pivoted on a common shaft
but were inserted into position separately. This design used at a minimum four to five

lilter thickness of space on the axis. As the optical design became firmer the space available

o

-10
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for filter insertion became smaller until only one filter and its mount could fit into posi-
tion. This requirement led to the bar approach whereby all four filters in a rectangular
plate were racked into and out of position. This scheme made for a large bulky envelope
requirement. The wheel or disc filter was studied in order to minimize space. Compacting

the filters as close together as possible led to the final filter design.

Several drive mechanisms for the filter wheel were studied and refined until a minimum

space requirement was achieved.

The filter wheel drive mechanism consists of a single pass, 4 : 1 ratio gear drive. This
system provides filter-to-filter indexing with only a 22-1/2 degree motion of the filter con-
trol knob. Total knob motion is 90 degrees. Sealed ball bearings are used to support the
control knob shaft. A sector gear transmits knob motion to the pinion gear which also
serves as a shaft bearing for the filter wheel. A stub shaft extending from the zoom housing
supports and retains the filter wheel pinion gear assembly. The filter wheel is firmly
positioned by a spring loaded roller into a local groove detenting on the wheel periphery.

There are four grooves, one corresponding to each filter position.

The filter wheel design was limited by the spacer envelope remaining after adjacent glass
elements were mounted in their respective positions. The most compact approach of

mounting the lenses was used so as to provide maximum space for the filter wheel. Even
so, the filter glass must be bonded into place because of lack of room for a retaining ring.
However, optical tolerances on the filter glass are looser than on other elements; there-

fore bonding and staking the filter into place is satisfactory for all load conditions.

The filter wheel assembly, as now designed, permits the use of four selectable spectral or
neutral density filters. Additional study is required before the characteristics of these
filters can be specified. Based upon current knowledge of atmosphere haze, human eye

response and chromatic characteristics of the AO Assembly, it is expected that two yellow

2-11
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filters, plus one neutral density filter will be specified, plus a clear optical window in the

fourth filter slot, The two yellow filters will be a deep yellow filter for very hazy viewing
conditions and a light yellow filter for normal viewing. The neutral density filter will per-
mit more comfortable viewing of very bright scenes; and the clear window may be used for

viewing targets at night and for viewing poorly illuminated targets (e.g. high latitude targets).

2.1.1.4.3 Zoom

The optical design tradeoffs between mechanically compensated zoom configurations are

discussed in this section.

The three major zoom types are:

a. Mechanical Compensation - Two or more lens groups move with respect to the
focal plane and each other.

b. Linear Compensation - A mechanically compensated lens with the added
restriction that the motions of the moving groups are linearly related.

c. Optical Compensation - A linearly compensated lens with the added restriction
that the moving groups move as a unit with one stationary group between each
pair of moving groups.

Optically compensated zooms are a small subset of mechanically compensated zoom lenses.
They are used based on mechanical considerations, provided satisfactory optical performance
can be achieved. The mechanical tradeoff is not straight forward. In the mechanically com-
pensated AO Zoom, only two groups move with no stationary elements in between. In
optically compensated zooms, two or more groups move with mechanical means required

to keep a lens group stationary, between each pair of moving groups. In addition, the
defocusing as a function of zoom position is exactly zero for mechanically compensated zoom
lenses but a non-zero value for optically compensated zoom lenses, reaching a small value

as the number of moving groups is increased.
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The practical question arises of whether two conjugate pairs (in this case the objective
image pair and the entrance/exit pupil pair) can be kept stationary in an optically com-
pensated zoom. This has been shown to be possible paraxially by Silvertooth (Wooters
and Silvertooth, Josa 55, 347-1965) and is thus clearly achievable with mechanically com~
pensated zooms. However, the ability to control the real exit pupil position to £0.02 inch
over a 2 : 1 zoom range and 60-degree apparent field is not as easily proven and in fact is
a property of the higher order aspects of the design. No optically or mechanically com-
pensated zoom in the open literature has been found with these properties. For this and
other reasons, the AO Telescope zoom was designed to achieve these specifications without
the added restriction of optical compensation., The resulting zoom relay eyepiece has less
than 0.2 wave spherical aberration and chromatic aberration throughout the zoom range on
axis. The variations of field aberrations with zoom position is very small and the actual

field correction is limited by the eyepiece portion rather than the zoom portion of the system.

2.1.1.4.4 Reticle
A single circle reticle which indicates the real field of view at maximum zoom position is

provided. The reticle includes cross hairs for centering.

The reticle material has been selected as BK-7 glass with a clear aperture of 1.36 inches
and is 0. 200 inch thick. The reticle pattern described above will be deposited on the glass

by a method yet to be determined.

Prime consideration has been given to the reticle mounting requirements because of the
need for adjustment to set focus and because of the critical cleanliness problems associated
with reticles. The reticle is mounted as an integral part of the zoom lens assembly. This
allows us to fix the position of the reticle at the front focal point of the zoom lens while

still isolating it from the mechanism, thus maintaining its tilt and decenter requirements.

The compensating adjustments, at assembly, are accomplished by shimming the entire zoom
reticle assembly at the field break behind the Pechan Prism, after the reticle zoom relation-

ship is established.

2-13
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To control the cleanliness of the reticle surface the optical design has been modified to
place the reticle surface inside the zoom lens (i.e., second surface of the reticle lens).
If the telescope tube is separated at this field break the critical surface will not be con-
taminated or damaged.
—_—
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2.1.2 ANALYSIS OF PROPOSED ATS OPTICAL DESIGN

2.1.2.1 Introduction

In the analysis that follows, the static physical frequency response of the ATS optical de-
sign has been computed. Physical frequency response curves-have been generated at six
magnification powers for the proposed design subject to manufacturing tolerance and for
the nominal (pristine) design. The resolution generated for the design subject to manu-
facturing tolerance represents a realistic performance level while the resolution level of
the nominal design is over-optimistic since every manufacturing and alignment tolerance
is zero. The estimate achievable ground resolutions have been obtained by superimposing
the Schade Visual Resolution Threshold curve on the physical frequency response curves

and determining the points of intersection.

The effect of element curvature and air space/glass thickness on total system performance
was also investigated. To accomplish this, the partial derivative of the total system per-
formance relative to each curvature and air space/glass thickness was determined. These
partial derivatives, given the same sensitivity coefficients,revealed that the first two ele-
ments of the objective have a more significant relative effect on the total system perfor-

mance than the relative effect of the remaining elements combined.
The following conditions were used in the analysis:

a. Target Definition - A white bar, on a black background, separated by an equal
distance from a similar bar.

b. Orbital Altitude - 80 nautical miles

c. Apparent Contrast - 2:1 at aperture

d. Tlumination at target -~ 530 foot lambarts

e. Vibration Level - Static

2-15

—SEGREF— SPECIAL HANDLING




ReLEAGE 1 LY 2015 SEGREF SPECIAL HANDLING

2.1.2.2 Conclusions

2-16

The zero degree (in-axis) field physical frequency response of the optical pre-
scription computed for the high power 127X indicates a ground resolution capa-
bility of 2.4 feet. The value determined from Itek data is 2.8 feet. Both values,
although considerably better than the 3.3-feet requirement, are very optimistic
since manufacturing tolerances have not been considered.

The estimated worst case achievable ground resolution, determined by applying

a tolerance budget to the nominal design prescription is 3.4 feet. The value sub-
mitted by Itek is 3.3 feet. The static requirement is 3.3 feet. The GE estimate
is the worst case resolution found after applying eight different tolerance budgets.
Six of the eight tolerance budgets resulted in an estimated ground resolution of
2.7 feet or better.

A level of confidence that the proposed design can be improved upon if tolerance

budgets bring the system performance below an acceptable level has been estab-

lished. Of eight different tolerance budgets applied five immediately resulted in

an acceptable performance level; three did not. A further analysis demonstrated
that the performance level of the three could be significantly improved by tweak-
ing the doublet airspace and applying an appropriate reticle refocusing.

The analysis demonstrated that the doublet is the most sensitive portion of the de-
sign. Assigned manufacturing tolerances to the doublet have a more significant
effect on total performance than the effect of manufacturing tolerances assigned
over the remainder of the design. This result has been predicted by the sensitivity
coefficients which had the doublet account for 89.64% of the total sensitivity co-

efficients.

The analysis demonstrated that assigned manufacturing tolerances to the doublet
radii of curvatures which alternate in sign have a significant degrading effect on
ground resolution. Such tolerances even after a doublet airspace adjustment is
made, result in the worst case estimated ground resolution of 3.4 feet., Toler-
ances in the doublet radii of curvature which are of one sign also have a degrading
but less significant effect to the resolution capabilities. Such tolerances, when
accompanied by a doublet airspace adjustment, result in an estimated 2.7 feet.

The analysis demonstrated that the resolution is considerably degraded as the
apparent field is transversed from 0° to 300, For the high power design - 127X,
the estimated achievable ground resolution at 00 is 3. 4 feet; at 100 it is 5.5 feet;
at 210 it is 8.4 feet; at 270 it is 8.8; and at 300 it is 9.3 feet. A resolution degra-
dation across the field for the other zoom powers is also apparent. For the lower
power design - 15, 88X, the estimated achievable ground resolution at 00 is 18. 8
feet; at 100 it is 35.0 feet; at 21° it is 171, 9.feet; at 270 it is 244. 8 feet; at 30° it
is 266.1 feet. (Note: The system resolution figure for off axis performance are
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T the result of very preliminary General Electric analysis and have neither been
substantiated or disproved by Subcontractor analyses. Off-axis performance is
an area where additional analysis is required to predict system capability).

2.1.2,3 Recommendations

a. Manufacturing tolerances of the doublet radii of curvatures should be reassigned
to values which do not alternate in sign. Two alternate procedures would be to
either minimize the tolerances or fabricate duplicate elements which could then
be subject to selection.

b. The use of a triplet design in place of a doublet design should be re-evaluated to
determine if the sensitivity coefficients of the objectives lens can be reduced.
Itek has completed an optical prescription using a triplet objective lens, but dis-
carded this design based on weight considerations when the doublet objective lens
met performance requirements. The triplet objective lens weighs 2 to 3 pounds
more than the doublet design; however, the use of a triplet design may result in
a total system weight saving by reducing environmental control requirements in
the area of the objective lens. The use of a triplet design will also permit a

R further reduction in chromatic aberration and may result in improved ground

resolution better than 3. 4 feet.
2.1.2.4 Discussion of Results
The primary objective of this analysis was to determine if the proposed design can meet
or surpass the specified performance level and if so, with what level of confidence. To
carry out this result the physical frequency response of the nominal design was determined, !
the level of confidence of the design was investigated, a realistic performance estimate
was established and the effect of tolerances was determined. .
A. Nominal Design Capabilities - The physical frequency response of the nominal
prescription was computed for six magnification powers. This was done for the on-axis
- 0° field since the specified CEI requirements are given in terms of on-axis resolution.
The response curves generated are given in Figures 2.1-3 to 2.1-8. Also included in each
figure is the corresponding Itek supplied curve and the Schade Visual Resolution Threshold

SEGREF SPECIAL HANDLING
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‘Curve. The intersections of the physical frequency response curves and the Threshold

curve are denoted by an arrow with the frequency of intersection and the corresponding

ground resolved distance written above.

In general, the GE computed curve and the Itek Curve are in good agreement. Any differ-
ences between the curves may have resulted from the fact that Itek used nine spectral
wavelengths to compute their curves while the computer program used to generate the GE

Curves is capable of incorporating only three spectral wavelengths.

