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l SUMMARY

One ag fwewé)

I’ e

The Air Force’has many operatiohad concepts _for perform-
ing its various assigned missions. One of these manyicon-
cepts requires that the physical alignment of separate system
parts be aligned to each other so that.the system will ope-
rate correctly. This method of alignmént is termed transfer
of alignment. This report deals with transfer of alignment
by the use of radiated magnetic waves. This report details
the design and laboratory testing of the Space Synchro (SPASYN)
which is a five-degree-of-freedom transducing technique used
to detect the orientation of one body with respect to another
in measurements of pitch, roll and yaw angular displacements.
The system consists of a Radiator, Sensor, Radiator Excita-
tion Unit (REU), and System Control and Display Unit (SCDU).
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PREFACE

The work described in this report was performed by Polhemus
Navigation Sciences, Inc.(PNSI), in Burlington, Vermont for
the Air Force Avionics Laboratory at Wright-Patterson Air
Force Base, Dayton, Ohio, under Air Force Contract F33615-
73-C-1027. Mr. Herbert P. Kohlmann of the Navigation Group,
Navigation and Guidance Branch, Air Force Avionics Labora-
tory (NVN-2) was the technical monitor and cognizant project
engineer for the Air Force under this contract and Lt. C.
Schmader, 4950/PMEB, served as contract specialist for the

- Alr Force.

The work described herein represents a high-accuracy, small-
angle, medium-range application of the Space Synchro (SPASYN)
concept originated by a PNSI scientist In June of 1971 as a
promising new transducing technique for visually-coupled
control systems.

Under the sponsorship of the Aerospace Medical Research Lab-
oratory (AMRL) at Wright-Patterson Air Force Base, Dayton,
Ohio, the SPASYN concept was first translated into a bread-
board model of an Advanced Helmet-Mounted Sight system (AHMS)
for airborne applications. This AHMS breadboard model system
development was accomplished under Air Force Contract F33615-
72-C-1482 during the period from November 1971 to July 1972.
The requirements for this first military application of SPASYN
were moderate accuracy (+2. 0°) over relatlvely wide attitude-
angle and pointing-angle excursions (up to +75%) and over very
short distances (less than 3 feet) between radiator and sensor.

Then, under a follow-on contract awarded by AMRL (Air Force
Contract F33615-73-C-0106), improved, high-powered transducing
hardware was developed to operate in conjunction with the
System Electronics Unit developed under the preceding contract.
The purpose of this follow-on effort was to extend the trans-
ducing range of the AHMS breadboard model system to 100 feet
or more with the emphasis put on range rather than accuracy.
The accuracy requirements for this extended range development
effort were accordingly relaxed to *6. 0° for attitude and
pointing angle excursions up to +300

The work described in this report was likewise concerned with
developing practical hardware based on the SPASYN transducing
concept, but the emphasis in this case was on medium range

(up to 35 feet) with high resolution and high accuracy (better
than 0.1°) for relatively small angular excursions (up to +10°)
This work was performed during the period from 2 October 1972
through 31 May 1973 under Air Force Contract F33615-73-C-1027
and was sponsored by the Avionics Laboratory at WPAFB, Dayton,
Ohio.
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That this development effort was successful in accomplishing
most of the original objectives of the work statement is testi-
mony to the unstinting efforts of all of the individuals and
organizations involved in this project, but the authors believe
special acknowledgements are due the following individuals for
their important contributions to the technical success of this
program:

R. Pittman, Vice-President for Research and Development;
PNSI

E. B. Blood, Systems Engineer; PNSI
A. G. Rodgers, Engineering Technician; PNSI

M. F. Spears, President; Spears Associates, Inc.,
Waltham, Massachusetts

M. C. Poppe, Vice-President for Engineering;
PNSI
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SECTION I
INTRODUCTION

STATEMENT OF PROBLEM

A need exists in the Navigation, Guidance and Weapon Delivery
field for the capability to simply, rapidly and accurately
perform airborne transfer alignments between aircraft-mounted
inertial navigation systems and weapons-mounted inertial gui-
dance systems. The geometry of the transfer alignment problem
is illustrated in Figure 1.

Past methods of performing transfer alignment tasks have been
difficult, time-consuming, expensive, and of questionable ac-
curacy. These methods have generally required considerable
computer time and information storage capability. The results
have sometimes been of questionable value in field operations
because the quality of the master and remote inertial systems
were greatly disparate in terms of performance capability.
Furthermore, the ability to perform airborne transfer align-
ments has often been hampered by equipment malfunctions in the
past.

It must therefore be concluded that the capability of the Air
Force to perform airborne transfer alignments has been severely
limited in the past by the state of the art. It follows that
‘if a method of simply, rapidly and accurately determining the
coordinates of one reference frame with respect to another ref-
erence frame were made readily available, it would greatly en-
hance the Air Force's ability to perform this transfer align-
ment function.

SPASYN DEVELOPMENT BACKGROUND

The Space Synchro (SPASYN) concept on which the development
effort described in this report was based was originally pro-
posed to the Air Force back in July of 1971 as a unique and
promising electromagnetic transducing technique for application
to visually-coupled control systems. As a result of that orig-
inal proposal, Polhemus Navigation Sciences, Inc. (PNSI) was
awarded a contract (F33615-72-C-1482) by the Aerospace Medical
Research Laboratory (AMRL) at Wright Patterson Air Force Base,
Dayton, Ohio, in November of 1971 to develop a breadboard model
of an Advanced Helmet Mounted Sight (AHMS) system based on the
SPASYN concept.
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Figure 1.

THE TRANSFER ALIGNMENT PROBLEM

Aircraft Reference Frame: X,Y,Z

1
&

? é? Weapon Reference Frame: X,Y,Z

LOW COST AIRBORNE ALIGNMENT OF MISSILE SYSTEMS
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The broad objective of the AHMS program was to demonstrate

the feasibility of the SPASYN concept as a candidate solution
to the AHMS problem, and the program was very successful in
this respect. Although the breadboard model system did not
meet all of the original performance goals (e.g., +2.5° demon-
strated accuracy versus a +1.0 accuracy goal), the feasibility
of the concept was clearly demonstrated.

Then, in October of 1972, PNSI was awarded a follow-on contract
(F33615-73-C-0106) by AMRL to develop additional hardware which
would extend the transducing range of the original AHMS bread-
board system to 100 feet. Since the emphasis for this follow-
on effort was on range rather than accuracy, and feasibility
demonstration rather than final de51%n the transducing accu-
racy requ1rement was relaxed to +6.0 This program was also
successful in demonstrating the ?e351b11ity of the SPASYN con-
cept, particularly for long-range, closed-loop, control system
applications that do not involve man in the closed loop opera-
tion.

PROGRAM SCOPE AND OBJECTIVES

The broad objective of the development effort described in

this report was to utilize the SPASYN technology developed
under the AHMS program and determine its feasibility for per-
forming the airborne transfer alignment task in a simple, rapid
and accurate manner. Demonstration models of a radiator and
sensor and their associated electronic units were to be designed,
fabricated and then system tested while operating through, and
in the vicinity of, various metallic structures. Finally, the
test results were to be analyzed and a determination made as to
the feasibility of exploring the SPASYN technique further as a
candidate solution to the transfer alignment problem.

TECHNICAL REQUIREMENTS AND GOALS
The technical requirements and design goals established for this
development program by the contractual work statement are out-

lined below:

Technical Requirements:

1. Design, fabricate and test a suitable three-axis electro-
magnetic radiator.

2. Design, fabricate and test a suitable three-axis electro-
magnetic sensor.

11
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3. Design, fabricate and test a suitable radiator excita-
tion unit.

4. Design, fabricate and test a suitable signal processing
(and system control) unit.

5. Integrate and test the above components as a system.

6. Perform comprehensive structural interference tests with
various types and configurations of peripheral or inter-
vening metallic structures.

7. Reduce, analyze and evaluate all test results.

8. Make an assessment as to the practicality of using the
SPASYN technology to perform the aircraft/missile trans-
fer alignment function.

9., Make recommendations with regard to functional improve-
ments and additions needed to convert the feasibility
demonstration system into truly practical system for .trans-
fer alignment.

10. Make recommendations for a follow-on practical ground dem-
onstration of a transfer alignment system mounted in a
typical aircraft/missile environment.

Design Goals for the Transfer Alignment Feasibility System
(TAFS)

1. Transducing range: 25 to 30 feet

2. Attitude-angle measurement accuracy about three orthogonal
axes: 6 minutes of arc or better.

3. System power input: < 35 watts.
4. Radiator power input: < 8 watts.
5. Radiator size: < 3 inches in diameter.

6. Sensor size: < 3 inches in diameter.

SUMMARY OF PROGRAM RESULTS

The work accomplished under this contract, and the end results
of that total effort, are summarized in Table I. Table I alsc

12
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provides a comparison between the contractual requirements

and goals outlined in the preceding paragraph and the results
actually achieved by PNSI.

For a more detailed report on the various tasks performed
under this contract, see APPENDIX A. This appendix outlines
the complete progress history of the TAFS development effort.
For a more detailed report on the results of all of the system
testing performed under this contract, see Section 4 of this
report.

13
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Table I. Technical Accomplishments Under

Air Force Contract F33615-73-C-1027

Task/Result Accomplished

Contractual
Requirements
(or Design Goals)

Design Tasks

1. System Implementation Scheme
2. Radiator
3. Sensor

4. Radiator Excitation Unit (REU)

5. System Control and Display Unit (SCDU)

6. System Interconnect Cables

7. Radiator/Sensor Test Fixtures

Work Statement
Paragraphs:

4.5

4.6,4.7

Fabrication and Assembly Tasks

1. Radiator

2. Sensor

3. REU

4. SCDU

5. Interconnect Cables
6. Radiator Test Fixture

7. Sensor Test Fixture

Work Statement
Paragraphs:

Component/System Integration Tasks

1. REU checkout

2. REU/Radiator checkout and tailoring
3. SCDU checkout

4. SCDU/Sensor checkout and tailoring

5. SCDU/Sensor/Fixture alignment and
- calibration

Work Statement
Paragraphs:

4.3

4.1,4.3,4.5
4.4
4.2,4.4,4.5

4.5,4.6,4.7

14
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Task/Result Accomplished

Contractual
Requirements

(or Design Goals)

Component/System Integration Tasks (Cont'd)

6.

Total system alignment and cali-
bration (including fixtures)

Work Statement

Paragraphs:

4.5,4.6,4.7

System Testing Tasks

1.
2.

Preparation of test plan
Preparation of test set-up(s)

Static accuracy tests in a structurally
"clean" environment (Test Series A)

Static accuracy tests with electrically
conductive structures placed closeby,
or between, the radiator and/or sensor
(Test Series B)

Static accuracy tests with the sensor
enclosed in a conductive structure and
another conductive structure placed be-
tween the radiator and sensor (Test
Series D)

*As amended by mutual agreement between
the Air Force technical monitor and PNSI
engineers.

Work Statement

Paragraphs:
4.6%,4.7%

4.6%,4.7%

4.6%,4.7%

4.6%,4.7%

Design/Performance Characteristics

1.

2.

Radiator volume: =30 cubic inches

Size: 3.1'" x 3.1" x 3.1"
Sensor volume: =12 cubic inches
Size: 2.4" x 2.4" x 2.1"

Transducing range: 30 feet min.
Angle measurement accuracy about
3 axes:
Standard Deviation
for Small (+6.0°) Angles

Yy 9
a. For Test e e Ye S

Series A*:| 0.05° | 0.09° | 0.11
b. For Test o o

Series B*: 0.11 0.15 0.17°
c. For Test |

Series D¥:k0.18° |<0.22° |<0.240

*See listing of system testing
tasks above.

(14 cu. 1in.

(3 in. dia.
(14 cu. in.
(3 in. dia.

max)

sphere)

max)

sphere)

(25 to 30 ft.)

(+0.1°)

15

Meta Platforms, Inc.

Exhibit 1110
Page 015



Task/Result Accomplished

Contractual
Requirements
(or Design Goals)

Design/Performance Characteristics

5. System Input Power: = 150 watts
{excluding display requirements)

Radiator Input Power: 5 to 8 watts

(= 35 watts)

(~ 12 watts)

16
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SECTION II

SYSTEM DESIGN

REVIEW OF SPASYN CONCEPT

The basic objective of the SPASYN concept is to provide a
precise and continuous measure of the relative translation
and rotation of one rigid body (the moving coordinate frame)
with respect to a second, totally independent, rigid body
(the reference coordinate frame). The problem to be solved
therefore involves six degrees of freedom in the general
case. The SPASYN concept can provide such a six-degree-of-
freedom measurement capability with a two-radiator/one-sensor
transducing configuration.

With a single-radiator/single-sensor transducing configuration,
a SPASYN system can provide a five-degree-of-freedom solution.
Such an implementation scheme is sufficient for applications
where only measures of the attitude angles are required as
output information. The transfer alignment application falls
into this five-degree-of-freedom solution category.

Figure 2 illustrates the geometric relationships involved in
the five-degree-of-freedom solution. The orthogonal X, Y and

Z axes represent the reference coordinate frame, the orthogonal
x, ¥, and z axes represent the moving coordinate frame, the

¥, 6, and ¢ angles represent the relative bearing, pitch, and
roll angles of the moving body with respect to the reference
body, and the o« and B angles represent the angles of rotation
of the magnetic field pointing frame with respect to the refer-
ence frame. The orthogonal axes X and Zp define the
pointing frame and the angles o ang 8 geflne successive rota-
tions about the Zp and Yp axes respectively.

SPASYN is a closed-loop transducing/computing scheme which
uses a dynamic magnetic field as the coupling, or data link,
between the moving coordinate frame and the reference coordi-
-nate frame. This concept is depicted in Figure 3.

The functional entities, or components, which make up a five-
degree-of-freedom SPASYN system are shown to be a three-axis
electromagnetic Radiator which is rigidly fived to the refer-
ence coordinate frame, a three-axis magnetic Sensor which is
rigidly fixed to the moving coordinate frame, a System Elec-
tronics Unit (SEU) and a System Controller. Except for the
incidental manual control and calibration functions provided
on the SEU and/or System Controller, the only moving part in
this system i1s the moving body to which the sensor is attached.

11
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COMPOSITE POINTING/ORIENTATION GEOMETRY
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FIGURE 2. A FIVE DEGREE-OF-FREEDOM TRANSDUCING SCHEME
Meta Platforms, Inc.

Exhibit 1110
Page 018



For any given application, it may be desirable to subdivide
the SEU functions into more than one electronics unit or to
combine the System Controller and SEU functions into one
electronics unit. It may also be desirable to reverse the
roles of the Radiator and Sensor for a particular application,
i.e., the Radiator could be mounted on the moving body and
the Sensor could be mounted on the fixed reference frame.

The conceptual system representation of Figure 3 serves to
illustrate the basic SPASYN idea of using a conically nutating
magnetic field as the data link between the rigid body to

which the radiator is attached and the totally independent
rigid body to which the sensor is attached. Figure 3 also 1il-
lustrates the important fact that the SPASYN system is a closed-
loop system in which the sensed information signals derived
from the radiated magnetic field are in turn operated upon by
the SEU to control the radiator excitation currents which pro-
duce the radiated field. To be more specific, the SEU operates
so as to continuously force a null, or equilibrium, system con-
dition whereby the bearing, pitch and roll angles of the moving
body relative to the reference body are all explicitly and con-
tinuously derived as forced functions of this equilibrium-
seeking mode of operation.

For a more detailed and complete explanation of the SPASYN con-
cept, refer to APPENDIX B of this report. A more complete dis-
cussion and explanation of the nutating-magnetic-field and mag-
netic-field-pointing principles which are fundamental to the
SPASYN concept can also be found in the report entitled An Ad-
vanced Helmet-Mounted Sight (AHMS) System. (See the BIBLTOGRAPHY
Iincluded in this report.)

SYSTEM/COMPONENT DESIGN CONSIDERATIONS

As reported in the introductory paragraphs of this report, a
great deal of SPASYN development work had already been accom-
plished under a previous Air Force contract at the time that
work was started under this contract. However, most of this
development work had been concentrated on the development of

a short-range, moderate-accuracy system implementation whereas
the transfer alignment application calls for much higher ac-
curacy (for small-angle excursions) at much greater range.

The development effort under this contract was therefore focused
on those design considerations which have a direct bearing on
the small-angle accuracy and effective range of the system.
These considerations were:

1. Signal-to-noise requirements.

2. Choice of operating (carrier) frequency.

19
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THE SPASYN FIVE-DEGREE-OF FREEDOM SYSTEM

A CLOSED LOOP TRANSDUCING/COMPUTING SCHEME USING A MAGNETIC FTELD COUPLING BETWELN
REFERENCE FRAMLE AND MOVING FRAME.

3 AXIS MAGNETIC SENSOR STRAP-DOWN 3-AXIS MAGNETIC RADIATOR

'RADIATOR
EXCITATION

SYSTEM
L SENSED
INFORMATION | RN
\g{ A
SYSTEM
CONTROLLER

Figurc 3. The SPASYN TFive-Degree-ol Freedom System
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3. Radiator and sensor designs.

4. Design of the radiator excitation output stages.

5. Design of the sensor signal preamplifying input stages.
6. Design of the sensor signal bandpass filters.

All of the above considerations are, of course, highly inter-
related.

Signal/Noise Considerations

To obtain a six-minute absolute angular accuracy at a range of
twenty-five feet with a SPASYN transfer alignment system, it
is necessary to give careful consideration to the disturbing
effects of atmospheric noise picked up by the sensor. Assuming
operation in the VLF electromagnetic spectrum, an atmospheric
noise level of 20 pv/m//Hz may be expected. Assuming a pro-
cessing bandwidth of 100 Hz, a total noise level of 200 uv/m
is indicated. Thus, to assure a root-mean-square angular un-
certainty of less than 0.05 degree due to atmospheric noise
effects within a 100 Hz bandwidth, a signal-to-noise-ratio of
810 to one, or 58dB, is required. This is obtainable with a
signal level of 0.162 volts per meter at the sensor.

To obtain the required radiated field intensity level from a
three-inch-cube radiator, 412 amp-turns of magnetic potential
are required. A review of currently available voltage-to-
current amplifiers capable of operating in this frequency range
indicates that the practical design limit based on the current
state of the art is about seven amperes peak output current.

If an air-core radiator were used, about sixty turns of wire
would be required. Such a design approach would result in an
unacceptably high power dissipation level in the radiator wind-
ings and unacceptably high voltage levels across the windings;
therefore, designs which employ a ferrite structure to enhance
the effectiveness of the radiator windings were explored. Fi-
nally, from a series of measurements performed with various
radiator core and winding geometries, an open-framed-cube con-
figuration was selected for the transfer alignment application.

The design of the sensor was then modelled after the finalized
radiator design. In the case of the sensor, however, the de-
sign was not limited by the acceptable voltage levels across
the sensor windings. In this case, the number of turns per
winding were increased to provide an optimum design in terms
of noise figure versus source impedance, keeping in mind the
possible effects of electrostatically-coupled signal pickup on
the sensor windings.
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Appendix C to this report provides further insight into the
considerations which influenced the design of the radiator,
sensor, preamplifying input stages, and radiator excitation
output stages for the Transfer Alignment Feasibility System
(TAFS).

Choice of Operating (Carrier) Frequency

The operating (carrier) frequency for the transfer alignment

feasibility system was ultimately fixed at seven kilohertz

(7 KHz) based on the following considerations: ,

1. Seven kilohertz is generally above the audio frequency
pass band of the voice communication equipment used in
modern aircraft.

2. Seven kilohertz is halfway between the seventeenth and
eighteenth harmonics of 400 Hz which is the standard fre-
quency for AC power systems in modern aircraft.

3. Seven kilohertz is within the full-power bandwidth capa-
bilities of state-of-art high-current, wide-band, opera-
tional amplifiers (although very near the upper limit).

4. Generally speaking, the lower the carrier frequency, the
less severe the magnetic interference effects should be
due to eddy currents generated in nearby, electrically-
conductive structures (although empirical test results
have indicated that the improvement is hardly noticeable
for a ten-to-one reduction in frequency (from 20 KHz to
2 KHz) with nearby aluminum structures typical of a
modern aircraft cockpit environment.)

5. The lower the carrier frequency, the better the signal-
to-noise ratio should be with respect to atmospheric
noise effects for frequencies in the high audio (VLF)
range.

6. The lower the carrier frequency, the easier it is to sta-
bilize the closed-loop radiator excitation output stages
when driving inductive loads.

The above-listed advantages of a 7 KHz operating frequency,

as opposed to a substantially higher carrier frequency, are
somewhat offset by the reduced "effective heights'" of the
radiator and sensor for the lower frequency case. This re-
duction in "effective height' necessitates a higher excitation
level in the radiator in order to produce a particular signal
level in the sensor.

22
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System Power Requirements

The contractual work statement for the transfer alignment
feasibility system specified a design goal of eight watts
maximum power dissipation in the radiator. However, in the
interest of maximizing the signal-to-noise ratio at the
sensor, it was decided that the radiator windings should be
excited at the maximum AC current level which state-of-the-
art power operational amplifiers are capable of supplying
at 7 KHz without excessive distortion or excessive power
losses within the amplifiers themselves.

Thus, having finalized the winding parameters for the TAFS
radiator (i.e., the wire size and number of turns per winding)
and having set the low-frequency modulation level to provide
a 900 enclosed nutation angle, the power dissipation in the
radiator was empirally determined to be 12 watts at this max-
imum practical excitation level.

A reduction of the modulation amplitude so as to reduce the
enclosed nutation angle to 45° would have reduced the radiator
power dissipation to about 8 watts, and the '"pointing' sen-
sitivity of the transducing loop would have been somewhat de-
graded. Nevertheless, it is very likely that the system
operation would still have been more than satisfactory for the
intended application if the radiator excitation level had been
reduced from 12 watts to 8 watts.

SYSTEM IMPLEMENTATION SCHEME

The limited implementation scheme finally decided upon for the
.transfer alignment feasibility system is depicted in the block
diagram of Figure 4. This diagram does not include the digi-
tal measurement and display provisions which were built into
the SCDU to facilitate system testing in accordance with the

contractual work statement.

The four resolver functions required in the SCDU (see Figure 4)
were implemented with analog multiplier circuits which are
identical to those used to implement the multiplier functions
in the REU. Two such multipliers are required per resolver;
therefore, the total number of multipliers required for the
transfer alignment feasibility system was eleven. The four
SCDU resolver functions serve to implement the closed-1loop
radiator pointing scheme.