At the high power design - 127X, the GE curve indicates a theoretical ground resolution of
2.4 feet and the Itek curve indicates a theoretical ground resolution of 2. 8 feet. Both are
better than the static requirement of 3.3 feet. However, they are overoptimistic, since
manufacturing tolerances have not been considered in the computations. (Unless other-
wise specified, system performance curves have been calculated by tracing 75 rays
through the system. An explanation of the computation techniques is included in Section

2.1.4.)

B. Design Level of Confidence - After the nominal prescription performance as a func-

tion of magnification was established, the level of confidence of the design was investigated,
The purpose of this level of confidence investigation was to determine if tolerance budgets
would bring the system performance below an acceptable level. I so, could anything be

done to improve the performance level ?

In this section each computation was made for the 127 power at 0° field. The manufacturing
tolerance budgets specified in Table 2. 1-2 were applied to the doublet, zoom relay, eye-
piece, and over the complete design. In each case, the physical frequency response of

the high power 127X system was computed. The curves are plotted in Figures 2.1-9
through 2. 1-13. In Figure 2.1-9, curve 1 is the system physical frequency response

when case '"e'' tolerances are given to the zoom relay; curve 2, the response when case "f"
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TABLE 2.1-2. TOLERANCE BUDGETS

TYPE
AND
NUMBER a b c d e f ap dr
R1 +0.08 | -0.08 | +0.08 | -0.08 A & |+0.08 |-0.08
T1 0 -0.005 | -0.005 | -0.005 0 -0. 005
R2 -0.005 | +0.005 | +0.005 | -0.005 -0.005 | -0.005
T2 -0.002 | +0.002 | +0.002 | +0.002 -0.002 | +0.002
R3 +0.005 | -0.005 | +0.005 | -0.005 +0.005 | -0.005
T3 0 -0.005 | -0.005 | -0.005 0 -0.005
R4 -3.00 | +3.00 |+3.00 | -3.00 -3.00 | -3.00
T4 -0.03 | +0.03 | +0.03 [+0.03 o -0.03 | +0.03
A A 5
R16 Q [ 7
T16 A
1
R17 2 &
T17 = %
o A
R18 % z z % 3 -0.008 | -0,008
T18 = = = = & -0.005 | -0.005
= 5] = = =
R19 A A A A o -0.008 | -0.008
2 2 2 2 f
T19 -0.005 | -0.005
& & & &
R20 = = = =
o o o o
T20 Z Z Z Z
R21
T21
v ) )
R22 -0.011 & =
Z Z
T22 ~0. 005 3 3
R23 -0. 006 = A
e S
T23 -0.005 = =
[} [}
R24 -0.004
T24 -0.005
R25 -0.004
T25 v 4 * v -0.005 ¥
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—_ TABLE 2.1-2. TOLERANCE BUDGETS (CONT)
TYPE
AND
NUMBER a b ¢ d e f arp dp
R26 A A A A -0.009 | & A [}
T26 -0. 005
R27 0. 022
T27 -0.005
R28 ‘ -0.006
T28 -0.005
R29 ~0. 002
T29 -0.005
R30 -0.005
T30 M o . i -0.005 )
R31 S S S S ~0.015 S 2 9
T31 a A a a -0. 005 8 2 2
~ lne | 3 2| 2| 5| em| | 8| B
T32 S £ g E -0.005 E § §
o o o o o
R33 Z Z Z Z -0.003 Z ® ©
T33 -0.005
R34 -0.041
T34 ~0.005
R35 -0.009
T35 -0.005
R36 -0.004
T36 -0.005
R37 -0.004
T37 -0.005
R38 -0.069
T38 -0.005
_ R39
T39 Y v v Y | 0005 | ¥V | ¥ v
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TABLE 2.1-2. TOLERANCE BUDGETS (CONT)

TYPE
AND
NUMBER a b c d e f ag dT
R40 A A * [} ¢ $
T40 -0.005
R41 -0.009
T41 -0.005
R42 -0.035
T42
R43
T43
R44 A -0. 084 ? ?
T44 Z Z -0. 005
) & & 3] @ 0
R45 7 7 7 7 -0. 002 3} 3
= €3] €3 €3] =z =z
T45 A A A A -0. 005 <
X B - - o =
R46 %'. 2 é <§< -0. 004 = 3
o o
T46 = = = = -0.005 | E £
Z Z Z Z ] “ -
R47 S -0. 006
T47 = -0. 005
R48 g -0. 002
T48 = -0. 005
o
R49 = -1,253
T49 -0.005
R50 -0. 002
T50 -0, 005
R51 -0. 300
T51 -0. 005
R52 -0. 006 v v
T52 v v v v
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Figure 2.1-9. Physical Frequency Response - 127X
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Figure 2.1-10. Physical Frequency Response - 127X
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Figure 2.1-11, Comparison of a, b, ¢, d Tolerance
Budget-Physical Frequency Response-127X
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GE WORST CASE
PERFORMANCE ESTIMATE

ITEK
PERFORMANCE
ESTIMATE

PHYSICAL FREQUENCY
RESPONSE
°
=)
i

1.16 C/MRAD (3.3 FT)

0.3 |-
SCHADE
0.2 |- THRESHOLD
0.1 |-
1.12 C/MRAD (3.4 FT)
0 | ! | | | ! [ | J
0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
SPATIAL FREQUENCY (CYCLES PER MILLIRADIAN)
- Figure 2.1-13. Comparison of Performance

Estimate - Zero Degree Field 127X

tolerances are given to the eyepiece; curve 3, the response of the prescription design. In=
cluded in this figure is the threshold curve. For an estimated ground resolution of 3.3 feet,
the physical frequency response curve and the threshold curve must interset at 1,160 cycles/
radian. Each case intersects at a frequency better than the limiting frequency, 1,160
cycles/radian. By inspection, it is apparent that the zoom relay or eyepiece tolerances

have little effect on the physical frequency response.

Figure 2. 1-10 contains the physical frequency responses generated for two different toler-
ance budgets distributed over the complete design before an element adjustment is made
(curves 1 and 3). These responses are significantely improved by applying an adjustment to
the doublet airspace (curvés 2 and 4). The fact that the performance level was significantly

improved by an element adjustment increases the level of confidence of the design.

2-27

SEGREF SPECIAL HANDLING




O APPROVED FOR
SEGRET- SPECIAL HANDLING

The level of confidence was further investigated by applying tolerances only to the doublet.

Four combinations of doublet tolerances were formulated and added to the nominal design.

The physical frequency response curve was computed for each combination. (A more de-
tailed account of this treatment is given in Section 2. 1. 4. 4 of the analysis). The results
are given in Figure 2. 1-11 along with the threshold curve. Curves 1 and 2 indicate a de-
graded performance while 3 and 4 prove acceptable. An element adjustment was given to
.case "a'"". The response was vastly improved. The improved response is shown compared

to the original response in Figure 2.1-12,

From this discussion, it is apparent that for each tolerance grouping applied, the system
performance either immediately surpassed the minimum required or was significantly im-

proved to an acceptable level by an element adjustment.

C. Performance Estimate and Estimated Ground Resolution - To arrive at a realistic

performance estimate, tolerance budgets were applied to the nominal design. A perform-
ance estimate, to be realistic, would have to be generated by distributing tolerances over
the complete design. The physical frequency response curve selected would then have to
represent a worst case level, and yet be generated after an element adjustment is made to
simulate a worst case in the laboratory. Such a worst case tolerance performance esti-
mate is represented by curve 1, of Figure 2.1-13. This curve was calculated by tracing
750 rays through the system to obtain a more accurate prediction of system performance.
Comparing this curve to the Itek performance estimate curve (curve 2), curve 1 runs about
30% lower than the Itek curve at the lower frequencies; however, the curves tend to approach
each other in the frequency range 1000-1200 cycles/radian. The Itek curve intersects at
1,160 cycles/radian, which results in an estimated achievable ground resolution of 3. 3 feet.
The GE performance estimate curve intersects at 1,082 cycles/radian, which results in an
estimated achievable ground resolution of 3. 4 feet. The difference in the curves can not be
explained since the Itek tolerance budget was not available. The tolerance budget used to

generate the GE worst-case performance estimate curve has then been used to compute the
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0° field physical frequency response performance estimates for each zoom power. Further-
more, with the same tolerance budget applied, it was then possible to compute the off-axis
resolutions as well, and be confident that they correspond to a realistic performance level.
The off-axis physical frequency response curves for each zoom power was thus computed.
The generated curves are given in Figures 2.1-14 through 2.1-19. Included in these figures
is the Itek-supplied 127X Performance estimate curve, which is for on-axis only, and the
Schade Visual Resolution Threshold curve. All GE-calculated curves in these six figures
were produced by tracing 75 rays through the system due to the large amount of computer
computation time required to generate each curve using 750 rays. However, it is felt

that the error introduced by using the smaller number of rays is quite small since the dif-
ference in performance between the 750-ray case (Figure 2.1-13) and the 75-ray case

( Figure 2.1-14) is only 0.1 foot.

The intersections of the physical frequency response curves and the Threshold curves are
- the frequencies from which the estimated achievable ground resolutions are obtained. Es-
timated achievable ground resolutions at five points in the apparent field of view have been
tabulated for each zoom power and is given in Table 2.1-3. The results show a significant
resolution degradation that the viewer will experience as he transverses the field: 3.4 feet

ground resolution at 0° compared to 9.3 feet at 30° for the 127 power (worst-case).

Another result demonstrated by the on-axis performance estimate curves is that the 127X
curves are inferior to the curves obtained for the other magnifications. Thus, the 127

power should be used as the worst case power in the tolerance analysis.
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7
a/orR
TABLE 2.1-3. TABULATION OF ESTIMATED WORST CASE
ACHIEVABLE GROUND RESOLUTIONS (FEET)

FIELD MAGNIFICATIONS
ANGLE 127X 84, 67X 63. 5X 31. 75X 21,17X 15, 88X
0° 3.5 4,74 5.7 11.5 15.3 18.8
10° 5.2 7.3 9.6 18.9 26.8 33.5
210 7.8 7.6 41.4 18.6 104 185
270 8.1 27.9 61.2 53.4 163 306
300 8.5 54,0 69. 5 72.9 201 340

D. Sensitivity Coefficients and Tolerances - The sensitivity coefficients indicate the

relative effect of each curvature and airspace/glass thickness on total system performance.
Parameters with larger sensitivity coefficients have a more pronounced effect on total sys-

tem performance than those with smaller sensitivity coefficients.

The sensitivity coefficients obtained for the high-power case (127X) have been tabulated
and are given in Table 2.1-4. These coefficients represented by an algebraic sign and

magnitude were determined using the General Electric Auto-Spryte computer program.

In order to express the sensitivity in a numerical manner, the sensitivity coefficients were
all added together and each sensitivity coefficient was expressed as a percentage of the
total. These Relative sensitivity coefficients are also included in Table 2.1-4. In this
table, surface number pertains to the surface place in the total collection of surfaces that
comprise the design (i.e., Surfaces 1 through 4 comprise the four surfaces of the doublet).
The letter ""C'" designates the sensitivity coefficient related to curvature (equal to reciprocal
of radius of curvature). The letter ""T" designates the sensitivity coefficients with respect

to airspace or glass thickness, whichever applies.
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- Figure 2.1-15. System Performance Estimates - 84.67X
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Figure 2.1-17. System Performance Estimates - 31.75X
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Figure 2.1-19. System Performance Estimates - 15, 88X
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TABLE 2.1-4. ABSOLUTE AND RELATIVE SENSITIVITY COEFFICIENTS

SURFACE | ABSOLUTE | RELATIVE | SURFACE | ABSOLUTE RELATIVE | SURFACE | ABSOLUTE | RELATIVE

1,C -0.461489 0.18411 26,C -0.007289 0. 002908 40,C - --

1,T -0, 040055 0.015950 26,T -0.001998 0.000797 40,T 0, 002495 0.000995

2,C -0.518593 0.206892 27,C -0.006490 0.002589 41,C 0.002194 0. 000875

2,T -0,212488 0.084772 27,T -0.001031 0.000411 41,T 0.002555 0.001019

3,C -0.545727 0.217718 28,C -0.007377 0.003182 42,C -0, 002615 0.001043

3,T -0,038295 0.015278 28,T - - 42,T 0.002653 0.001058

4,C ~0.397200 0.158463 29,C 0.010264 0. 004095 43,C - -

4,T ~0.033166 0.015232 29,T -0.002962 0.001142 43,T 0.003221 0.001285
16,C - - 30,C -0.011479 0. 004580 44,C 0.007204 0.002874
16,T - - 30,T -0.000244 0.000097 44,T 0.003696 - 0.001475
17,C - - 31,C 0.007790 0.003108 45,C -0.004139 0,001651
17, T - - 3L, T 0. 000858 0.000342 45, T 0.006027 0, 002404
18,C ~0, 002499 0.000997 32,C -0.009322 0.003799 46,C -0, 009110 0. 003634
18,T -0, 003686 0.001471 32,T - - 46, T ~0, 003203 0.001278
19,C 0.001572 0. 000627 33,C 0, 009853 0.003931 47,C 0.010930 0.004361
19,T -0, 002727 0.001128 33,T - - 47,T 0.00873 0, 000348
20,C - - 34,C 0,008877 0.003541 48,C -0, 000908 0. 000386
20,T -0, 002322 0.000926 34,T 0.000644 0.000257 48, T -0.000318 0, 000127
21,C - - 35,C -0, 002966 0.000824 49,C -0. 009112 0.003635
21, T -0,002411 0, 000962 35,T 0,002428 0.000985 49,T 0.000576 0. 000230
22,C 0.004436 0.001790 36,C 0.001940 0.000774 50,C 0.012859 0, 005130
22,T -0.002249 0. 000897 36, T 0,002874 0.001147 50, T 0,008373 0.003340
23,C -0, 005251 0. 002095 37,C 0.003010 0.001201 51,C 0.001362 0, 000543
23,T =0.001290 0.000515 37, T 0.002255 0.000891 51,T 0.007016 0. 002798
24,C 0,002217 0.002480 38,C ~0.002127 0.000849 52,C -0.008217 0.003278
24,T 0,002667 0.001064 38, T 0,002463 0.000979 52, T - -
25,C 0. 000791 0.000316 39,C - -

25,T 0.002859 0.001141 39,T 0.002375 0.000948
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The sensitivity coefficients with respect to curvature and airspace/glass thickness of the

first four surfaces which comprise the doublet are overwhelmingly greater than the coeffi-
cients of the remaining surfaces. The relative sensitivity coefficient of the first four sur-
faces is 89.64 percent of the total. It can be stated that departures from nominal of these
parameters affects total performance more significantly than the departures from nominal

in the zoom relay or eyepiece.

This is apparent when the curves in Figure 2.1-9 are compared to the curves in Figure
2.1-11. The curves computed for tolerance budgets applied to the zoom relay and eyepiece
(shown in Figure 2. 1-9) run consistently better than the curves generated for doublet toler-
ance budgets shown in Figure 2. 1-11. The percentage of the total sensitivity coefficients
contained by the zoom relay is 5.96 percent. That of the eyepiece is 3.87 percent. That

Case 3 is betten than Case 2 confirms the prediction of the sensitivity coefficients.

Since the doublet tolerances have such a strong bearing on the total performance, itis

- highly probable that a poor performance level of the adjusted system will be caused by
misalignment, poor adjustment, or excessive manufacturing tolerance in the doublet portion
of the design. Furthermore, any adjustment of the doublet elements will have to be accom-

panied by an appropriate shift of the reticle plane.

Another result is apparent when the on-axis performance estimate curves (shown in
Figures 2. 1-14 through 2. 1-19) are compared to the physical frequency response of the
nominal designs (shown in Figures 2. 1-3 through 2. 1-8). The high power magnifications
(127X - 63. 5X) curves show a considerable difference between the nominal design and the
performance estimate curves, but in the low power magnifications (31.75X - 15. 88X) the
curves are in close agreement. In the analysis, it will be pointed out that the entrance
pupil diameter of the high-power magnifications is 10.0 inches compared to 2. 54 inches in
the low-power magnifications. With more lens surface being used, tolerances are seen to

have much greater effect on the system performance, as is expected.
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2.1.2.5 Discussion of Analysis Techniques

A. Method of Determination of Physical Frequency Response - Image evaluation computer

programs have been used to determine the physical frequency responses of the proposed

design. The following procedure was taken to obtain the final curves:

B. Determination of Entrance Pupil and Relative Aperture (F/Number) - The entrance

pupil is obtained by determining the limiting aperture of the design and finding the Gaussian
image and magnification of this aperture formed by the elements which precede it. In the
high-power mode, ihe limiting aperture is the first surface of the doublet. The entrance
pupil thus coincides with this surface and has a radius of 5 inches. In the low-power mode,
the aperture stop is surface 9. The image of this stop, formed by the forward elements,

has a radius of 1.27 inches. This is, then, the entrance pupil radius for the low-power

mode,

The relative aperture of the design is the effective focal length divided by the entrance
pupil diameter. The effective focal length, which is the distance from the second principle
plane of the objective grouping to the image at the reticle of an infinitely located point
object, has been determined. Focal lengths are shown below with the corresponding rela-

tive apertures:

Eff. Focal Length (Inches) Relative Aperture
High Power
(127X - 63. 5X) 111, 87 11.18
Low Power
(81.75X - 15, 88X) 28.00 11.0

C. Computation of Geometric Frequency Response - The IBM Program for Optical System

Design has been used to compute the geometrical frequency response of the proposed design.

In making the computations, a selected number of rays from a single object point at infinity
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are traced through the entire system and emerge through the exit pupil having close degree
of parallelism. The total number of rays traced are divided into three portions, each por-
tion for a selected wavelength of the visible spectrum. The number of rays in each wave-
length portion is governed by the standard eye luminosity curve published in the MIL-141
Handbook!. In this way, the spectral distribution of the ATS optical system is given the

eye spectral response. The wavelengths and number of rays in each portion is given in the

table below:
Spectral Wavelength Number of Rays
(Microns)
0.56 57
0.47 12
0.65 6

The Program for Optical Systems Design (POSD) computes the geometrical frequency
response by doing a computer analysis of the spot dlagram traced from a point object. The
computation technique is standard and is described in several up-to-date referencesz_

The response at a given frequency is obtained from the summations:

? A(x) cos2T vXj AX

Ac(v) =
TAGK) A x
j
TAEX)sin27 v Xj AX
A _
s(v) TA® DX

J

1.
— "Handbook of Optical Design,' MIL-HDBK-141.
2.
Smith, "Modern Optical Engineering, ' McGraw Hill, 1966
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Geometrical Frequency

Response = \/[AC(V)] 2> + [As(v)]z

where:

i

v = Spatial frequency of the image

X Jth coordinate of ray intercept in image plane.

j

A(x) Line spread function in image space

I

The POSD computes the geometrical frequency response by performing the above summations

over the spot diagram that is formed by tracing rays through the system from a point object.

Since the emerging rays of the proposed system are nearly parallel, a special technique -
pertaining to afocal systems was required to form a spot diagram. This was done without

introducing any additional aberrations. Such a technique is described in the MIL-—1411

Handbook, paragraph 8. 8.

Once the spot diagram is formed, the geometrical frequency response is computed by
making the summations that have been written above. Off-axis as well as on-axis spot dia-
grams may be formed from which off-axis and on-axis geometrical frequency responses are

obtained.

D. Determination of Physical Frequency Response - The POSD forms the spot diagram

which is then analyzed using a ray trace that is governed by a strictly geomatrical theory.
To account for diffraction effects, the geometrical response is multiplied by the physical
response of a diffraction-limited optical system of the same relative aperture. This pro-
duct tends to err toward the low side, thus resulting in a conservative or safe performance

estimate. Py
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The physical frequency response of diffraction-limited systems have been computed for the
low-and high-power relative apertures of the design. This was done by using a computer to

evaluate the physical frequency response expression:

PFR (v) = %—(w - cos ¢ sin ¢) (cos G)K

where:

v = Spatial frequency

o = cos ™! v F#)

6 = half-field angle

X = Spectral wavelength (taken to be the mean wavelength), 0.56 microns

k = 1land F# = relative aperture

The product of this evaluated expression and the geometrical frequency response has been
obtained using computer methods on a frequency-by-frequency basis. The products are the

physical frequency response which are shown plotted in the results section.

It should be pointed out that the diffraction effects result in a limiting frequency beyond
which the system can not resolve. This limiting frequency is obtained by setting the physi-

cal frequency response (PFR) expression to zero:

PFR (v) =

EREM

(0 ~cos@sin ©) (cos8) = 0

The solution of this equation is
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or
-1
© =cos (AvoF#

This occurs when

AvoFt = 1
or
1
vo = AF#

. Assuming X to equal 0.22 x 10-4 inches and the Ft value taken for the high-power design
11.18, 4150 cycles/radian is then the cutoff spatial frequency.

E. Formation of Sensitivity Coefficients - Sensitivity coefficients are computed but usually
stored internally by optical automatic design programs, such as the General Electric Auto-
Spryte Program. In solving an automatic design problem, the program seeks to find a

solution or something approaching a solution of an equation of the form.

F, P, P

k1 By =

2’ Sk

The Pl’ P2 ——— Pj are the j—designated variables of the system. In this case, they are
the curvatures and air spaces/glass thickness of the system. The Sk is some designated
target value, representing the desired system performance. Fk (Pl’ P2, ----- Pj) = Sk
says that the target value Sk is a function, Fk’ of the system parameters, Pl’ P g T P]..
To solve this equation, the program employs an iteration technigque which, as a method of

solution, computes the partial derivarives.
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aFk aFk 3 Fk

BPI BPZ 3P

These partial derivatives are the sensitivity coefficients.

For this determination, the target value was the slope angle at the exit pupil of the 30-degree
chief ray. The chief ray was chosen since it is the mean ray of the bundle, and ideally the
other emerging rays of the bundle should have an identical slope angle. The sensitivity

coefficients resulting from this analysis were tabulated in Table 2.1-4.