In the early planning stages of this program, the implementa-
tion of the five closed-loop, angle-computing functions was
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deemed unnecessary to the accomplishment of the contractual
objectives. It was only after performing "structural effects
tests'" with the SPASYN/AHMS breadboard system, both in the
laboratory and in actual cockpit installations, that the prac-
tical necessity for implementing at least the pointing-loop
functions was established. In any complete, closed-loop
SPASYN configuration, at least three additional resolver func-
tions, or their time-shared equivalents, would be required to
implement the attitude angle computing functions.
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SECTION III

SYSTEM HARDWARE

RADIATOR AND SENSOR

All of the pertinent physical and electrical characteristics
of the Radiator and Sensor which were designed and fabricated
under this contract are presented in Figure 5,

RADIATOR EXCITATION UNIT (REU)

All of the pertinent physical and electrical characteristics
of the REU are presented in Figure 6. All externally access-
ible electrical adjustments, connectors, and controls are
also identified as to location and function. A functional
block diagram of this component is included in Figure 6.

SYSTEM CONTROL UNIT (SCDU)

All of the pertinent physical and electrical characteristics
of the SCDU are presented in Figure 7. All externally access-
ible electrical adjustments, connectors, and controls are also
identified as to location and function. A functional block
diagram of this component is shown in Figure 8.
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SECTION IV

SYSTEM TESTING

TEST PLAN

The statement of work applicable to the subject contract
specified that system tests for static accuracy were to be
conducted under certain environmental conditions with re-
gard to the proximity of soft magnetic materials or elec-
trically conductive materials to the transducing elements
of the system. The intent was to determine the effects on
system performance of magnetic and electrically conductive
materials placed at various angles and locations with re-
spect to the radiator and/or sensor.

It was determined early in the program, however, that the
effects of eddy currents produced in nearby electrically
conductive materials as a function of the alternating
(7KH,) magnetic field was potentially a much more serious
problem for aircraft cockpit applications than the effects
produced by soft magnetic materials. This fact was estab-
lished as the result of tests conducted by PNSI engineers,
both in the laboratory and in typical aircraft cockpits,
shortly after the award of this contract.

Based on the fact that in an aircraft application, any near-
by structure is much more apt to be made of aluminum than

of soft magnetic material, it was decided that the TAFS
testing should, for the most part, be concentrated on quan-
tifying the effects of electrically conductive structures
such as aluminum panels. This decision was arrived at by
mutual agreement between the contractor and the Air Force
project engineer.

To implement and facilitate the decision to concentrate on
the effects of electrically-conductive structures, arrange-
ments were made by the Air Force project engineer to have

two typical aircraft/missile structures furnished to PNSI

on a GFE or scrap basis for our test purposes under this con-
tract. One structure was a typical aircraft fuselage panel.
The other was a typical airborne missile nose cone.

At a subsequent meeting held at PNSI's facility in March,
a general test plan based on the use of these two test
structures was mutually agreed upon by PNSI engineers and
the Air Force project engineer. It was further decided
that all structural effects testing would be limited to
working with these two typical structures. The detailed
test plan outlined in Table 2 of this report was based on
the agreements reached at that March meeting.
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Table 2. TAFS Detailed Test Plan
Test ,
Series Déscription of Tests Variable Test Conditions
Baseline static accuracy tests under '"ideal' con- Input Condition Set #1: All possible combinations of +6°, +3°
ditions (no electrically or magnetically conduc- and 0% for the three (¥, 6 and ¢) attitude angle input gimbals;
tive structures within 30 feet of the radiator or total combinations: 125
sensor in any direction; test to be conducted Input Condition Set #2: All possible combinations of +12¢ and
A outdoors under mild to moderate atmospheric con- +69 for the ¥ and 6 input gimbals with -12° and -6° foT the ¢
ditions. Input gimbal; total combinations: 32
Test 1: Small-angle transducing tests using Input
Condition Set #1.
Test 2: Larger-angle transducing test using Input

onﬂltlon Set #2. -
Static accuracy tests under various structural in-| Input Condition Set #3: All possible combinations of +6° and 0°
terference conditions and using Input Condltlon for the ¥, 6 and ¢ input gimbals; total combinations: ~27

Set #3. Test 1: Symmetrlcally place the fuselage panel 10 to 20 inches
Test 1: Small-angle tests with an electrically in front of the sensor with the long axis of the panel parallel
conductive panel placed between the radiator and to the ground and at right angles to the radiator/sensor line,
sensor and close to the sensor. and the concave face of the panel toward the sensor.

B Test 2: Same as Test 1 except with the "inter- Test 2: Symmetrically place the fuselage panel 10 to 20 inches
fering” panel placed directly above and close to above the sensor with the long axis of the panel parallel to the
the sensor. ground and in line with the radlator/scnsor line, and the con-
Test 3: Same as Test 1 except with the "inter- cave face of the panel toward the sensor.
fering" panel placed directly in front of and Test 3: Symmetrically place the fuselage panel 10 to 20 inches
close to the radiator. in front of the radiator with the long axis of the panel parallel

to the ground and at right angles to the radiator/sensor 11ne,

and the convex face of the panel toward the radiator.
Tests to quantitatively define the "interfercnce! Conduct a series of test with the fuselage panel to define the
boundary, or perimeter, of the transducing com- "interference' perimeter for a 30 foot radiator to sensor spacing.

C ponents in relation to a particular separation The "interference boundary" criteria shall be for each different
distance between radiator and sensor and a par- "approach” of the panel to either the radiator or sensor shall be:
ticular "interference" test panel, that maximum distance at wh1ch the SCDU readout indicate a field

dlsturbancc equivalent to +1 of error for anyone of the three
"sensed"” attitude angles. .
Static accuracy tests under the same conditions Input Condition Set #4: The ¥ input gimbal shall be set at 0°,
as for Test B3 except that the sensor shall be +39 and +69 (five different settings) with the ¢ and 6 input

D completely surrounded by a cylindrical '"inter- gimbal initially set at or near zero and then held constant
fering" structure and Input Condition Set #4 throughout the test. .
shall apply. _
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TEST SET-UPS

The specific test set-ups which were employed in conducting
the system tests are depicted in the line drawings of Figures
9, 10, 11 and 12. Test set-ups B3 and D1 are also shown in
the photographs of Figures 13 and 14. Figure 15 shows a
close up of the Sensor/Test-Fixture/SCDU set-up which was
typical for all of the system tests except test Dl1. The sys-
tem components and test structures are all clearly identified
in Figures 13, 14 and 15, and the pertinent distances for the
various test set-ups are specified in Figures 9 through 12.
In the latter figures, the TAFS radiator and sensor and the
two test structures are identified as follows:

Symbol Definition
R Radiator
S Sensor
P Fuselage Panel
C Missile Nose Cone

No further explanation with regard to these test set-ups 1is
deemed necessary for the purposes of this report except in
the case of test set-up Dl1. For this set-up, the sensor had
to be removed from the sensor test fixture and placed on a
non-metallic rotatable platform which was large enough to
support the missile cone so as to allow the missile nose cone
to completely enclose the sensor. It is obvious from Figure
12 that this set-up permitted no access to the sensor within
the missile nose cone during the test; therefore, this test
was limited to rotations about the azimuth axis of the test
fixture.

TEST RESULTS

The results of all of the system tests performed under this
contract are summarized in Table 3. Both the standard devi-
ations and '"worst case'" error results are listed for all of
the tests performed. A complete listing of all system test
results is included in this report as Appendix D. Appendix D
also includes derivations and listings of the various mathe-
matical relationships which were used to calculate the COM-
PUTED OUTPUT DATA listings from the INPUT DATA and MEASURED
OUTPUT DATA listings.
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Table 3.

.

Summary of TAFS Test Results

o

Test TA Errors (In Degrees)
Test Test Characteristics Test Conditions Std. Déviation® Worst Case Errors
Series No. " Tested Set-Up (See Table 2) Yo 8o be Yo e be
1 Static accuracy and - Outdoors, Input Condition Set I; 0.05 | 0.09 0.11 0.15 0.19 0.25
resolution for angles no conduc- 125 total combinations :
< +6° tive struc- | of attitude angles
T tures
A - )
2 Static accuracy and Input Condition Set II; 0.29 0.14 0.18 0.58 0.50 0.29
resolution for angles 32 total combinations
< +12° of attitude angles
1 Static accuracy and Fig. 9 Input condition Set III; | 0.10 0.17 0.10 0.28 0.35 0.23
resolution, for angles 27 total combinations of
< +69, in the presence attitude angles; with a
of an intervening or single intervening struc-
adjacent conductive ture near the sensor
structure ‘
B 2 Fig. 10 Same input conditions as | 0.17 0.11 0.07 0.42 0.22 0.14
for test B-1; with a
single structure closely
adjacent to the sensor
3 Fig. 11 Same input conditions as | 0.11 0.06 0.11 0.29 0.17 0.24
for test B-1; with a .
single intervening struc-
ture near the radiator

*Standard Deviation, as used here is defined as the

Ik

root-mean-square error.
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Table 3.- Summary of

TAFS Test ReSuivs \wuie wy

.

Test

TA Errors (In Degrees)
Test Test Characteristics Test Conditions Std. Deviation¥® Worst Case Errors
Series No. Tested Set-Up (See Table 2) Yo ‘ fe fﬁ be ¥e I, R Lgée
1 Structural interfer- See test @ 4&_@ attitude angle disturbance is <1° when
ence perimeter with conditions d > 66" e
radiator and sensor at right | b= a —
separated by a dis- 30" i o .
2 tance of 30' Bl E{}————~ﬁD§J attitude angle disturbance is <1~ when
d d > 72"
* [r]
C 3 1I‘_l5I 15';!}1] attitude angle disturbance is <1° when
d d > 90"
— -
4 5 |30 R|7T attitude angle disturbance is <1° when
d d > 66"
]+ -
5 30! (R| _@ attitude angle disturbance is <1° ‘when
d— d > 68" : B
1 Static accuracy and Fig. 12 Input Condition Set IV; 0.17 0.21 0.23 0.50 0.57 0.48
D resolution for angles 6 different values for

b

Y with ¢ and 8 held con-
stant at near-zero set-
tings

7

*Standard Deviation, as used here is defined as the

robt-mean-square error.
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SECTION V

CONCLUSIONS AND RECOMMENDATIONS

The effort completed under this contract has clearly demon-
strated the feasibility of utilizing the SPASYN concept to
accurately transduce angular information over a substantial
distance even when the transducing components must, of nec-

essity, be placed in close proximity to, or within, elec-
trically conductive structures. This, in the opinion of
PNSI's engineering staff, is the general conclusion to be
drawn from a critical review of the TAFS test results. The
specific conclusions arrived at as a result of the total
effort documented in this report are as follows:

Based on the TAFS power requirements and statistical test
results, it seems entirely feasible to utilize the SPASYN
concept in airborne applications requiring the accurate
sensing (within +0.2° or better) of the relative motion,
attitude and position of one rigid body with respect to

a second rigid body at separation distances of 30 feet

or more.,

Based on the statistical evidence from the static accuracy
tests, it can be concluded that the set-ups, fixtures and
instrumentation used in performing these tests were mar-
ginal at best (in terms of rigidity, gimbal orthogonality,
input scale accuracy and setability, and readout resolution)
relative to the accuracy goals of the contractual work
statement and the capabilities of the system being tested.
It is conservatively estimated that the cumulative errors
introduced by the test fixtures and instrumentation, plus
the unavoidable human errors introduced as an indirect re-
sult of the shortcomings of the test fixtures, were as high
as +0.259 in the "worst case" instances.

Because of the inadequacies of the test fixtures and in-
strumentation, it seems valid to conclude that more weight
should be given to the root-mean-square error values pre-
sented in Table 3 than to the corresponding "worst case"
values. This is particularly true in view of the fact
that in some of the data sets the '"worst case' error is
more than twice as high as the next highest error in that
set thereby indicating that the data sample from which
that "worst case' value was derived is suspect.

Although the close proximity of electrically conductive

structures does tend to significantly alter the character-
istics of the pointable nutating field, which is the basis
of the SPASYN concept, it seems that the effects produced
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by such structures can be treated, for the most part,

as psuedo-misalignment effects rather than random vari-
ables or non-linearities. As evidenced by the test re-
sults these psuedo misalignments can generally be elimi-
nated, or at least greatly reduced, by making the nec-
essary compensating (electrical) adjustments within the
Radiator Excitation Unit during the initial alignment
procedure. This approach is particularly applicable

and appropriate when the interfering structure is rigidly
fixed with respect to the radiator and/or sensor, both
in rotation and translation. Such rigidly-fixed struc-
tures can generally be considered extensions of the
radiator and/or sensor, as the case may be.

From the results of Test D1 it can be concluded that the
placement of either the radiator or sensor within an
electrically conductive structure that completely sur-
rounds the transducing component should be avoided, if
at all possible, particularly in those cases where the
clearance between the walls of the structure and the
transducing component would be very short relative to
the separation distance between radiator and sensor. In
such cases the attenuation and distortion of the radiated
field is apt to be so severe as to make the application
of the SPASYN electromagnetic transducing technique im-
practical (unless the specified accuracy requirements
are relatively modest).

Bearing in mind the inadequacies of the present TAFS
hardware and the test instrumentation used in conducting
the TAFS tests, it is reasonable to conclude that an rms
improvement of at least 2 to 1 could be realized from
even a modest follow-on design and development effort.

Having successfully demonstrated the feasibility of a medium-
range, SPASYN transfer alignment system in terms of a par-
tially-implemented laboratory model, it would seem that the
next logical step in the development of a practical system
would be to design, fabricate and test a completely-imple-
mented engineering model suitable for ground testing in a
typical fighter aircraft. It is therefore recommended that
such an engineering model be developed in accordance with

the following guidelines:

The system would be designed so as to incorporate all of
the lessons learned up to that time with regard to the
implementation of the SPASYN concept.

If the contracting agency should so desire, the system
would be designed to utilize as many of the TAFS compon-
ents and parts as possible to minimize cost without sacri-
ficing performance.
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- The pointing angle and attitude angle computing loops
would be implemented with a commercial grade digital
processor to minimize cost.

- A more precise Sensor Test Fixture should be designed
and fabricated to provide a means of adequately bench
testing the deliverable hardware.

- The accuracy design goals would be +0.07° CPE (Circular
Probable Error) for azimuth and elevation angle outputs
and +0.1 Standard Deviation (rms) for the roll angle
output, for attitude and pointing angles up to 12°, and
over a transducing range of at least 30 feet.

The proposed ground-test system should be installed in a
typical fighter aircraft and then subjected to a series of
static and simulated dynamic tests. These tests would aid
in the selection of an output data scheme appropriate to

the inertial platform alignment process. They would also
aid in the preparation of a set of operational and tech-
nical requirements to be met in the development of a flight-
worthy system.

A major problem with present airborne alignment systems is
the validity of the filter program which defines the loca-
tion and orientation of the missile system platform as the
initial conditions are varied by the operating environment
(for example, as weight and center of gravity change during
a mission, or whenever the aircraft angle of attack is
altered, or in the presence of turbulence).

One application of the SPASYN technique could be to monitor
the position of a target datum located at some arbitrary
point in or on the fuselage of the aircraft. As the pylon-
mounted missile equipped with a SPASYN sensor moves with
respect to the fuselage target (both in position and attitude)
this movement would be explicitly and continuously measured
and then input to the alignment system computer. With these
inputs properly filtered the initial alignment process could
be quickened and improved in accuracy.

An alternative approach would be to align the system to the
heading and attitude data outputs from the aircraft master
reference unit and thereby to communicate these data out-
puts as command information.

There are undoubtedly variations of these two approaches which
will emerge with time and experience. In either case, the ob-
jective would be to provide a reference which is accurate to
not worse than 0.1°, 2o.
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TRANSFER ALIGNMENT FEASIBILITY SYSTEM DEVELOPMENT HISTORY

The progress history of the Transfer Alignment TFeasibility
System development work performed under Air Force Contract
F33615-73-C-1027 is outlined below. The total effort re-
quired eight months to complete, starting October 2, 1972
and ending June 1, 1973.

’October 1872

- An analysis was performed to determine the radiated signal
levels and receiver sensitivity required to obtain the
stated accuracy objectives.

- Preliminary designs for the radiator and sensor were ex-
plored with the assistance of Spears Associates, Inc.,
Waltham, Mass,

- Various measurement models of radiator and sensor config-
urations were constructed and tested to measure inductance,
Q and radiation efficiency.

- The driver amplifier requirements for the selected radi-
ator design were defined.

- A radiator driver amplifier was ordered and a preliminary
radiator excitation circuit design based on the use of
this amplifier was completed.

- A search was conducted to find series-tuning capacitors
capable of operating at the relatively high frequency and
current levels required by the radiator design, and suit-
able capacitors were ordered.

- An input filter capable of providing the narrow noise band-
width required by the system design analysis was designed,
and suitable components were ordered.

- A preliminary conceptual design of the coordinate trans-
formation scheme for the sensed-signal processor was ac-
complished.

- A gimballed sensor test stand was designed and constructed.

- A radiator test stand utilizing a conventional surveyor's
transit as the gimballed mounting platform was designed
and constructed.
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November 19072

The design of the radiator driver power amplifier circuits
was completed, and the circuits were tested into a dummy
load.

The radiator driver amplifier was interfaced with the radi-
ator.

High current tests of the radiator were performed to de-
termine heat rise, efficiency and electromagnetic radiation
levels.

The conceptual design of the sensed-signal processor was
completed, and the necessary components were ordered,

A temperature test of the tuning stability of the radiator
was performed indicating a stability of one part in 103
over a 40°C temperature range.

Preliminary structural interference tests were accomplished
at relatively low power levels using measurement models of
the radiator in conjunction with a single-axis sensing coil.

Based on the results of preliminary interference tests, it
was decided that the operating frequency should be made
switch-selectable as either 14 or 7KHz.

December 1972

The sensed-signal preamplifier circuitry was breadboarded
and tested.

Interconnecting system cables were specified and buillt.

The preliminary structural interference studies were con-
tinued.

January 1973

The high-current (15 amp, 24VDC) power supplies required
to power the three-channel REU (Radiator Excitation Unit)
and three-axis radiator were selected and ordered.

The functional block diagram for the transfer alignment
feasibility system was finalized.

The radiator and sensor designs were finalized, and fabri-
cation and assembly of these units was started; completion
status was 20% at the end of the period.
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January 1973 (Cont'd)

The total circuit design effort for the feasibility demon-
stration system reached 90% completion with 70% of the re-
quired electronic parts on hand.

Fabrication, assembly and wiring of the REU was started,
and the status of completion was 30% at the end of the
period.

Fabrication, assembly and wiring of the Central Processing
Unit (CPU) was started, and the status of completion was
10% at the end of the period.

The system design documentation effort was 25% completed
by the end of the period.

Laboratory investigation of the effects of nearby metallic
structures on the SPASYN system was continued throughout
the period.

February 1973

The high-current (15 amp, 24VDC) power supplies required
to power the REU and Radiator were received and tested.

The winding and assembly of the core structures for the
deliverable Radiator and Sensor were completed. The com-
pletion status of these units was 80% as of February 28.

The total circuit design effort reached 95% completion
with only the Radiator and Sensor interaxis cross-coupling
circuitry remaining to be finalized.

90% of the required electronic parts had been received as
of 28 February.

Fabrication, assembly and wiring of the Radiator Excita-
tion Unit (REU) reached 45% completion.

The preliminary laboratory investigation of the effects
of nearby metallic structures on SPASYN system accuracy
was completed.

The task of formulating a comprehensive and detailed test
plan for the final acceptance and structural effects
testing of the deliverable system hardware was started
during this period, and was 25% completed as of 28 Feb-
ruary.
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March 1973

Completion Status As Of

Task Description 2/28 3/31

- Fab, assembly and wiring of the 45% 100%
REU (Radiator Excitation Unit)

- Initial electrical checkout and 0% 100%
calibration adjustment of the REU

- Fab, assembly and wiring of the 80% 100%
Radiator and Sensor

- Initial electrical checkout and 0% 100%
tuning of the Radiator and Sensor

- Assembly, wiring and checkout of 0% 100%
the PSU (Power Supply Unit)

- Fab, assembly, and wiring of the 10% 80%
SCDU (System Control and Display
Unit)

- Initial electrical checkout and 0% 25%
calibration adjustment of the
SCDU

April 1973

Fab, assembly, and initial electrical checkout and cali-
bration of the SCDU was completed.

The system test plan was finalized.

Initial checkout alignment and calibration of the total
transfer alignment feasibility system was completed.

A comprehensive series of system static accuracy tests in
a structurally 'clean'" environment was started during this
period, and the completion status of these baseline tests
was 50% by the end of the period.

May 1973

The baseline test series which was started in April was
completed during this period, and all of the planned
"structural effects' testing of the system was also com-
pleted during this period.
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THE SPASYN

A New Transducing Technique
For Visually Coupled Control Systems

Jack Kuipers

Polhemus Navigation Sciences, Inc.
P. 0. Box 1011
Burlington, Vermont (05401

(The material presented in this Appendix

is a condensation of a paper presented

by Mr. Kuipers at a symposium on Visually-
Coupled Control Systems sponsored by the
Aerospace Medical Research Laboratory, of
the Aerospace Medical Division, Air Force
Systems Command, Wright-Patterson Air

Force Base, Dayton, Ohio. The symposium
was held on November 8, 9, and 10 at Brooks
Air Force Base, San Antonio, Texas.)
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THE SPASYN

A New Transducing Technique
For Visually Coupled Control Systems

ABSTRACT

The SPASYN (Space Synchro) is a five degree-of-freedom
transducing system which provides a precise and continuous
measure of the three relative orientation angles and the
two angles of relative translation (in polar coordinates),
between two independent, rigid-body coordinate frames. The
transducer consists of a Radiator fixed to one body frame
and a Sensor fixed to the second body frame, both electri-
cally connected to the System Electronics Unit (SEU). The
signal generated in the Sensor as a result of the modulated
vector field issuing from the Radiator, is operated upon by
electronic coordinate transformation circuitry in the SEU
thereby yielding a measure of the five angles. The nature
of the radiated vector field structure is described and the
various coordinate transformations involved in relating the
two principle coordinate frames are discussed.

The SPASYN is presented as an elegant solution to the
Advanced Helmet-Mounted Sight application for a Visually
Coupled Control System. However, in addition to applica-
tions which interface man with machine, some multi-degree-
of-freedom control problems which do not involve man directly
in the loop are suggested as candidate applications for the
SPASYN. Some of these are: inertial platform transfer
alignment, automation of boom/receptacle coupling in Air-to-
Air Refueling, stationkeeping for drones and RPV's, VTOL
aircraft instrument landing aid, automatic docking of marine
craft, at-sea replenishment navigational aid, ctc.

Meta Platforms, Inc.

Exhibit 1110
Page 058



THE SPASYN

A New Transducing Technique
For Visually Coupled Control Systems

INTRODUCTION

The PNSI SPASYN (Space Synchro) is a transducing system
for determining the relative orientation and '"translation"
between two independent rigid-body coordinate frames. More
precisely, it is a five degree-of-freedom transducing system
for measuring the three relative orientation angles and the
two angles of the three polar coordinates of relative trans-
lation. :

With a second transducer operating cooperatively with
the first and sharing most of its components, a full six
degree-of-freedom sensing system is achieved with some re-
dundancy.