F, Treatment of Manufacturing Tolerances - Manufacturing tolerances have been assigned

by ktek as shown in Section 2.1.1.1. In assigning these tolerances, Itek has been careful to
emphasize that the assigned tolerances are tentative, and that the problem of tolerances will
be given more serious consideration prior to the critical design review. The resolution
level obtained for nominal designs is, in general, overoptimistic since all the tolerances
are zero and the elements are assumed to be perfectly aligned. The performance level ob-
tained when manufacturing tolerances are included in a design is the realistic level and was
the one used to determine the estimated ground resolutions reported in Section 2.1.2.4.C.
The difficulty in making a tolerance analysis is knowing how to combine the tolerances to
compute the physical frequency response. There is a multitude of combinations over the 53
surfaces of this design which are possible. What is required to simplify the problem is to
determine if there is a grouping of elements in the design which most significantly affects
the total system performance. If so, the emphasis of the analysis should be placed on them.
It was pointed out in Section 2.1.2.4.D that the first four surfaces which comprise the
doublet contain 89.64 percent of the relative sensitivity coefficients, compared to 5. 96
percent contained by the zoom relay, and 3. 87 percent contained by the eyepiece. This says
that the effect of the doublet tolerances should be the most significant on the total system
performance level. To substantiate this prediction, the total system physical frequency

response of the high power 127K design was computed for the following three cases.
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a. Tolerance budgets a, b, ¢, d applied to the doublet portion of the design.
b. Tolerance budget "e" applied to the zoom relay portion of the design.
c. Tolerance budget """ applied to the eyepiece.
In applying these tolerances, it became necessary to adjust the three focal distances in the
design to obtain optimum imagery. The adjustments are given in the following table (refer
to Table 2. 1-1 for surface notation):
Tolerance Budget Adjusted Airspace New Value
a AS-8 1,237
b AS-8 0.354
c AS-8 0.788
d AS-8 0.701
e AS-31 1.256 -
f AS-32 0.216

The generated physical frequency responses are shown plotted in Figure 2.1-9 and Figure
2.1-11., A comparison of the curves demonstrates that doublet tolerances have a more
significant degrading effect on system performance, as predicted by the sensitivity coeffi-
cients. It then follows that the performance level of the proposed design can be investigated
with a high degree of confidence by applying the assigned manufacturing tolerance just to
the doublet portion of the design. This is a significant simplification to the tolerance

analysis.

The assigned manufacturing tolerances of the first four surfaces which comprise the doublet

are given in Table 2.1-1,
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The four tolerance budgets, a, b, ¢, d, have been arbitrarily formulated as typical group-
ings of tolerances which could be distributed over the doublet. Two combinations (a, b) have
the radii of curvature tolerances alternating in sign while two (¢, d) have tolerances all of
the same sign. The physical frequency responses for the four cases were computed, for the
high power design 127X and plotted in Figure 2.1-11. Budgets ¢ and d which do not alternate
in sign (shown as curves 3 and 4) have a less degrading effect than budgets a and b (shown as

curves 1 and 2) which do alternate in sign.

By inspection, tolerance budget "a" is the worst case. It then follows that a worst-case
tolerance budget for the complete system would have to include tolerance budget "a". To
determine this worst-case performance level, tolerances were applied over the entire de-
sign. The physical response function was computed, after focal adjustments were made for
optimum imagery, for the a, e and f budgets combined with tolerances of the remaining
surfaces of the objective assembly. This combined budget is denoted a‘i_. The result is
shown in Figure 2.1-10 as curve 1. If such degraded resolution ocurred in the laboratory,
it would be normal procedure to tweak the doublet airspace. To simulate this procedure,
tolerance budget "a'" was treated again. A significant improvement was found for a doublet
airspace of 0.2755 inch and reticle separation of 0.725 inch. The improved response,
compared to the original response, is given in Figure 2.1-12. The zoom-relay and eye-
piece tolerances were then combined to this modified budget. The resulting response is
curve 1 of Figure 2.1-13. This curve represents the worst case found and was the budget

used to generate the performance estimate curves for each magnification.
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2.1.3 GE ANALYSIS OF OPTICAL PERFORMANCE UNDER DYNAMIC CONDITIONS

Introduction

This section documents the results of a GE study to analytically predict ATS optical resolu-
tion under dynamic (jitter) conditions. The study presents a method of treating the degrading
effects of jitter on image modulation curves presented, demonstrating ground resolution as

a function of jitter amplitude. A curve is also included showing the maximum jitter amplitude

as a function of frequency which will permit 3. 6-foot ground resolution to be achieved.

The method employed has been derived by GE and is not the same as that previously

employed by Itek. The results are similar, however.

An interesting secondary conclusion of the analysis is that the static resolution can not be
rigorously obtained from the intersection of the MTF curve and the eye threshold curve.
It is shown that the actual resolution is somewhat better than predicted by the intersection —_—

of the curves thus providing a safety margin in the analysis presented in the previous section.
The Itek MTF curve is used as the analytical model for the telescope.
The specific objectives of this performance study were:

a. Analytically determine the dynamic performance of the acquisition telescope
and relate the dynamic performance to that obtained under static conditions.

b. To specify the magnitude of half-amplitude jitter, as a function of jitter
frequency, below which resolution of a three bar, 3.6 feet per cycle, 2to 1
contrast target (viewed from 80 nautical miles, at nadir) is possible. (Note:
Unless otherwise specified, all jitter amplitudes referred to in this report
will be half-amplitude values).

c. To verify the methods and results from the Acquisition Subsystem Subcontractor,
Itek Corporation, in the areas of static and dynamic performance analysis.
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The analysis was conducted using the final lens design Modulation Transfer Function (MTF)
provided by Itek Corporation in their Acquisition Optics Subsystem PDR Report dated 25
September 1967. (See Figure 2,1-20.)

The Schade visual resolution threshold characteristic specified by Itek in the same report
was also adopted for use in this analysis, (See Figure 2.1-21.) A literature search was
conducted to determine if experimental data was available to establish a more reliable eye
resolution threshold characteristic; however, no data was found which appeared to be more
reliable. It is imperative that a reliable eye resolution threshold characteristic be generated
in order to accurately predict both static and dynamic performance of the Acquisition Sub-
system. Itek Corporation is presently engaged in the design of an experiment that will yield

the necessary data on eye modulation and contrast threshold.
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Figure 2.1-20. Acquisition Telescope Transfer Function
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Figure 2.1-21. Low Contrast Visual Threshold (Schade 1964; MDM = 0, 015)

It should be clearly understood that the intent of this study is only to verify that the Acquisi-
tion Subsystem meets the system performance requirements as contained in the GE-AVE
CEI Specification. No attempt was made to predict system performance under actual on-

orbit operating conditions.

For example, in reality, jitter imposed on the system will have a random spectrum (i. e.,
at any given time will be composed of many frequencies with definite phase and amplitude

relationships) and will be two dimensional in nature.

For purposes of this analysis, only the degradation in resolution due to discrete frequencies
was considered. Also, motion of the line-of-sight (LOS) was reduced to motion in a plane
perpendicular to the axis of the bars being viewed. These assumptions are valid for pur-

poses of verifying that the system design meets the specification requirements, but they are
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not valid when predicting system performance on-orbit, Consideration of these additional
factors will further reduce system resolution. It is felt that work in the area of system
performance prediction should be continued to further define system resolution under actual

operating conditions. However, a more realistic eye threshold characteristic must be

established before this can be done.

2.1.3.1 Target Characteristics

The analytical results obtained for the Acquisition Telescope static and dynamic performance

were derived for a target with the characteristics specified below:

a. Three light bars on a dark background
b. Contrast ratio of 2 to 1 at the input to the optical system
c. Apparent average brightness of 530 ft. -lamberts at the input to the optical

system :

For purposes of this analysis, it was assumed that the target is being viewed from 80
nautical miles (at nadir) with a magnification of 127X. Figure 2.1-22 is a graphic represen-

tation of a target with a spatial period of 3.6 feet per line pair on the ground (r = 0.9 feet).

2.1.3.2 Summary of Static Performance Analysis

Results obtained from analysis of the Acquisition Telescope performance under static con-
ditions show that for a tri bar target input (square wave brightness distribution) with a

spatial period between 3.0 and 4.2 feet per cycle, the image formed by the telescope has a

sinusoidal brightness distribution. For a given ground spatial period in this region the out-

put image contrast and modulation may be determined fromFigure 2.1-23. This is based on
three bar target input with characteristics as described above. Using the Schade threshold
specified in Figure 2.1-22, the static resolution of the Acquisition Telescope is 3.12 feet
per cycle on the ground. This result is considerably lower than that calculated by Itek.
They obtained a minimum resolution of 3. 3 feet per cycle from the direct intersection of

the telescope Modulation Transfer Function and the Schade Threshold multiplied by a
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Figure 2.1-23. Acquisition Telescope Static Performance
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factor of three (multiplication by three is necessary since the MTF is normalized to 1.0,
thus representing a high contrast input). A direct intersection of these two curves is not

possible unless the input and output brightness waveforms are considered.

The increase in system resolution can be most easily understood by analyzing the static
system performance using a target with an infinite number of bars. In this case, a2to 1
contrast square wave input to the Acquisition Telescope produces an output waveform equiva-
lent to that obtained for a 2.5 to 1 contrast sinusoidal input. In other words, the first har-
monic of the square wave brightness distribution has a greater contrast ratio than 2 to 1. The
result is a higher output modulation at the specified threshold frequency than computed in

the Itek analysis.

2.1.3.3 Summary of Dynamic Performance Analysis

ECP Number 17 to the GE-AVE CEI Specification contains a curve of acceptable half ampli-
tudes of oscillation of the LOS as a function of frequency. This is reproduced in Figure
2.1-24 (solid curve). Analysis in this report shows that a system designed to meet this
allowable jitter characteristic will have the capability of resolving a 3.38 feet per cycle

three bar target on the ground.

Also included in Figure 2.1-24 (dashed curve) is the half amplitude jitter as a function of
frequency that will produce a minimum resolution of 3. 6 feet per cycle on the ground. The
allowable jitter specified by the broken curve between 0.001 and 1.0 Hz is conservative
since it is based on the value of jitter which begins to produce resolution degradation. The
shape of the characteristic between 1.0 and 6.0 Hz has been estimated. Degradation in
resolution due to jitter in this region is a function of both amplitude and frequency. There-

fore, it is not possible at this time to analytically predict system performance.

Figure 2.1-25 (solid curve) shows the minimum system resolution as a function of jitter
half amplitude (above 6.0 Hz). Due to the numerical integration techniques used to generate

this curve, accuracy below five-foot minimum resolution is approximately three percent.
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Above five-foot, accuracy, is approximately seven percent. From this curve it may be

seen that as the maximum allowable jitter half amplitude increases above the 0.35-to 0.45-

arc second region, a sharp decrease in system resolution occurs.

The System MTF used to generate the solid curve contains a manufacturing tolerance of

0.152 X. The broken curve in Figure 2.1-25 shows the minimum system resolution with a

manufacturing tolerance of 0 A.

A comparison of the two curves shows that under static conditions, the minimum resolution
is degraded 19 percent by a manufacturing error equivalent to 0.152 A. However, as the
maximum allowable jitter is increased, the effect of the manufacturing error becomes less.
The system degradation in percent as a function of maximum allowable jitter amplitude is
also shown in Figure 2.1-25. For example, a system with a maximum allowable jitter of
0.6 arc seconds will show a 2.3 percent decrease in resolution as the manufacturing and

alignment errors increase from zero to 0.152 A. —

Also shown in Figure 2.1-25 (dash curve), is the minimum system resolution as a function

of jitter obtained using the Itek Corporation method of analysis.

2.1.3.4 Static Performance Analysis

E.L. O'Neillll) demonstrates an analogy between linear time filters and optical spatial filters
(conventional optical systems with lenses, prisms, etc.). Using this analogy, it is possible
to specify an optical system in terms of its spatial frequency characteristic or transfer
function G(w). The output of such a system at any frequency w , may be represented as

G(w,) times the input. The output wave form may then be found by use of the inverse

Fourier Transform.

1 e . . 4s

(1) O'Neill, E. L., Introduction to Statistical Optics; Addison-Wesley Publishing Co., —
Inc., 1963
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The three bar target of Figure 2.1-22 has a continuous frequency spectrum described by:

F(w) = 2AT <——-——SI§:"T) [eanT b e IBWT e_ngT]

wT 2j

BRI ~jwT . 5 .
- ~jbwT -j9
_ 2AT | € e ][erT+er+er‘r]
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= A : - = + - - -
jw jw jw Jw

-i8wT -j10wT ]
e e
+ . + .
Jw Jw
An attempt was made to find an analytical function to represent the magnitude A(w) of the
Acquisition Telescope transfer function specified by Itek Corporation with no regard for the
phase characteristic. Due to the nature of the analyses, neglecting the phase of G(w) will
have a negligible effect on the results. A Fourier Spectrum with a magnitude equal to an

o/t and & = 6 provides a good fit for A(w) over the spatial frequency

-o/f/

exponential decay e

region defined in the PDR report. A comparison of e and A(w) is shown in Figure 2, 1-20.
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Now
Fo(w) = G(w) Fi(w)
o
-2 || [ -opr -2PT -4PT -6PT
_ 2 e e e e
- P ~ P P P
-8PT -10PT
. e _ e
P P
where
P = jw

The output function f (X) can be obtained by taking the inverse transform of the above equa-
tion. The analytigal expression for the resultant is an extremely complex equation and is

difficult to interpret. A graphical interpretation is much more meaningful and is obtained

as follows:
0 = 7 [ow]
(® - 7l [Fi(a»]
£ = g® x L

The graphic interpretation of the convolution of g(X) and fi(X) is shown in Figures 2.1-26a
through e.
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Figure 2.1-26. Graphic Interpretations
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The product of g(X, -A) and fj (A) is:

o F50 . 8X -N

Figure 2.1-26d. Graphic Interpretations

The ordinate of the output waveform f,(X) at X = X, is the product of the two functions with

A = X, For an input square wave with a period of 3.6 feet per line pair (r = 0.9 feet)

—_
the resultant output waveform is:
1.510 1.538 1.510
f
o™ | 1.307
1.083 1.307
1.083
oLt |
‘4 i I | i |
=27 2T ar 67 8T 107 127
Figure 2.1-26e. Graphic Interpretations
—_——
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Figure 2.1-26e shows that under static conditions, the acquisition telescope degrades a 3.6
feet per cycle three bar target input with 2 to 1 contrast and 33 percent modulation to a

low contrast three cycle sinusoidal waveform with an average contrast of 1.17 to 1 and

average modulation of 7.6 percent.

Figure 2.1-23 is a curve which shows output waveform modulation and contrast, for a 2 to 1
contrast three-bar target input, as a function of spatial frequency on the ground. When the
Schade modulation Threshold characteristic is superimposed, the two curves intersect at
3.12 feet which means that under static conditions the smallest three-bar target that can be
resolved is 3. 12 feet per cycle. This contradicts the 3.3-foot result presented by Itek
Corporation in their PDR report. The reason for this discrepancy is most easily explained
by performing a similar image waveform analysis for a bar target consisting of an infinite
number of light and dark bars (instead of three). This is a much simpler problem since a

periodic function consisting of an infinite number of pulses may be represented by the follow-

— ing series:

1 2 2 2
£(X) = 24 (2 +— COSy - 53— COS3y +—— COS5y ..... )

where

21X
T

and Aav is a function of average brightness.
This function has a discrete Fourier spectrum of the form:

SIN wTt

- 6 (w- wg)

Fl(w) = A
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where

wg = 27 nf
n=12,3,4........
f. = Frequency components of the Fourier series representation

A plot of this Fi(w) is shown in Figure 2. 1-27.

Operating on this discrete frequency spectrum with the transfer function A(w) of the tele-
scope shows that each frequency component is multiplied by the ordinate of the transfer
function at that particular value of spatial frequency. The resultant is a brigthness distri-

bution represented by the equation:

' \ -
P b "’r-‘\ ' ) .’ ‘\\ o~
- ra -
PR ] ~. - \ . N " r ~o
v

. |
~-w -5/T 3 Nl o St 3/T 51w

Figure 2.1-27. Plot
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1 2
X = 2A [(1) > + (0.190) —- COSy
0.006) —— COS 3y +
- (0.006) Yt e,

The amplitude of the fundamental frequency term is a factor of 80 times the amplitude of

the third harmonic term. Therefore, all higher order terms may be neglected and

_ 1 2 27X
X = 24 [(1) 5=+ (0.190) —— COS = ]

This shows that a 2 to 1 contrast infinite bar target input produces an output waveform equal
to the output produced by infinite sinusoidal target input with 2.5 to 1 contrast. Therefore,
the direct superposition of a threshold curve on a modulation transfer function to yield

system resolution is not valid unless the type of input and output waveforms are considered.

2.1.3.5 Dynamic Performance Analysis

Oscillation of the acquisition telescope LOS with respect to a point in the object plane pro-
duces a point in the image plane which appears to oscillate at the same frequency as the
LOS oscillation but with an angular amplitude of 127 times that of the LOS oscillation ampli-
tude. The same image motion result is obtained with a static LOS and an oscillating target.
Therefore, for purposes of analysis, all jitter will be introduced as oscillation of the target

with respect to a static LOS.

To analyze the effects of jitter on system resolution, jitter frequencies in the range 0.001
to 100 Hz were considered. ECP number 17 to the GE-AVE CEI Specification contains a
curve of acceptable amplitudes of oscillation of the LOS as a function of frequency. This
characteristic was shown in Figure 2.1-24 (solid curve). This spectrum was broken into
four regions (0.001 to 0.032, 0.032t0 1.0, 1.0 to 6.0, and 6.0 to 100 Hz) and the allowable

jitter amplitude determined in each region.
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Low frequency, large amplitude jitter (in the 0.001 to 0.032 Hz range) makes the image
appear to move across the field-of-view at a constant rate. Therefore, the factor affecting
resolution due to jitter in the 0.001 to 0. 032 Hz range is the linear velocity at which the

eye must tract the image. The maximum linear image velocity with respect to the eye for
the allowable jitter specified of Figure 2.1-24 was calculated and found to be 4.5 degrees
per second. Data presented in the Bioastronautics Data Book (1964) indicates that very
little degradation in resolution is introduced for velocity up to 10 degrees per second. This
corresponds to a jitter half amplitude of approximately 45,000 arc—seconds at 0.001 Hz and

1,400 arc-seconds at 0.032 Hz.

Jitter in the frequency range 0.032 to 1.0 Hz will produce small sinusoidal oscillations of
the image with respect to the eye. Again, this motion will not produce a significant resolu-
tion degradation around 0.032 Hz if the angular rate of image motion is less than 10 degrees
per second. Experimentation done by Jones & Draxin and Guignard & Irving show that for
frequencies around 1 Hz, the eye can track sinusoidal motion with half amplitudes up to 0.5
degree with respect to the eye. This corresponds to a jitter amplitude of approximately

14 arc-seconds.

The next range of jitter frequencies to be considered is the 1.0 Hz to 6.0 Hz range. Figure
2.1-28 is a plot showing the ratio between actual motion of the eye when viewing an oscilla-
ting target and the motion of the target with respect to the eye. This characteristic shows
that in the 1 to 6 Hz region, degradation of the image resolution is a function of both jitter
amplitude and frequency. Because the degradation is a function of both variables, an

analytical performance prediction cannot be obtained.

When the frequency of oscillation of a point in the object plane is above 6 Hz, the point in
the image plane viewed by an observer appears to be a continuous line. Therefore, image
degradation of a point oscillating above 6 Hz is independent of the frequency of oscillation.
The primary factors that contribute to the degradation are oscillation amplitude and wave-
shape (i.e., sinusoidal, linear, random, etc.). For this analysis, the degradation effects
of both linear and sinusoidal jitter were investigated.
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Figure 2.1-28. Ratio Plot

The brightness distribution characteristic for a three-bar target (the object) as a function
of half amplitude linear and sinusoidal jitter is shown in Figures 2. 1-29 and 2.1-30,
respectively. The object waveform contrast ratio as a function of jitter amplitude is shown
for linear and sinusoidal jitter in Figure 2.1-31. This shows that the contrast of the object
remains constant up to and including amplitudes of jitter which produce peak-to-peak LOS
excursions on the ground equal to half the spatial period of one target cycle. The object
contrast then decreases to 1 to 1 as the p-p LOS excursion increases above this value. The
contrast of the image formed at the output of the telescope begins to degrade immediately
as jitter is introduced. This is due to the fact that the Fourier components of the object
brightness characteristic (shown in Figures 2.1-29 and 2.1-30) change as target motion is
introduced. For example, when the linear half amplitude jitter is such that the brightness
distribution of the object is a triangular wave (half-amplitude jitter (a) equals T), the
Fourier expansion of this brightness distribution (assuming an infinite target) may be repre-
sented as:

_ i A
£(X) = 1.5 (COSy +-5 COS3y + 5= COS5y + )

where

21X
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i 27 —ia— 27 -

Figure 2.1-29. Target Brightness Characteristics as a Function
of Linear Jitter Amplitude
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Figure 2.1-31. Object Waveform Contrast as a
Function of Jitter Amplitude
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As was the case for the square wave brightness distribution (zero jitter), harmonics above
the fundamental frequency may be neglected. Therefore, with linear jitter of a =1, the
image at the output of the telescope (for a spatial period of 3.6 feet per cycle) has a sinus-
oidal brightness distribution with contrast and modulation reduced from 1.18 to 1 and 8.0

percent (at zero jitter) to 1.10 to 1 and 5.1 percent.

Figure 2.1-32 shows the effect of half amplitude jitter (both sinusoidal and linear) on a 2 to
1 contrast 3.6 feet per cycle three-bar target. This figure demonstrates that 0.35 arc-
second half amplitude sinusoidal jitter will yield a sinusoidal brightness distribution with
1.10 to 1 contrast and 4.3 percent modulation. This corresponds to visual threshold as

defined by the Schade Threshold characteristic.

This analysis was extended to include spatial periods from 3.0 to 4.2 feet per cycles on the

ground. The result of this analysis for the sinusoidal jitter is shown in Figure 2.1-33.
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Figure 2.1-32. Image Modulation and Contrast as a Function of Jitter
(3.6 Ft/Cycle Tri-Bar Target)
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Figure 2.1-33. Acquisition Telescope Dynamic Performance
Curves for Sinusoidal Jitter
The curves depicted were calculated using a numerical integration technique to convolve
the three-bar brightness distribution waveforms shown in Figure 2. 1-30 with the transfer
function of the Acquisition Telescope in the spatial frequency domain. Comparing the
results obtained using the numerical integration techniques with an analytical solution of

zero jitter and for an infinite target indicated an accuracy of three percent.