The SPASYN transducer is a closed-loop angle measuring
technique which promises great flexibility in application,
is relatively insensitive to intervening structure, and has
wide-angle and long-range possibilities. In fact, in its
most general two or three radiator configuration, there
would be no restrictions on the observers freedom of move-
ment insofar as angular orientation of the body and head
are concerned, although the motion box in which the head is

free to move may be limited in volume. The ultimate accuracy

of the system is expected to be better than one-half degree.

The general physical characteristics of the SPASYN are
simple and unencumbered, which makes it easily applicated
in systems employing the natural visual/motor skills of the
operator to control sensors, weapons, and/or vehicles.

The SPASYN concept offers not only an elegant solution
to the general problem of interfacing man with the machine
in Visually-Coupled Control Systems, but is also uniquely
suited to five or six degree-of-freedom guidance and control
problems which do not necessarily involve the observer in
the loop. A few examples of some likely applications of the
SPASYN technique are: inertial platform transfer alignment,
automation of boom/receptable coupling in air-to-air refuel-
ing, station-keeping for drones and RPV's, VTOL aircraft in-
strument landing aid, automatic docking of marine craft, at-
sea replenishment navigational aid, etc.
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In order to facilitate the presentation and discussion
of basic principles and performance, the SPASYN is described
--where application orientation is necessary--in the con-
text of head-position sensing in a specific application of
. an airborne Visually-Coupled Control System.

DESCRIPTION OF A TYPICAL SPASYN SYSTEM

A typical SPASYN system for an airborne VCCS applica-
tion would be comprised of four components as shown in Figure
1: a Radiator, a Sensor, a System Electronics Unit, and a
System Controller. :

The Radiator would be approximately two inches in diam-
eter and be located at some convenient, but rather arbitrary,
point in the cockpit and oriented precisely with respect to
the aircraft body frame. It would be electrically connected
to, and receives its excitation from, the System Electronics
Unit (SEU).

The Sensor Unit would be approximately one inch in diam-
eter and one ounce in weight. It would be precisely oriented
with respect to the observers head gear. This head gear
would include the necessary optical accountrements for estab-
lishing the line-of-sight of the observer, since the optics
and the sensor, which are both fixed to the helmet, must be
boresighted. The sensor would be connected to the System
Electronics Unit by means of a lightweight cable which can
be conveniently attached to the head gear.

The Systems Electronics Unit (SEU) would contain all of
the signal-processing and computational electronics as well
as the power supply. As shown in Figure 1, we have reason
to believe that a microminiaturized production version of
the SEU could be enclosed in 160 cubic inches or less.
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PRODUCTION HARDWARE CONCEPT |

o 4 —

SYSTEM CONTROLLER

SYSTEM ELECTRONICS UNIT (SEU)

THREE-AXIS SENSOR THREE-AXIS RADIATOR

WEIGHT: 8 LBS. MAX.
VOLUME: 160 CU. IN. MAX.
POWER REQUIREMENT: 40 WATTS MAX.
SPASYN SYSTEM

Meta Platforms, Inc.
Exhibit 1110
Page 061



SPASYN COORDINATE FRAME RELATIONSHIPS

The design objective of the SPASYN is that it provide
a measure of sensor orientation (attitude and relative
bearing) and sensor translation relative to a fixed co-
ordinate frame centered in the radiator. This fixed frame
with the radiator at its origin is boresighted to be coin-
cident with the aircraft body axes and will be called the
reference coordinate frame (designated XYZ). The degrees-
of-freedom and the geometry relating the other pertinent
coordinate frames of the problem are illustrated in Figure
2. The line segment RS (radiator to sensor) is shown dir-
ected in the reference coordinate frame XYZ. The direction
of this line segment is completely determined in this frame
by specifying the two angles o and B which, in this instance,
are shown as successive rotations about the Z and Y' axes
respectively.

The general orientation of the sensor is represented
and defined in terms of the three conventional Euler angles
Y, 6, and ¢, with the understanding that in this case the
"attitude and relative bearing' angles are relative to the
XYZ reference frame. The orientation of the sensor frame
Xxyz is also illustrated in Figure 2. The point S' is shown
displaced from the actual sensor point S for pedagogical
reasons, i.e., merely to show clearly how the orientation
angles are defined. In this case, following convention, the
orientation angles Yy, 8, and ¢ are successive rotations about
the z, y, and x axes respectively.
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COMPOSITE POINTING/ORIENTATION GEOMETRY

Y b=
R
~ X

RADIATOR |

A FIVE DEGREE-OF-FREEDOM TRANSDUCER

FIGURE 2.
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It should be emphasized at this point that there is
nothing unique about the particular selection of angles or
successive axes of rotation; that is, there are many other
angle/axis sequences equally manageable in principle. In
fact, another arrangement could well be more appropriate
to a different application.

One of the computational objectives of the SPASYN system
is that the pointing axis of the vector field emanating from
the radiator be made continuously and precisely coincident
with the line segment RS.

A second computational objective is that the orienta-
tion of the xyz axes of the sensor be continuously and pre-
cisely determined with respect to the XYZ reference axes of
the Radiator. Since the sensor is attached to an indepen-
dent body, its orientation is clearly independent of the
pointing angles.

RADIATOR/SENSOR UNITS

The Radiator and Sensor Units of the SPASYN are iden-
tical in principle, and in some applications may even be
physically identical units. Each unit consists essentially
of three identical orthogonal windings on some core struc-
ture which has radiating and sensing properties that are iso-
tropic.

The Radiator Unit emanates a nutating vector field, as
illustrated in Figure 3. With appropriate processing of
the signals received by the Sensor Unit, the direction of
the line containing the points representing the radiator and
the sensor is continuously and precisely defined in the ref-
erence coordinate frame centered in the radiator. The two
angles a and R completely define the direction of this
"tracking" line to the sensor.

A reference excitation vector yielding a nutating field
when applied component-wise to the respective xyz excitation
windings of the Radiator, is defined by the vector f, where

f = col(E, N cos mt, N sin mt) (1)
E = amplitude of the CW component

N = amplitude of nutation (modulation)

m = radian frequency of the nutation
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NUTATING-FIELD GEOMETRY

Yz

Figure 3
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With the excitation represented by the vector f applied to
the Radiator, a nutating field is generated whose nutation
axis 1is coincident with the X-axis of the Radiator.

The SPASYN concept, in its present configuration, 1is
based upon two fundamental notions:

1. A nutating vector field structure can be pointed
electronically in any arbitrary direction on the
unit ball. The terms 'pointing' and '"direction"
in this case refer to the nutation axis of the
field with respect to the reference frame.

2. Signals received from the radiator by the sensor,
after being operated upon by suitable transfor-
mation and control circuitry, yield the two angles
pointing to, and the three orientation angles of,
the sensor.

Implicit in both of these notions is the imperative require-
ment that the windings of both the radiator and the sensor
be mutually orthogonal and that their structures be isotropic.

Each of the lobes issuing from the Radiator (Figure 3)
are to be interpreted as a typical dipole plot of the radial
component of the field intensity. Rotation of this field
intensity lobe is about the nutation or pointing axis and
the two lobes shown correspond to the field intensity pattern
at two different instants of time, one-half nutation period
apart. -

RADIATOR POINTING OR SENSOR TRACKING

The pointing or tracking capability of the SPASYN is
achieved by electronically directing the radiated field
structure such that the sensor lies on the nutation axis.
The pointing circuitry has the characteristic small angle
sinusoidal or proportional type sensitivity to off-axis
errors which allows tight close-loop determination of the
pointing angles. The discrimination circuitry which deter-
mines the closed-loop tracking strategy 1s discussed below
in some further detail.

The pointing capability of the radiator is achieved
electronically by operating upon the reference nutating
field vector f in Equation (1), with an orthogonal coordi-
nate transformation which consists essentially of two ro-
tations. This has the effect of taking every point in
the reference nutating field into a geometrically equiv-
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alent point in the '"pointed" nutating field, as shown in
Figure 4.

The radiator operates at some nominal carrier fre-
quency, each winding being appropriately modulated to
achieve the properly pointed nutating field. The modula-
tion signal applied to each of the three windings of the
radiator is given by the respective component of the radi-
ator modulation vector ep, where

-1
en = Tp f (2)
B a1 g
cosa -sina 0 cosB 0 sing
-1 ‘
Tp = sina cosa 0 0 1 0 (3)
0 0 1 -sinf 0 cosR
I —J —

The pointing angles o and B are determined in the System
Electronics Unit by integrating the off-axis pointing error
components detected against the logic of the quadrature
reference components of the nutation.

SYSTEM ELECTRONICS UNIT

Proper relationships between the various coordinate
frames is obviously important in the SPASYN system strategy,
as manifested by the coordinate transformation circuitry in
the System Electronics Unit. The block diagram of Figure 5
shows the computational sequence of the coordinate trans-
formations required to obtain the correct solution for the
radiator pointing angles and the orientation angles of the
sensor. The order of the indicated transformations is im-
portant since matrices do not commute under multiplication.

The sensor orientation is represented by the threce an-
gles involved in the orthogonal transformation Ty which 1is
defined as the indicated matrix product of the three ma-
trices representing the three independent rotations:

1 0 0 cosé 0 -sin6|| cosy siny O
T, = |0 cos¢ >sin¢ 0 1 0 -siny cosy O (4f
0 -sing cos¢ sinSu 0 cosH 0 0 1

It is clear from the sequence of transformations shown
in Figure 5, that the matrix product of the transformations
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between the input reference nutating field vector f, and the
output demods and decoding circuitry, is equal to the iden-
tity transformation. The demods and decoding circuits are,
therefore, operating on perturbations about the nominal at-
titude and heading angles of the sensor and also about the
nominal pointing angles to the sensor. This results in
meaningful error signals appearing on the nominal signal
components which comprise the nutating field vector f (see
Equation 1).

The errors in the nominal relative bearing angle ¢ and
the elevation angle 6, appear as signals proportional to
the E component and are detected on the fy and f; components,
respectively.

The error in the nominal roll angle ¢, is proportional
to the phase error in the output nutation signals fy and f,
measured with respect to the phase of the input reference
fy and f, components.

SENSOR TRACKING

The sensor tracking capability of the SPASYN is achieved
by nutating the entire vector field structure. This takes
advantage of the dipole field strength characteristic of the
radiator. The only field strength points that are invariant
under nutation are those points on the nutation axis. It is
this idea, illustrated in Figure 5, that is the basis of the
SPASYN pointing strategy. The radial line which is shown
off the nutation axis in Figure 5 indicates a variation in
field strength over the half nutation period represented by
the two field intensity lobes. From this illustration, it
is clear that a modulation signal appears along the x-com-
ponent of the modulation vector f, whenever the sensor does
not lie on the nutation axis.

Discriminating between the errors on the two independent
pointing angles « and 8 merely requires that the total error
modulation appearing on fyxy be demodulated against the quad-
rature components of the reference nutation vector f.

The resulting error signals are integrated in the usual
closed-loop arrangement to effect the necessary corrections
in the radiator pointing. In this case, the pointing trans-
formation Tﬁl is included in the inner loop, as shown in
Figure 4.

TRANSLATION COMPUTATION

As mentioned above, a full six degree-of-freedom com-
putation requires a second radiator positioned such that
over the desired translational domain, the two pointing

B-14
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axes cannot become colinear. In fact, in order to maintain
a reasonable measure of error sensitivity in this computa-
tion, the two pointing axes which intersect at the sensor
should be bounded such that the angle of intersection ¥y
satisfies the criterium [90° -¥|< 309, In other words, the
best sensitivity in this computation occurs when the two
pointing axes intersect at 90°. The sensitivity for the
translation computation is zero when the two pointing axes
are collinear. The two-radiator geometry is illustrated

in Figure 6.

The computational scheme for each of the two radiators
is in principle the same as discussed above and illustrated
in Figure 5. Moreover, since there is only one sensor in-
volved, the matrix T, which defined the sensor orientation
with respect to the reference frame must be the same for
both computational loops. It is only the pointing loops
and their transformations that are independent; in fact, it
is this independence that makes it possible to determine
ri; and rp, the radial distance between the sensor and the
two radiators by triangulation.

The computational strategy for determining rj and rp
1s illustrated in Figure 7, where the notation Tp1 and Tp2
refer now to the pointing transformations for radiator 1
and 2 respectively. The column vector r = col(a, b, c)
represents the location of the second radiator in the chosen
reference frame, that is, with the reference frame taken to
be centered in the first radiator.

The triple summation of vector quantities, component-
wise, indicated in Figure 7 must result in nominal zeroes
if the pointing angles and the values for r (which locates
the second radiator in the reference frame centered in the
first radiator), ry and r are correct. Non-zero 'errors'
on the x and y components are integrated in a closed-loop
arrangement which yields the correct values for r; and r»
consistent with the two sets of pointing angles.
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SUMMARY'

This paper has described a five degree-of-freedom
transducing scheme called the SPASYN, which can readily
be arranged to give a measure of the full six degrees of
freedom between two independent rigid bodies. 1In Aircraft
or Aerospace parlance, the SPASYN can yield a measure of
the three angles defining relative bearing and attitude
(with all-attitude capability) in addition to the three
translation coordinates (cartesian or polar), all relative
to some established coordinate frame.
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APPENDIX C

TAFS ANTENNA POWER REQUIREMENTS
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Notes on Transfer Alignment Antenna Power Requirements

Jack Kuipers - August 29, 1972

These notes are based upon extrapolations from antenna design
computations (by Morton Spears) dated 7-21-72 and upon a dis-
cussion of the Radiator/Sensor problem at Spears Associates
on 8-28-72 (with Spears, Pittman, DeRuyck, and Kuipers in
attendance).

1. In Spears computations (appended) an antenna was designed
to the following specifications:

Range: 600 ft.

S/N at 600 ft. is 10 db
Carrier frequency = 60 KHz
Bandwidth = 1 Hz

L0 o

This resulted in a requirement of 62 watts of power to
excite a particular Spears antenna.

2. We at PNSI wish to extrapolate from the above results
to a power requirement for a Radiator antenna designed
to meet the following specifications imposed by the
Transfer Alignment problem:

a. Range = 25 ft.

b. S/N at 25 ft. is at least 500 times better than
1.b. in order to achieve the required 0.1 degree
accuracy.

c. Carrier frequency = 10KH:z

d. Bandwidth = 20 Hz

3. The power budget is influenced by the specification chan-
ges from 1. to 2. in the following manner:

a. Range: 600 = 24; 243 corresponds to +82.8 db
25

b. Require 500 times better for 0.1 de-

oree accuracy which correspond to -54.0 db

c. Carrier frequency 60 KHz to 10 KHz in-
creases noise (ITT Handbook pg 763) -12.0 db
d. Bandwidth 1 Hz to 20 Hz costs -13.0 db
+ 3.8 d

This says that the power required by the Transfer Alignment
application is reduced from 62 watts by 3.8 db: [25.8 watts]|
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This 25.8 watt result for the 0.1 degree accuracy in-
cludes the original 10 db advantage in S/N specified
in 1. which therefore corresponds to a S/N = 1500 or

64 db. TFor a perhaps more realistic S/N = 500 the re-
quired power is[2.58 watts] Therefore,

Antenna Power Required
3 watts < for \ < 25 watts
Transfer Alignment

Meta Platforms, Inc.
Exhibit 1110
Page 078



ANALYSIS FOR POLHEMUS

By Morton Spears of
Spears Associates

July 21, 1972

Requirement: Receive at 600', 1H, Bandwidth with 10 db

S+N/N ratio at 60 KHZ

Signal/Noise: Noise = 4 uv/meter; therefore, the signal

must be 12 uv meter

Transmitter
loop« 4" x 4" x 4" - 10 turns - alr loop
L = 9.6 phenrys X = 3.62 ohms
Ry = 0.015 ohms (#lO'wire air cooled)
Test: At 60KH,, the transmitter loop was energized
with 2.63 Amperes = 26.3 AT generated 61.8
"mv/meter at 12'. Therefore,
12" 3
(:366{) X 61.8 = 0.493 pv/meter at 600’
Tran§mitter _
reauirenent:  _ig w/neter (reuliedl - 0.5 a1 acio
Amperes: 2.63 x 24.3 = 64 Amperes required
Volts: 3.62 x 64 = 232 volts required
Power: 62 watts required
Energy: LIZ/Z = 0.02 Joules
For 100 watts
power: (gg 130 waris)y x _—7_12 E\\;/ﬁ = 1.27 x 3 = 3.81 ratio

= 12 db S/N Ratio
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APPENDIX D

TAFS TEST RESULTS
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TRANSFER ALIGNMENT FEASIBILITY SYSTEM TEST RESULTS

The measured and computed results of the various TAFS system
tests performed under Contract F33615-73-C-1027 are presented
in this appendix to the final report. The definitions and
explanations needed to properly interpret and evaluate these
results are given below.

Definitions and Explanations

(1) In Tables 1-D through 9-D, the column headings XX, YX,
ZX, XY, YY and ZY are defined as follows:

The first letter designates the measured signal
output of a particular winding of the TAFS sen-
sor and the second letter designates this meas-
ured output to be a function of the excitation
input to a particular winding of the TAFS radi-
ator. For example: XX denotes ''the x signal
output of the sensor as a function of the X
excitation input to the radiator."

(2) The designation "BAD DATA" is used in Table 2-D (and
again in Table 7-D) to indicate that the computed test
results for these so-called '"BAD DATA" test increments
were so grossly discrepant relative to the computed
root-mean-square values for the entire test sequence
that an obvious '"human error' is indicated, either in
setting up the sensor test gimbals (input data) or in
recording of the sensor voltage readings (measured out-
put data). The missing 'BAD DATA" error values can
be computed if desired from the corresponding measured
output data by the use of the formulas presented below.

(3) 1In Tables 5-D/7-D/9-D, an additional column of computed
data labelled OFFSET ADJUSTED ROLL ERRORS is presented.
These adjusted roll error values were obtained by cal-
culating the algebraic mean of the corresponding unad-
justed roll errors and then subtracting this algebraic
mean from each of the unadjusted roll errors to obtain
the adjusted error values.

This procedure removes the systematic offset (or bias)
errors from the computed roll errors leaving only the
random errors. These random errors are the errors of
interest for the purposes of this report. 1In a gen-
eral sense, one might expect that this offset cancel-
ling procedure should be applied to all of the computed
attitude angle error data in Tables 1-D through 9-D

to obtain the true random deviations from the mean, but
a close examination of the data and a few trial calcu-
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lations will quickly show that only in the two test
cases mentioned above would this procedure signifi-
cantly alter the test results. The implication is
obvious: For some unknown reason, a systematic roll
offset error was introduced into the data measure-
ments in the process of performing tests B2 and B3 but
not in performing tests Al, A2, Bl and DI.

Derivation of the Pertinent Mathematical Formulas

Attitude Angle Transducing Errors: The attitude angle trans-
ducing errors- are defined as the algebraic differences be-
tween the attitude angles calculated from the sensed informa-
tion mgasurements4 and the corresponding mechanical gimbal
angles” that were set into the sensor test fixture as the in-
put conditions. Thus,

qle = lyc - “yg
ee = ec = eg
and ¢e = ¢c - dg

where ¥, 6, and ¢ denote the azimuth, elevation and roll angles .
respectively and the subscripts e, c and g denote the error
angle, the calculated angle and the gimbal angle respectively.

Calculated Attitude Angles: If the sensed information signals,
which are measured in the orthogonal sensor reference frame,
are mathematically '"derotated" through the correct attitude
angles and in the proper sequence to obtain the corresponding
vector signals with respect to the orthogonal radiator refer-
ence frame, then the resulting '"derotated" information signals
should be directly proportional to the radiator excitation
reference signals. Thus, if all of the sensed information
signals and the corresponding radiator excitation reference
signals are known, the sensed attitude angles can be calculated
from the defining relationships derived below.

The block diagram of Figure 1-D depicts the three-angle orth-
ogonal 'derotation'" operation using resolver notation.

labelled SENSOR ANGLE ERRORS in the data tabulations.

2Labelled SENSOR VOLTAGE READINGS in the data tabulations.
3Labelled SENSOR GIMBAL ANGLES in the data tabulations.
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ro i )

- -9 -y

Figure 1-D

In this three-resolver block diagram, Sy, Sy and S, represent

the signal outputs from the x, y and z windings of the sensor,
Ry, Ry and R, represent the normalized excitation signals ap-

plied” to the X, Y and Z windings of the radiator, and ¢, 6 and
Y represent the sensed attitude angles. With the resolver no-
tation defined as indicated in Figure 2-D.

b ~ B a = A
a -~ - A pr— — b > B
b > B a - B A
o o o
Figure 2-D

where A = a(cosa) + b(sina)
and B = b(cosa) - a(sina),

it can be shown (using the inverse Luler transformations) that
the general relationships between the sensor outputs and the
radiator inputs can be expressed as follows:

(Eq. 1) RX = SxcosH cos¥ + Sy (sin¢ sind cosy -cos¢ sin¥)

+S, (cos¢ sin6 cos¥ +sin¢ sinV¥)

4

(Eq. 2) Ry = Sycos® sinV¥ + Sy (sin¢ sinb® sin¥ +cos¢ cos¥)

+S, (cos¢ sinB sin¥ -sin¢ cosY)

Z

(Eq. 3) R; = -S;sin6 + S,sin¢ cos® + S,cos¢ cosd

y
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Now, by defining two singular cases of radiator excitation

con

ditions and the corresponding sensor signal outputs as

indicated in the following table,
Radiator Excit. Signals Sensor OQutput Signals
Case
X Y Z X z
Axis Axis Axis Axis Axis Axis
A E 0 0 XX YX ZX
B 0 E 0 XY YY zY

it

for

(Eq.

and

(Eq.

for

(Eq.

App
yie

can be shown that:

Case A, equation 2 reduces to

4) 0 XX cos6 sin¥ + YX (sin¢ sin6 sin¥ + cos¢ cosV¥)

+ ZX (cos¢ sin6 sin¥Y - sin¢ cosy)

equation 3 reduces to

§) O = -XX sinf + YX sin¢ cos® + ZX cos¢ cosH;
Case B, equation 3 reduces to
6) 0 = -XY sin6 + YY siné cos® + ZY cosé cosH

ropriate separation of variables between equations 5 and 6
1ds the desired solutions for ¢. and 6. as follows:

XX-ZY - XY-ZX
b = arctan | 3y Tyx - XX YY
%}

sin¢. (YX-ZY - YY-Z
B, = arctan

XX-ZY XY ZX

Finally, dividing equation 4 by cos¥ and rearranging terms

yie

1ds the desired solution for Y. as follows:

_ ZXsin¢ - YXcoso
Ye arctan [%XCOS@ + YXsin¢ sinb + ZXcos¢ sin

]
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Many other expressions could have been derived as solutions
for ¢c, 6¢c and Yc, and they would have resulted in slightly
different computed values for the error angles ¢,, 8o, and Yg,
but the expressions derived above were the ones that were used
to obtain the computed error values listed in Tables 1-D
through 9-D. The reasoning behind this choice of expressions
is explained in the following paragraph.