Figure 2.1-33 shows the degradation in system performance from the static performance
(both image contrast and modulation) as a function of target period on the ground for discrete
half amplitudes of jitter (0.25, 0.35, 0.45, and 0.55 arc-seconds). Also drawn on this
graph are two eye threshold curves, the Schade Threshold previously discussed and a more

optimistic curve by Lowry and DePalma(2), Using the Schade curve, a three-bar target

2
( )DePalma, J.J. and Lowry, E.M.; Journal of the Optical Society of America,
Volume 52, March 1962, Page 328.
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with a spatial period of 3. 38 feet per cycle is the minimum size that can be resolved if the
system is acted upon by half-amplitude jitter of 0.25 arc-second. The maximum jitter that
can be experienced to allow a resolution of a 3.6 feet per cycle target is 0. 35 arc-second.
It is felt that the data obtained by Lowry and DePalma to generate their threshold curve is
optimistic. However, if this curve is used, 0.53 arc-second of jitter can be tolerated to

obtain a minimum resolution of 3. 6 feet per cycle.
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2.1.4 SECONDARY DESIGN PERFORMANCE INFORMATION

2.1.4.1 Vignetting
This subsection describes analysis performed to determine the amount of vignetting present

in the design. The description is presented in two parts.

A. Internal Telescope Vignetting - To determine if there is any internal vignetting in the

telescope, the following analysis was performed by Itek.

The vignetting in the telescope was calculated at the peak wavelength (0,56 microns) and

also throughout the visible (0. 47 to 0.65 micron) spectral region. At the peak wavelength,
253 rays were traced at normalized field positions of 0.0, 0.5, and 1.0, since the trans-
mission specifications are given at these field positions. To calculate the vignetting over
the visible spectral region, 70 rays weré traced at each of the following wavelength, 0.65,
0.605, 0.56, 0.515, and 0.47 microns. In both the monochromatic and polychromatic cases,
the rays were traced at six magnifying powers; namely, 127X, 84.67X, 63.5X, 31.75X,
21.17X, and 15, 88X.

The percent vignetting for all these different cases is given in Table 2. 1-4 where percent
Rays in - Rays out % 100.
Rays in

vignetting =

This shows that only at the condition of low zoom power is there any internal vignetting and

this is not expected to significantly effect resolution.

B. External Component Vignetting - A complete study of vignetting (including the effects

of external components) is in progress.
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2.1.4.2 Gimbal Angles Versus Scan Field Position
Line of sight and gimbal angles required for the scan field coverage were derived by Itek

for the nine-degree total cant configuration and are presented in tabular form.

The results are listed in Tables 2.1-5 and 2.1-6. The tables give either the LOS or gimbal
angles for the nine-degree cant angle. The top chart shows the extreme or worst case
angles alone with the corresponding LOS angles with respect to vehicle axes. This gives
the pitch and roll ranges required to cover the entire + 70 degrees to - 40 degrees in pitch
and #45 degrees in roll. The lower chart shows the angles corresponding to various points
of interest within the total range. Reference to Dwg. 905842 shows that the required (and
computed) gimbal angles were used in the design of the scanner gimbal assembly. However,

further analysis is needed to determine if the LOS intersects the Lab Module contour.

2.1.4.3 Exit Pupil Shift

The exit pupil shift as a function of zoom position, or magnification, is shown in Figure

2,1-34. The specification limits are also shown on this figure. The curve shown in Figure
2.1-34 clearly indicates that the specification requirements on exit pupil shift have been

met. A more detailed discussion of this topic can be found in the Itek PDR Report.

2.1.4.4 Total Transmittance Summary

The total transmittance of the complete AO Telescope system has been calculated by Itek
(see Table 2.1-7) and found to be 35. 4 percent for the 127X (high power) mode and 31.2
percent for the 31. 75X (low power) mode. The following assumptions were made: single
layer magnesium fluoride anti-reflection coatings on all refracting surfaces, both external
mirrors are aluminized and have a silver oxide protective coating (87 percent reflection
each). The internal folding mirror aluminized with a two-layer enhancement coating (93
percent reflectance), and multilayer coatings (98.5 percent reflection) on two surfaces of

the Pechan Prism. The transmittance calculation takes into account the expected reflection
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TABLE 2.1-5. LOS ANGLES FOR PLUS NINE-DEGREE CANT

CORRESPONDING
LOS ANGLES (WITH
RESPECT TO
EXTREME ANGLES VEHICLE AXES)
ROLL PITCH ROLL PITCH
~48.21 ~-45 -40
-40. 83 +18 -40
+70.26 ~26 +70
+54., 80 +45 +70
+55, 856 +68, 14 +68. 25
8 ] 2
+70 a; o o
= ¢ q
+24.13 +39. 41 +36. 81
-t 0 (e o]
N ﬁ' w
+40 o - o
PITCH T * hi
(LOS Angles
with respect +0.71 +9. 88 +13. 41
to vehicle
axes) B4 2 2
+10 0 - )
¥ * ¥
-6.35 +0 +6.35
i) w0
© <o
0 3 E 3
¥ [
-36. 81 ~-39.41 ~24.13
2 3 5
-40 = ~ «©
¥ ! ¥
w (= i)
¥ ¥
n g
w3
§8¢
I~
28558
£2%533
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TABLE 2.1-6. GIMBAL ANGLES FOR PLUS NINE-DEGREE CANT

CORRESPONDING
LOS ANGLES (WITH
RESPECT TO
EXTREME ANGLES VEHICLE AXES)
ROLL PITCH ROLL PITCH
~40,75 -45 -40
+22,25 +29 -40
+80. 39 -45 +70
+62. 26 +45 +70
+69. 05 +76, 58 +80. 39
+70 0 ® ©
S < N
N L]
¢ ¥ 7
+53.47 +63.53 +65.93
+40 g B ES
b 8 g
+ + V
+41,85 +49, 17 +54, 45
PITCH
(LOS Angles @© © o
with respect +10 z 2 :
to vehicle by b ?
axes)
+38.33 +44. 30 +50,95
o| 8 2 5
3 % &
+23.12 +24, 67 +35.79
(=<} ™~ w0
o - [ g
-40 «© v o
¥ ¥ ¥
w0 o 0
¥ ¥
0
29
P53
< EE
HBag
SS3%E 72
E2E2 3
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130 OR 65

120 OR 60

MAGNIFYING POWER

100 OR 50

90 OR 45

60 OR 30

EXIT PUPIL SHIFT INCHES

-0.03 | -0.02 -0.01 0 0.01 0.02
0.7516 0.7616  0.7716 0.7816 | 0,7916
_— @——— 0.040 INCH
SPEC
0. 7466

Figure 2,1-34. Exit Pupil Shift as a Function of 200 M Position
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TABLE 2.1-7. TRANSMISSION OF COMPLETE SYSTEM

HIGH POWER MODE LOW POWER MODE
0.56 u 0.56 4
(PERCENT) (PERCENT)

Transmission due to reflection 39.2 34.8

losses alone

Transmission due to absorption 90.2 89,6

losses alone

Transmission due to combined 34.4 31.2

effects

and absorption losses of each element, rather than the theoretically predicted values.

The performance assumed for the single layer magnesium fluoride coatings, for example,
is based on actual measurements made on coatings on different index glasses. Although

the variation of reflection with glass index and angle of incidence of the light are considered,

the effects of vignetting and filters (aside from surface reflections) has been ignored.

) _
All values are given for 5600 A light. The theoretical data is obtained from a CDC 3300
computer using the MULTIFILM program. The practical data are measured values for the
anti-reflecting films and estimates for the reflectors. The estimated values are based

upon prior knowledge of typical performance.

2.1.4.5 Focus
Means have been provided to insure that ground scenes are properly focused when the MOL
altitude is between 75 and 230 nautical miles. At any given altitude the scene remains in
focus throughout the scan field without manual refocussing. The eyepiece has a focusing

range (manual) from - 2-1/2 to + 3-1/2 diopters to compensate for individual eye differences
- “~~
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between various observers. With linear defocus (moving the image plane off the reticle) the
reticle may appear to lose some of its definition, causing the observer's eye to have to re-
focus as he concentrates on either the reticle, or the scene. This will be a cause for con-
cern only if the reticle to scene defocus exceeds the depth of field of the eye. The eye has a
depth allowance of one-half diopter so that any lesser depth will be within the focusing toler-

ance.

Defocus errors were calculated by Itek for altitudes of 70 to 230 nautical miles, pitch

angles from zero degrees to 70 degrees and roll angles from zero degrees to 45 degrees.

The greatest error of any altitude will be for the maximum pitch and roll.

ALTITUDE WORST CASE (INCHES)
70 0.0008
a 80 0.0007
100 0.00056
150 0.00038
230 | 0.00025

At 80 nautical miles (at high power), the worst case slant range defocus is 0.0007 inch

at the objective lens focal plane, corresponding to 0.003 inch at the eyepiece object plane.
At 230 nautical miles (at high power), the defocus is 0.00025 inch at the objective or
0.00107 inch at the object plane.
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The effects of the curvature of the earth has been calculated on the slant range with the

following equation:

altitude

h+ R (1 - cos¥y)

d = cos f8

Radius of earth

Geocentric angle to intercept pt.

®w R g o
]

Vehicle centered angle

Beta (8) includes obliquity and stereo factors as well as roll and pitch angles and is
measured on a plane through vehicle, earth center and intercept point. Gamma (y) is

on the same plane and is measured as follows:

-1 AB:!:JAB-(A+1)(AB 1)

Y = cos
A+1
where
A = Tanf
B =241

The slant range at 70 degrees goes from 215 for a flat earth to 238 on a curved earth, a
10 percent increase. The slant range at 230 nautical miles is 706. 5 nautical miles for a
flat earth and 708 nautical miles on a curved earth, less than one percent. The 10 percent

increase will increase the defocus error by approximately 10 percent and the defocus will

then amount to 0. 0033.
The defocus is less at higher altitudes, so we need only consider the 80 nautical miles

worst case, i.e., 0.0033 at the eyepiece object (reticle) plane.
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The defocus effect on the eye of a 0.0033 difference between reticle and image corresponds
to a 0.14 diopter error. The depth of field of the eye is 0.5 diopter which is four times as

large as the image distance, so no visible effect is predicted.

The requirement for a manual focussing range from - 2-1/2 to + 3-1/2 diopters is met by

the mechanical eyepiece design as follows:

The eyepiece of the AO Telescope is specially designed to compensate for residual aberra-
tions of the zoom relay assembly. Because of this, the alignment tolerances are consider-
ably tighter than the standard eyepieces found in military instruments. These tighter

tolerances impose a restraint on the design of the focusing mechanism.
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SECTION 2,2
ATS CONTROLS

This section presents servo-analysis pertinent to the ATS controls. A description of the
operation of the controls is included in Section 1.3.4. The material in this section is sub-

divided as follows;

2.2.1  Scanner Controls

2.2.2 Image Orientation Controls
2.2.3 Zoom Control

2.2.4 Blanking Servo

2.2.5 Power Change Servo

—SECREF- SPECIAL HANDLING
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2.2.1 SCANNER CONTROLS

2.2.1.1 Requirements Interpretation

The LOS of the acquisition optics shall be driven such that the nominal rate error (drift) is

less than 540 microradians/sec at the end of slew. The LOS displacement (jitter) require-
ment about the nominal LOS is defined in Figure (2.2-1). This requirement must be met
when the roll tracking rate is 0.1 degrees/sec or greater and when no vehicle transients

are being induced into the vehicle by the Main Tracking Mirror or the ACTS operation.

The interpretation of the jitter requirement is that gimbal displacements at frequencies
below 0. 032 cps are considered D. C. drifts and above 0. 032 cps the gimbal displacements

— are weighted by the inverse of curve shown in Figure 2. 2-1.