The basic relationship, i.e., the one involving only the meas-
ured sensor voltages as independent variables, is the solution
for ¢.. The solution for 6. is then obtained as a function of
the calculated value for ¢.. And finally, the solution for ¥
is obtained as a function of the calculated values for ¢. and
6.. Since the 'derotation' sequence shown in Figure 1-D re-
quires that the sensed information be operated upon first by ¢,
then by 8 and finally by V¥, the expressions derived above seem
to be particularly appropriate in terms of simulating the at-
titude angle solutions that would be obtained with a closed-
loop implementation of the coordinate transformation scheme
shown in Figure 1-D.
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' AFAL-TR-73-281 * .

""" AN ELECTROMAGNETIC. -

** _-POSITION: SENSOR = .

. -0 30 Nov. 1973 :{

. ADDENDUM -CHANGE

" " ‘Reference:

:,_pIace with the attached‘ﬂi_';ﬂ
.. corrected copies. = il

D-6 through D-18 2nd re- -

-Appendix D. Remove pagesi-{'
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... bias" are-the (corrected) rms errors as com- S
‘puted directly from the measured data through”

In corrected Tables 2-D, 3-D, 5-D, 7-
and 9-D, the final,. fully reduced, rms error -~ . . ST
““values are encircled with a bold-faced rec- .. - - .. LU T
" tangle to set.them off for quick reference. ' i :

The rms error values designated "with

the use cf the formulas presented in the. in- .

troductory section of Appendix D. Thé error ~

~ values designated "without bias' are the

- final values obtained by determining the al--

.. gebraic mean of the .computed error.data and
“then extracting this systematic offset, or .

- "bias" error from the rms error value accord-
1ng to the fOllOWlng formula :

. {N (Xiff)y.'
] —
i=1 N

' S§.= the. reduced ("w1thout b1as") uqf.;k
< - TmMS error value - S

.ﬁﬁ'Xi-= fhezith error data sampiéAEL

i.s. X '= the algebféig mean of the.. .
... - _error data = the bias

N = number of data samples
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" Table 1-D.”. Results of Test Al, Measured Data

:.-'\DUT saTA ‘{"-7,_}w;r i ]-imEASUQED"ouTPuT'oATA

'SENSCR GIVEAL AVGLES R SENSOR VOLTAGE RtADI\JS TR AR
o (DEGREES)- ":~-a o L IVOLTs) ' R
AZIVUTH ELathxou CRCLL - < Xx: oYX zx U Ry v vy Sy
"64C0 6400 6400 - 9.88 =0e93  1e12 =053 =493 Cabs
T 3400 0 . 6.00 . 5400 9693  =0e42 108 | =0427 = =4495 . Q59
70600 6e00. .o 6eC0 SeS4  =041C 1003 =060l =496 . CeZ2
C .. =3400- 5003 T 6600 - Ge93 - 0eb2 059 0e25 - =4495. . Qe5%
S =6e00 - 6e4CC - 6400 .. 9489 1615 CeS4 0e51 =4492  Ge56
T 6400 3400 . 6eC0 5692  =0e99 0e61 © =552 - w4.93 7 04697
'3.0C = 3400 . 6400 - Se97 =048 = 0a57  =(e26  =4a95 .7 Ge51:
©0s00 © 340C . - - 6e4UC ¢ 958 . 0405 0e52 - Co00 " =4e95 " Ca52
. -3, 00 . . 3400 "+ 6e00. 9497 0e57 = De4& ~ ~0e26- '=4295 -~ 0a3% -
=5.0C T 3400 ) 6400 9493 . l.10C Cett3 . Ceb52. =4,93 - QaE6 -
. 6400 . Ce00 . - 6400 . 9695 =14 ‘0e08 " =Ce51 '=4493 . -0e51
73000 .7 QDeCO 6400 - "G99 =0e53 OoO»‘*'_"—‘O-ZG) S =4e96 Qe52 -
000 CaC0 T 5400, - 9499 0400 . 0e00 - 0401 . =4496. 0653
=3.0C 0eC0 " "7 - 64LC . 10400 Oe34  =0eC3. -~ 04l8. =4.96:  C&53°
=600 --0e00 - - ‘6e00 . 9496 . 1eC2.  =0e08  :0e53 " =4e94 .. 0e5&.
. 6400  =3.C0 . 600 993 =140 . =0e462  =0450 " =492 0655
73,00 - :=3.00 . ;. 6400 997 =058 =047 =024 - "=4a95 - Qe5¢
U 0600 . =3400 - 6400 .. 9¢99  ~De05 =051 . 0402 © 7496 0e53
- =3.00 =3400 - 6400 ' 9eS7  0e45 . =0s55 .- :0Qe28 " =495 . 0452,
Cmga 00 =3,00 0 6,30 . %464 . . CeS8  ~C.EC . Je33 . ' . Ce3l-
© - 600 =6+00. 600 9490 =lel5 *=0e95 =Ca&9 = . 058
S 3400 mbeQU0 - 65e00 : 9494 =063  =1400 -~ =0.23 . =4.95 " -.0e56 °
000 - =540C - 6400 . 9695  =0ell . =1404 . 003 - =4.96 ... -0e53 "
=3400.  =540C - 1 600 994  Qesl =108 . 0e25". =6e96 005l
U e6e00 . . =600 - . 6400 . $e90 = 093 =lel2 - QsS4 - =494 Cel9
. €400 . 18400, . 34007:..9.88 =1.00 1606  =Ue53 - =4.96 0419.-
3400, 6400 .. 34C0 9493 =0s4B = 1le05 =0e27 "7 =498  0w22°
: "0e00 . 6400 . 13400 - 94953 0e04 :."1e05 ~=0401 . =5.00 . 0Qs25.
“1 . =3,00 .. 6600 " 3600 GeS4 0e58 . 1403 0e25 - =499 0430
" =6e0C 7 6400 . . 3400 0 9490 . 1e09 = 1.0l 0e51  =4e57  Ce33
6400, 340C . 3400 . 9492, =102 " 0e36 - =053 '=4.96 .C.22
" 3400 -7 34C0 ~: 3600 . 996 .-=0e9 Deb5b . =0e26° =4e99 = Qecb .
© 0e00 . 2400 . 2600 - Se98 0s02 ~ 0653 7000  =4499 . 025
~=3400 .. " 3400 3400 . 997  -0e54 - Ce5l ~ Celb =499 Ce28
=6400 . 3400 . | 3400 . .9.63 1627 GetS 0651 . =4e97 .- 03T
6.00 . 00T 3400 9494 =1la0% _ 0e03 . =0s52 . =L.96 0e25
s0C . 0e02 - 3400 . 9e$8 7 =0e53 T 0eQl  =0e25 - =4e98 - Ce26 .
L2.CeCC 7 0eGT T - 3400 L 10400 7. 0480 - Ce0OG  10.CO “4458 0427
-=34C00. o 00 73400 . 9499 . 052  =0e02 . 0626 ' =4.59 1 0277
=6400 30 - . S 3.00 9435 - le0b& . =0eC4%  ~ 053 -~ -=4498 . 0427
600" "3.0: 3!00 9092 -1-07 =0eb9 - =0s51 0. ~4495 0025
.- 3400 ©  '=3.00° . ;) 3,00 19497  -0e55  =0.51 =025 - =4.99 " C.27 -
T 0eCD 0 =300 3400 0 9498 . =Jel4  =Ce52 . Tedl  <4e99 " 0627
w3, 00 «3.00 . 3400 . 9497 . . Qea9 ~0454 0e27  =6499 - 0426
=5.C0 =3.,C2 3-03 ) 9:93 N 1101 .a45__ 0053 -“.;7_ 0025 -
640 "@5,0C 73400 © 9488  =iel0 . =1e0l ‘. =0e5C . =4.96- . Ce3l--:
3,00 © =6£400.  3.00 9493 =0e58 < =103 - =026 =698, T Ca29
-, CeCO =64020 - .. 3eC0 9454 =0e07 - =1e05 . GeD2 T =4%SS . 027
. =3400 . =640C . 3460 9493 T Cesb o =ls06 | 0428 . =4.99 . Ce25
L =6eC0 - =640C . 3400  .9ed5' 0499 =1e07 - 0454+ =4.98

D-6 o 4 F Ut L CHANGE G
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Table 1-D. - (Continued)

jIhPJT DATA'””

u_SENSOR GZ*“AL ANGLCS
) (DE QE’S)

‘~5AzlvurH, ELEVATIuN _

’ 6400 5.00_,‘~vjc;oo¢‘
© 3400 L 6e00. " 000

- o oo . 64000 .Ce00 -
;-es,OQr 660G L 0600 L
276400 73007 70400
. 3400 -7 3400, 0 . 0sCO -
PfO-OGf‘,1’3)005;*’fﬁ0.00; .
=3400 - 24007 . T0e00 .
_=6400 7 3400 : - 0400 .o
- 6400 . 0e00° - 000 .
.7 36007 - 0400 1. 70600
U 0e00 T: 0e00 . 0&00
. =300 _ 000 . -70e00.
=6400 .. -0e00 . *.0e400 .
76400 . =3400 . . 0s00: "
073,007 =3.00; 7 . 34000
0600 =3400 7 - 0600
L =3400.,- =3400° . 0600 .

~n T 2 A~ . o~
'6'4u““ Toeuw . TaC0

7600 f=6eQ0 ¢ . 0s00
300 =600 T 10400
0000\—gf'6000t3~--;O;Oawh‘
T.=340C T =6400. 1. 040070
=6e00 . . =64C0 - . 0eCO". .9
‘6300;;i “6-00ﬂ‘ =300 . -
T 3;00f M'f6‘OQ‘ -B.OQL;uV
T 060071 6490 1% =3.00
=3,00" 64007 . =300
~6e00: ~ 6400/, ¢ =3400 .
600 3400 . . =32400 '~
©3400 © . 34000 . =3.C0- -
7 0e00. LY 3400: - =34000 -
- =3400 - ;34005 =300 -
L. =6e00 .. " 34007 =3400 .
. f1‘f'0;00f‘ W:-3§OJ'f 
3 " 0600 .. =3400
©.0eQ0 T 0e0D T, T=3400: -
“=34C0 .. 000 5 1=3e00
®6e00 " Ce00 . =300 ¢
L 8800 N =24007 1 =3e007
3400 . =300 T =34C0 "
‘aO(OO}Q.L?B-OGf;  °3mOO¥
=300+ “=3400° . =3¢00
L =6600 1 =2e00 . =3 <00 0

. .,043"?
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INPUT DATA

- SENSOR

31vBAL AN

~ {DEGREES)

AZIMUTH

' - 600
3.CC
0.CO

. =3.C0
:"6- 2C
'.-6000
" 3.C0.
.0eCC

. =3400
=6400

. 6400
. 3.00

'0«00-"
?3.00:
=5+90"

o 600
3200

. 000
‘_‘3;00
. =600
“: 6«00
3.G0C

o 0600
o =-3.C0
- =600

ELEVATION

"EelC
500
&.00
6eC0
&0

B ~n
2.00C

3400
" 3.0C
3«C0O
3400
CelO
0400
CaCO
0«00
. 000
--3000 .
-3.00

}'3.CC

-
=3400 .-

S PL.IC
- =8e00--

=600 .
=540

© =400

=6400

U END OF DATA -

- Table 1-D.-

GLES

.-ﬁSbRED CJTPJT DATA

~ {Continued)
\..:u? VO
"RCLL XX YX. Zx
'-60QQ 987 =le1l2 QeS¢
C =6e00 9492 =062 Ce9S
-5.CC. GeG3 =Cell la05
Cl-TR¥IN) - 5eG2. QetC 1610
" =6400 GeI8 0e92 . lelb
=6eC0 - 9632  =leu8. . Je&2
5430 9096 ~Ce58 . Jed7
. £.C0 Se958 -Q 06-,..0.52
" =6aC0 - 9eG7. .-0es&s& | De58
T =6e00 .. $e93° Ce98 - 0eb2
=54C0 . 9094- -l.OZ -Odll'
.-6000- ::9098‘ ;0n51 -0-05
- =6e00 L 1959 D20 D601
].ré.OO'» 9469 - Je51 . CeD6
- =6400 9.95{_-”1&03' C Del2
- =54CC 9493 . =De96 =0464
=600 9¢98.. =0e46 =0e58
. =500 Fe985 Qel6 . =Je52
=6a 30 Fe99. . 0e58. " =Ce&7
T o=k N Fe 0L l¢C =Cell
" =6400 9450 =0e91 =1l.16
"=6400 . 9494 =Qecl =lell -
T =6e00° 1 9496, 0.1l =1.,0 ,
=5400 .. 9S4 ° . Ceb63 - =099 -
>;6-00' 9{90 101“' ‘0094
ﬁ:n_e:

LTAGE READINGS
IVOLTSJ

XY.