The gimbal displacements are determined by relating the noise input (where the noise is
defined in terms of its PSD signature) to gimbal displacements. This relationship makes
use of a weighting function F (w) which normalizes the specified jitter amplitude over the
frequency spectrum above 0.2 radians per second and the control loop transfer function
%g—)) where 9(w) is the gimbal displacement and N(w) is the noise input.

The Power Spectral Density is defined as

L
2

f fiy e 9t 2

T
2

P—]lr—ﬂ

Pw) = lim

—
8

where {(t) is the noise to be analyzed.

. —

2-81

—SEGREF SPECIAL HANDLING




~SEGRET. SPECIAL HANDLING

NRO APPROVED FOR
RELEASE 1 JULY 2015

e

9dooAU SOUBWLIONSJ IOPIP °T-7 "7 9InJLi

OFS/SATOXD XONANDAYA

000 ‘0T 000°1 00T 01 9 I 1°0 280°0 T0°0 100°0
i ! ! [ | ! 1 1] 1o
_ |
_ _
5%°0 |
_
_ 1t
_
_
_
_
| - ot
_
[
- oot
=1 ooo‘t
JdOTIANT IDNVINHOIHId HALLIP =1 ooo‘or
~ 000°00T

(VINOIS 2)
(0ds - ouv)
AANLITdINY - ATVH
HOHYd SO'T

—SECREF SPECIAL HANDLING

2-82




NROAPPROVEDFOR. —SEGREI- SPECIAL HANDLING

The weighting function F(w) is defined as

0.0278

F@) =537+ 1)

The closed loop transfer function for the gimbal displacement as a function of noise at a
specific input point is defined as

B(w)

G(w) = N@)

The RMS gimbal displacement weighted with respect to the curve of Figure 2.2-1 is

determined using the following relationship

/ C ()
6rMs = 7, 2 (dw . (Fw ) . [ Gw)) dw

where
6 = radians of displacement
2
_ (ft 1bs)
Hw) = Radian per second
_ Radians
W =—F

is dimensionless

F(w)

In determining the optimum servo configuration a '"hand off" position was assumed for the

crewman., This assumes no noise rejection or D, C, offset removal by the crewman.
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2.2.1.2 Discussion of Approaches

In attempting to design the scanner control loop to meet the stated requirements, three

servo configurations are synthesized and evaluated. The three configurations are:

a. Rate control loop
b. Position control loop

c¢. Combination position and rate control loop

The rate loop configuration utilizes a gyro on the gimbal to sum the command and gimbal

rates. The input to this loop is a rate command.

The position loop which is the least complex of the three considered, utilizes position feed-
back via a position encoder. The same encoder is used in the slew configuration. The

gimbal rate commands are integrated by digital techniques and the input to this loop is a

))

position command.

The position and rate configuratiqn consists of a position loop with feedback via a position
encoder on the gimbal. This configuration has a rate minor loop with feedback via a rate
gyro on the gimbal. This configuration is the most complex of the three configurations con-
sidered, but offers the greatest flexibility with respect to minimizing extraneous inputs.

The bandwidths of the configurations considered allow only one of the tracking configura-

tions to be made part of the slew configuration during the slew mode of operation,

The following three sections discuss the performance of each of the configurations in de-

tail with respect to the scanner tracking mode requirements.
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As a result of the studies of the three servo configurations it is concluded that a position
plus rate servo configuration for the pitch axis and a rate servo configuration for the roll
axis allows the following:

a. The jitter requirement to be met (see Table 2.2-1).

b. Provides flexibility for changing gains and bandwidths to minimize noise

inputs as these become defined.
c. Low sensitivity to errors in the command signal resulting from vehicle
disturbances.
The following three sections discuss the performance of each of the configurations in de-
tail with respect to scanner tracking mode requirements,
2.2.1.3 _Rate Control Servo Configuration
—~ The rate control configuration is shown in Figure 2.2-2 and ultilizes a rate gyro to make
the summation of the command rate (éi) and the gimbal rate (9 G) to develop the rate
error signal (é e) where fe = Hi-HG.
The open loop GH has a crossover frequency of 150 radians per second and allows the com-
mand signal to be followed with a dynamic error of less than 5 microradians per second.
The crossover frequency was selected using the curves of Figures 2. 2-2 and 2.2-3.
The following analysis was used to determine the dynamic error.
2.2.1.3.1 Rate Loop Dynamic Error
The dynamic servo error will be less than 10 y radians per second during the rate mode.
This is determined from an analysis of the input function generated during the rate mode.
The equivalent inputs are determined considering the derivatives of a sinusoidal input.
c—
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if

8 - M.
sinwt
6 _ 6 cos wt
W
M..
6 = 26 sin wt
w
M.
2] = 3 cos Wt
w

Therefore the equivalent position amplitudes of the derivatives are

6 -8
s 3
w
M..
0
6 = —2
A w 2
M.
o, = 9
w
Where e, e, 0 are the half amplitudes of the sinusoidal portions of those
derivatives and w = % where T is the period of the equivalent sinusoid. If the funda-
mental position signal and the derivatives occur at the same time the equivalent sinusoid
must be considered to be impressed on the system at the same time and hence the error
are additive also. The split should be made so that the total error at that time, t, does -~
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not exceed the allowable error, but the error split should be balanced to a slope that is
realizable (i.e., 0 db/dec, -20 db/dec, -40 db/dec, etc.). If E/R for the system is

known the required value of —%— can be determined.

For most systems R >> E, therefore R = C, and

R _C
c E
R = M sinwt

at max valueR = M

M_C

andE E

If the input is of such a form that the rate, acceleration, and jerk are not sinusoidal

derivates of the position input, the input can be represented by equivalent position inputs
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which have the characteristics of the several components. The middle range of frequencies
of C/E can then be determined so that the error will be within the constraints dictated.
When the requirements are written in terms of rate of change of output and input the
several components of the actual input can be converted to equivalent rate inputs.

1f SE K is required and SE is known, the value of K can be determined by the allowable

SR
value of Se and the macimum value of SR.

Since the input is a sum of sinusoidal inputs,

E E E

R R

1 2 3

For sinusoidal inputs of rate are considered and the allowable input is considered to be

1/4 of each component. Figure 2.2-3 shows the curves of % , —g— and % and —
—a—s which were used to determine the following relationships: :
2a
Position:
Awl = 0.0412 sin 0.0412 t (equivalent rate input)
Rate:
A2 = 0.013 sin 0.1372t (from ¢/a)
A3 = 0.021 sin 0.412t (from ¢/a)
2-90
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Acceleration:
. ee , 2
Aw6 = 0.013 sin 0.1372t (from & /a")
o 3
Aw7 = 0,443 sin 0. 0485t (from & /2a")
Jerk:
AL ~ 0.00176 sin 0. 275t (from ‘&' /2a")
e 3
Aw5 = 0.000935 sin 0.1372t (from & /2a’)
These relations are used to develop the error locus shown in Figure 2.2-4.

. The locus indicates a maximum error of 1.64 rad at 0.137 radians for an unconditionally
stable loop with an open loop gain of 10,000 at 0.137 radians and LOS rate inputs. Allow-
ing a line-of-sight error of 5y radians, the necessary gain at 0,137 radians can be deter-
mined. Since the scanner error is equal to 2 x LOS error, the gain (K) required at 0, 137
radians is

10 10,000
1.6 K
K = 625
Therefore, designing the scanner pitch and roll servos such that the gain at 0. 137 radians
is 2 minimum of 1000 insures that a servo dynamic error requirement of 45 y rad/sec
will be met.
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2, 2; 1.3.2 Jitter Performance
The performance with respect to the requirements of Figure 2.2-1 is evaluated by deter-
mining the LOS jitter resulting from the following extraneous inputs.
Bearing Noise (Tn)
Electronic Noise (An)
Gyro Noise (Gn)
Input Noise (D/An)
The contributions of these sources to the total line-of-sight (LOS) jitter error are calcu-
lated using their respective Power Spectral Density (P(w)) characteristics and closed loop
transfer function G(w) = % weighted by the function F(w).
For the rate configurations of Figure 2.2-2 the error resulting from gyro noise (Gn) is
o 2000
_ 6 2 [(Bw) )2 -
Egp = 0.206 x 10 2 f Qw) . (Fw) . (Gn(w) dw sec
0.2
2000 9 9
= 0.206 106 9 -162 db S -31db S -56 db (S/100+1)
- LeeThx (§7100+1)(5/300+1) ) \ (5/37+1) | \ S(S/150+1)(S/100+1)) dw
0.2
Egp = 0.023 second of arc
The transfer function of the PSD of the gyro noise was taken from a PSD measurement
made by Honeywell on a gyro similar to the one selected for the ATS scanner control
system.
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The noise at the input due to electronic noise generated in the D/A convertor and buffer
amplifier is not known. To make the necessary configuration tradeoffs it was assumed

this noise source would not cause an RMS gimbal error of greater than 0.016 arc seconds.

Using this error allotment the allowable RMS value of D/A converter and buffer amplifier

noise can be determined as follows:

2000

2 2
- -31db S 1
Ep/a = : _2/ <I>D/A(w) . ((S/S7+1)) ((s /150+1)(s/1ooo+1)3) dw

assuming Ep/A = 0.016 sec

0.016 sec = 0.0775 x 100 radians

2000
Ep/a = / p/aw) dw (2.95)
0.2
2000
-6 2
(0.0262 x10 )" = daD/A(w) dw
0.2
with gyro scale factor of 0,00436 rad/sec/ma and torque resistance of 100 ohms
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2000

_16 f dp/a(w) dw
6.8 x10 =

0.2

2
- 2 2 2 -14 .
6.8x10 16 radz/sec2 X 1 volt /rad /sec = 1.56 x 10 volts?
0.0436
2000
-14 2
1.56 x 10 ~ volts™ = / ® p/alw) dw

0.2

If the noise is assumed to be bandwidth limited white noise, where the bandwidth is equal

to 2000 radians per second, then the level of the noise is equal to

-14 2 -16 2
- . 0
1.56 x 10 volts ~  0.78 x 10 17 _ 0.078 x 1 volts

2000 rad/sec rad/sec

This is then the level of noise that will produce a position error of 0.016 arc seconds

RMS gimbal error. It should be noted that a roll-off of 30 radians per second at the buffer
amplifier could be implemented without affecting loop dynamics in track or slew modes.
This will increase the allowable noise at the D/A convertor output and make it much easier

to implement,

The allowable noise at the input of the compensating amplifer in the Main Tracking Mirror
control loop was assumed to be representative of that which would be present in a rate
servo configuration. This noise in terms of bandwidth limited white noise (4.5 x 10_8
voltsz/ rad/sec to 2000 rad/sec) was used to determine the position error resulting from

electronic noise within the control loop.
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The position error resulting from this noise source is:

2000

2 2
6 -31 db S -51 db (S/100+1)
0.206 x 10° [ 2 (-147 db) ( ) dw
An 0{ (5/37+1) (S(S/150+1) (s/1000+1)2)

=
Il

E 0.022 sec

An

This error can be decreased by decreasing the allowable amplifier noise. It should be
noted that the allowable noise requirements are much more severe on the buffer amplifier
electronics than on the amplifier within the control loop. This is due to the noise rejection,

provided by the high gain gyro, to amplifier noise within the control loop.

The bearing noise information on the tracking mirror drive indicates the bearing noise
-6 db (ft - 1b)2
(S/0.1+1)2 rad/sec

Assuming the pre-load on the ATS Scanner gimbal bearings is approximately equal to

PSD for the Main Tracking Mirror is approximately equal to
50 times less than that of the tracking mirror bearings and the bearings are 1/3 as large,
the ATS scanner bearing noise PSD signature is assumed to be

86 db (it - Ib)>
rad/sec

) = 5
(S/0.1+1)

For the roll servo configuration the error resulting from this bearing noise (ETp) is

equal to
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- : 2000 9 9
1 -0 08 -86 db -31db S -75 (S8/0.4+1)
Roll Ep, = 0.206x1 2 ,/ 2] \(8/37+1) ) *\ S(S/40+1)(S/150+1)
(S/0.1+1)
0.2
= 0.014 sec

2000 ) )
6 -86db \ /-31db S -65 db (S/0.4+1)
0.206 x 10~ 2 / 2) | (8/37+1) (8/40+1)(S/150+1)

v e (S/0.1+1)

Figures 2. 2-2 and 2.2-3 show the pitch and roll RMS gimbal errors as a function of the

g

i

Pitch ETn

0.042 sec

It

bandwidth for lag-lead ratios of 10 to 1 and 100 to 1. It should be noted that the error
resulting from the assumed bearing noise PSD can be reduced by a factor of approximately

2 to 1 by increasing the gain and using a 100 to 1 lag-lead network rather than a 10 to 1

o lag~lead network.

The error values shown in Table 2.2~1 are based on a 100 to 1 lag-lead ratio. The elec~
tronic noise error shown in Figures 2.2-5 and 2, 2-6 is based on a white noise input to the

electronics in the loop and the bandwidth is changed by changing the amplifier gain.

Figure 2. 2-6a shows the open loop frequency response and Figure 2.2-6b shows the slew

loop frequency response with the rate loop incorporated.

The rate loop configuration has the advantage of being able to control the gimbal rates down
to the structure level of the drive. It also is the least sensitive, of the three configurations

considered, to errors in the rate commands induced by vehicle transient disturbances.
The rate loop configuration has the disadvantage of providing less bearing noise rejection

than either of the other configurations studied. It also requires that the D/A convertor

.~~~ noise be less than the configurations with the D/A convertor inside the servo loop.
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TABLE 2.2-1. RATE SERVO CONFIGURATION ERROR SUMMARY

2-98

(JITTER PERFORMANCE)
ERROR SOURCE PITCH AXIS " ROLL AXIS
Bearing Noise 0.043 sec 0.0143 sec
Gyro Noise 0.023 sec 0.023 sec
Loop Electronic Noise 0.016 sec 0.016 sec
Input Noise (D/A) 0.022 sec 0.022 sec
RMS Gimbal Error 0.054 sec 0.0375 sec

RMS LOS 0.1105 sec

20 LOS 0. 221 sec

Ip = 0.12, 0.36, 0.08

100:1 lag-lead

150 rad/sec wg
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2.2.1.4 Position Servo Configuration
The position servo configurations are shown in Figure 2.2-7. A bandwidth of 60 radians

per second in pitch and 30 radians per second in roll was selected for the position servo

configurations.

The selected bandwidths allow the scanner tracking control loop to be incorporated into the
slew servo configuration as a minor servo loop. This allows the transistion from slew to

track mode to be made with a minimum servo transient.

Figures 2.2-8 and 2.2-9 show the RMS gimbal error in pitch and roll as a function of the
position configuration bandwidth. The open loop frequency response of the seﬁo loops is
shown in Figures 2.2-10 and 2.2-11. The loops have an approximate gain of 50, 000 and

13,000 at 0. 15 radians per second in pitch and roll respectively

Figures 2.2-12 and 2. 2-13 show the open loop frequency response of pitch and roll slew
servo loops with the position servo configuration of the tracking loops incorporated as

minor loops.

For the position configurations of Figure 2.2-7, the error resulting from the assumed

bearing noise PSD is:

2000 , )
6 -86 db -31 dbs -43 db
Pitch (ETn) = 0.206 x 10 ¢/ 2 f < ) ( .
L, (8/0.141)° (8/37+1) | "\ (8/20+1)(8/60+1)
2000
Roll (ETn) = 0. 206 x 10° f -86db [ -31dbs ) 2 ( 41 db )2 o
L, /0. (/01412 \ 8/3T+D) (S/10+1) (5/30+1)
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Assuming electronic noise in the loop is represented as bandwidth limited white noise at
the input to the position buffer amplifier and the allowable position error resulting from

this noise is 0. 016 seconds of arc. The value of the input noise is

2000

2 2
) 6 _ -31 dbs -60 db
Roll (An) = 0.16 x4.85x 10~ =_ |2 f @An(w)( Yo ) : <(s/3o+1)(s/100+1)) dw
0.2

2000 I
0.0775 x10° = f @, (w)dw - (0.00506)
0.2 "
2000
-5
1.52 x 10 = f
X q’AN (w) dw
0.2
N -
2,30x 10 10 -13 Volts2
®an " =1.15x 10 Radian/Sec
2000 €
2000 ) )
-6 -31 dbs -66 db
Pitch (An) = 0. 077 = |2 /
ch (An) 775 x 10 ‘I’An(“’)( (s/37+1)) ((s/eo+1)(s/zoo+1)) dw
0.2
2000 I
0.0775 x 10 = f , (w)dw (0.00454)
0.2
2000
-6
.6 =
17.6 x 10 f @, (w)dw
0.2
-10
- & = 3.1x10 - 1.51 x 10-13 Volt”
An 2000 ' Radian/Sec
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It should be noted that the position configuration provides a higher rejection to D/A buffer
amplifier noise than does the rate configuration; this permits the design of the buffer

amplifier in the position configuration to be less complex than in the rate configuration.

An additional source of jitter in the position configuration that is not present in the rate
configuration is the jitter generated by digital summation of the encoder output and position
command signal. (See Figures 2.2-13 and 2.2-14.)

The jitter resulting from the generation of the quantized error signal can be calculated by
determining the amplitude of the fundamental of the square wave and operating on this with

the response of the servo at the error signal quantizing frequency.

For the case of the pitch axis with a 220th encoder quantum level on the gimbal the quantiz-
ing is equal to:
2A

6_ =

G sin w (D) [G:]

where G is the attenuation of the control loop at the quantizing frequency.

Assuming (D) = 0.5 (worst case) and the gimbal rate is 0.3 degrees per second, the loop

roll off will attenuate the quantizing error by a factor of approximately ~100 dg

_ 2x1.25

GE = 314 x1x0,00001 = 0.00008 sec

‘B

This error can further be reduced if the input command has a quantum level which is < 1/4
of the position encoder quantum level. This allows the quantized error signal to approach
a triangular wave, the fundamental of which is equal to 0.5 times the fundamental of a

square wave.
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TIME

Figure 2.2-14. Generation of Quantized Error Signal
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INPUTS < %%,_rf I I I

An additional source of error results because the encoder quantum level varies about the

20 BIT
INPUT

nominal value. A digital simulation was run to determine the effects of this bit to bit
variation. Figure 2.2-15 shows the servo configuration used in the simulation and the en-

coder bit distribution which was simulated. )

The error resulting from the bit to bit variations can be controlled by controlling the allow-
able bit variations of the encoder with respect to the nominal quantum level. Using an
allowable variation of +0, 1 arc seconds per quantum level with the restriction that the maxi-
mum accumulative error never exceeds 0.2 arc second at any time nor 0.1 arc second
over any 5 bit interval it is possible to restrict the gimbal jitter to less than 0.0125

second of arc at a gimbal rate of 0. 3 degree per second with a 30 radian per second servo
bandwidth. L

Figure 2. 2-16 is a plot of quantizing error as a function of gimbal rate for a 220th encoder
and a 30 radian per second bandwidth. Figure 2. 2-17 shows the same error information for
a 60 radian per second bandwidth.
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The position servo configuration is the least complex of the three configurations considered
and does not require a rate gyro as a sensor. Thus it also uses less power and weighs
less than the other two configurations. Position feedback is via the gimbal encoder which

is also used in the slew configuration, thus an additional sensor is not required.

The bearing noise rejection characteristic of the position configuration is approximately

equal to that of the rate configuration for the bearing noise profile agsumed for the trade-

off studies:

2
_ =86db volts _
<<I> = /0. 1012 rad/sec where 0.1 = 20 log db)

The sensitivity of the position control loops to errors in the rate commands induced by
vehicle transient disturbance is the highest of the three configurations considered. Table
2.2-2 shows the tabulated error inputs for the position configurations.

TABLE 2.2-2. POSITION SERVO CONFIGURATION ERROR SUMMARY

ERROR SOURCE PITCH ROLL
Bearing Noise 0.18 sec 0.165 sec
Electronic Noise 0.016 sec 0.016 sec
Quantizing Error 0.025 sec 0.062 s@é
RMS Gimbal = 0. 182 Sec 0.172 sec
RMS = 0.403 sec
20 = 0. 806 sec
2-118
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2.2.1.5 Position and Rate Servo Configuration
This configuration is shown in Figure 2.2-18. The inner loop is a rate loop with feedback

via the gyro and the outer loop is a position loop with feedback from a position encoder.
The dynamic error of this configuration with respect to the tracking input command is less

than one microradian per second (see Section 2.2.1.3.1).

The performance with respect to the requirements of Figure 2. 2-1 is evaluated by con-

sidering the following noise error sources:

Bearing Noise (Tn)
Electronic Noise (An)
Gyro Noise (Gn)

Quantizing Noise (Q)

Using the same noise profiles as in the evaluation of the rate and position servo configura-

tions, performance of the rate plus position configuration was determined as follows:

2000 9
2 -105 db (S/1+1)(S/100+1
EGn = 0.206 x 10° [ 2 f s/10—01612 dst>3?00 )(-83/13?)1s ) ( kil ) 2 dw
0.2 ( e VAN 1) (S/10+1)(S/40+1)(S/150+1)(S/1000+1)
= 0,022 sec
2000 ) ;
= 6 -86 db -31 dbs -96_db (S/4+1)(S/1+1)
Pitch ETn = 0.206 x 10 2 f ( 2) ((s/37+1)) ((S/10+1)(s/37+1)(s/30+1)(s/40+1)(s/150+1)) dw
0.2 (S/0.1+1)
= 0.02 sec

2000

2 2

i 6 -86 db -31 d(s) -106 db (S/4+1)(S/1+1)

Roll ETn = 0.206 x 10  / 2 f ( /0 1+1)2) ( (5737+1) ) ((S/l0+1)(S/37+1)(S/30+1)(S/40+1)(S/150+1)) dw
0.2 :
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Quantizing Noise:

20th

2
Roll =\I ( o ) +(0.004)> = 0.0635 sec at 0.05°/sec with a 2

encoder

20th

/ 2
0.18 oy o h
=¥ |—=— = .
Pitch (2. 828 x 5) + (0.00008) = 0.0125 sec at 0.3%/sec witha 2

encoder

The error due to electronic noise has been assumed to be less than 0. 016 seconds of arc
for the configurations shown in Figure 2.2-18. This is consistent with the assumed
electronic noise error used in the evaluation of the rate and position configuraﬁons. To
meet this error allotment the electronic noise also is budgeted such that the D/A buffer
noise contributes 15/16 of the allowable noise error. This is a reasonable allotment in
—_ that the gimbal position is approximately 30 times more sensitive to this noise source than

to the noise within the rate minor loop.

Figures 2.2-19 through 2. 2-21 show the RMS gimbal error for the pitch and roll control

loop with the position plus rate configurations. Table 2.2-3 gives an error tabulation for

this servo configuration.
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