=053

~(e28
-0el2
‘ v'Z"
CabkS
=DeS4

-0e26 .-
"=Ce02 -
0024'

0«50

=Ce53 -

-0g28
O(OO

Ue26

0«50

=0e53..
=0e¢27
"q'GZ
a2t

- ~
veIu

~Ce53
-0e27 .
- =0e02 -7
_nDQZQ,f
0450

YY

-2y
=449)1 . =0DeZB
-Qo9'3 -—‘055
~4495 . =Ce53
‘QQQQ -3053
-4Le9% _‘CQQ7
~4491 + =0a5%5
“‘.9.9“-‘ -3-5(9
4,54  =0e53
~Le G4 . =0e52
—4.92_-—', -CaZ0

et e91. - =0.52
L =4e94 ~0eb52
—4-99_ "0-52
G =4a94 . =052
=4 463 =052
=4e92 =Je4S
-4 494 =0e51
o mh e GG =-C0«52
=G 4T "0553
=& a G2 --Qo55
-4452  =0ebb
T=4e94 U =0446:
=4e95 . =04e32
=4.94 L =D.5%
-“.92_

tHANCﬁJTﬂFJ
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- Table 2-D.° Results of Test Al, Computed Data .- -

: ” L;{1ﬁpgT CATA- W-,  P .?F'_Cqﬁﬁufﬁs OUTPuT DATA -
7 SENSOR.GIMEZAL ANGLES © ° - | {SENSOR ANGLE ERRCRS

" (DEGREES : ‘(bEGFEESf"_1

~

AZIMUTH S ELEVATION. . ROLL : © 7 AZIMUTH . ELEVATION  ROLL
B S - : ERROR ERKOR =~ ERROR
«C0 - 540C - - 54C0 -~ =060l 7. =Cel2  =0.04
3400 6400 . 6eCO o . 0e04 - =0s08 - =0.02
8 AD.. CATA.- 7 T .
. =3.00"° 6420 © 6600 T T 0«06 =~ - 0,03 CeO4 -
-5+.00 T 6600 T . 600 . T Je02 Qell N Ce19
" 6.00: 3400 - 6480- . .77 0e02 . =0.09 . =0.02
. 3400 3400 6e00 - . .- 20408 =0404 OeCt
io0 .. 0600 . 3,00 6600 .- . . 0e03.. - 0e00- -Ge02
L w3400 7 3400 . 6400 - - . . 0eC5 1 009 0.18
S =8ed0 .. - 3eT0 7 600 - “=0e01 - T Qels .= Qel5
6¢00. CelO 600 - S U c=CeC2 . =0416 - . =Cell
3.00 - 0eCO 6600 ~ - - .. 0eC4 . =009 [ - =0.02
: . 0.400 - C.00 7 6400: - T, 0eD0 F T - Ce0U 0.10
UUBAD TTDOACT A o T e s e
. =600 . 0.00 6400 . ... 0e08.. - . 0Qel8.:.  Ce22
6.00 .. =3.00 - 6400 - =0e03 . =007 - CeQ7
S 3,0C.7 - =3400. - 6400 - 7 .7 . 0e02 - =004 .- Ce0B
s m,e0 - =2,20°7 T geCC T T 8eS3 T L 0eCs L Qell
.-=340C 0 T =34007. - 6400 T 0610 TG 0ele T Celb Do
=500 = =3400 . 600" ST -"O'O‘O' Cel?7 0020 7
16400 0 =5400. . ° 600 .7 1 =0e02 =015 . Ceil
.34CC - =6400.. .6e00 . -7 @®0e03 - .=0eI0 I Cel7 - -
0eCU .~ ~6400 6+00 7 2 =0e01 .77 0e00 -7 Cels ©
. =3400 =6¢0G .. - 6400 .. - — 7 0e00 . ... 0e09° 0e22
B AD IDATA T e T
3,00 . - 5400 3.00" T L. . 0e25 0 . "=0e11 . =015
0eCO - . 6400 "~ 3400 - 770408 . .. 0a03 ... =0.01
- =340C ... 6400 . © 3.00 . .7 T 0e01 . - 009 . 0Qel3
-6¢CC 5e¢C0 .. 3400. ¢ . . .0.08 . "0el6 . Qel7
640C. - ~ 3400 ... 3400 .. . - 0e01 + =0.07 -Cel5
3.00. 3400 3400 0 - e =003 0 =006 -Cel9- . .
- DeCC T 3420 ¢ 340010 .. . 0ed& 7 . 0eCb - =D.02 -
© T =3400. . 3e00. - 200 - 1 .-0e08 . - .- 0eC9 . .. -0.C5
Fo=6e30 3.0C 7 . 3600 7 0002 77 0 .70e18 0 Cal3
“. 6600, T Qa0 Y 36400, 7. . =Ue03 - 7 =Cels . =CeCl
2.0 - 0600 73400 R "0e0& ;. =QelC . =C0e02
. 0e00 - C.00" . 3.00 - 7 0e00 - Ce00 7 0410
~=3,03 . CeUD . 3.00 - - ST 0602 . 0e05 . CeCY.
S . =8e0C- . . - De03 3400 7 ..t ..0e03 . Ce09 . 0e09
L 6eCC . =303 4 3400 ;LT [0C0e00 - i=0elé. T =UeCH
© 3e40C T=3400 . - 3e007 o ls _0eCO - =0.CF .. =Cel5
T =340C 0 T =3400 - 3.30 .. 7CeC2 Y 04C6.. . Cels
L. =6eTC - =3.00. "3eC0 ., . T .. .0e03 " Qel6 - - - DelB8
6600 T m8e00 - . 3600 - Y Qe0l 0 J=0el5 ¢ =0e03
[ 3400 . =8e00 . 3400 . . T.0e01 =009 . Gela -
R Be0 | =6eC0: - L . 300’3: o E R :0.0_7 ) =0 e0% Cel2
S le3.00 0 =66030 0 . 3400 - - 0 T 0e33 - " De06. - % Q620

plec e e o L CHANGF
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I\pr OHTA

_ SENSOR GIYBAL ANG LES

?.(

AZIVUTH

., -£.C0
64 CC

3400

‘0.CC

‘-3000 ‘

- =6eCU
600
©3400
000

S =3.00.
- =8e CO . .

6400
-=34C0
"_-600U

L . A
. Deviv

3.00

- 000
=3+C0O

-640C0
. 64900
3.00
000

.. T =3400C
. B A D
6.0C

300

© 0400
.'j-3000
=64CC

. 6+00:

3400
0400
T =3400
-=6e 0
" 6400
3.00

153-09'

 "°6.
.8 A DB
3400

C.00 .

L. =3.00

. =6400
. 6600
. 3400
S -CelU

DEGREES)

ELEVATION

-6400
60C .
. 6430
 6a2C
«l0
600
3400
3.00

3,00

3.00 .-
Jel
"0.C0
S 0600
0«09
0.0
=2.30. .
"3.‘30 h
. =3,00

o =300 V

- -3.000 .
—-60;0

" -_'-60 0

-6s00
-6.\.)3

D ATA

6400
600
‘6‘00
600

. 6430

- 3,00
3.00
3.00

~
W

T 0.00 .

S QeCO. -

CAT. A
‘3'00

) =340C
=320
-30'3'0

=5420

C=6e30 -

. PR
“~QevvV

’ "‘,"30'

e SR SRS . . NN
Table 2-D. {Continued)
-fowpurto ourpuT DATA ;
sE“ R ANGLE tRHORS
(DEGQFES)
ROLL ALIIUT ELLVATLOV ‘ROLL
. ERROR - ‘ERROR - ERROR .-
3.00 PN -‘:4002 0-15 0017 A
0400 =005 =0el5 © + =0418
- 0800 =0.02 =008 - =0el2 -
Ce0C 0400 - 0e03 " 0eC1:
0090 ) QeC2 " 0e¢04 Qe 04’

" Ce00 - "0eCG 0407 - 008
000 Qed2 ~0e1l0 -Cel5
000 - =e02 =06 07 =Q0s08
0G0 0«01 T eCeli2. Oell

Qe 00" 002 ‘Cel0 . OeC7

~ CeCO - . Qe04 . Qel3 © Celea
© Qe0C - " .=0ed3 ~Cell: . =0.C1

000 w0602 " =0eC6 T . 0e00

0600 . " 000  0e0C 0.CO

- Ge0Q . 002 QeCT7 “0e23
- Qe00 - L ele03 0-14 0122

. 0ed3 e =(e 03 - ~0e06 = i CeDA

Ce 00 . 0e03 “0e01 [ 0.08
"0+00 - - =0e01 0402 012
000 <. Je01 Oelt  ° "~ JelSs
0«00 .- o =Qe04 . -0e19 ... 2 Del8

© Qe0G - - 002 ‘=0e13 0eCT
7 0e00 " =002 =0e0G Cs05 - .
0400 =0+03 = . 0403 0Ve25 - 7
OOUO - _ 000 B - 07009 De22°

o =3,00 -o os =0e¢11 -Qal7
- =3400 - =JeQ& .. =Ce08 ~0ell
=3.00 S F7 0603 7 =002 . =Celb

‘=300 v =Qel2 70606 . =003
-3.35 . 0e00 . 0ell . Ce09

" =3400 " =0e06 . =004 CeCB8 = .
-3400 . " 0eV0 T . =0ed3 Gel& 77
=3400 .o 0eQ7 =0e02 - 0.03
=3400 " Qelb =0e086 ' =001

=300 0eCb =503 . - Ca05.

- =3400 - L =-0e0% = :_001‘0 _ CeOl -
-3¢30 . . =0e01" T=0e07 7 CelU
=3,00 L Q.0C . ) Ol06 Del2

- =3.00 C=Qe04 - - =004 T 0efl :
=300 0403 ° . =C.03 © CelC
" =3430- © =0e09 .. - =0e07 | Ce07
~3,00 aDe8 o m0e05 Oell-

i =340% " 0600 ‘=003 - Qelb -
=300 . 0eQl T - i=0e07-7:  LelET

5o 04107 <Y - =009 . =0eCB 7
‘3-@5 . =GeQ6 “-Ooll "q Jel3d°
=3400 - =0a04 ci=0e08 ©0e11

D'/O ‘ .
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Table 2-D. (Continued)

1HPUT CATA T COMPUTED OUTPUT. DATA
sr\soq GIM3AL ANGLES .+ [ SENSOR AAGLE ERRORS
_Joscaassv‘ _ IR '3 (DEGQ £s

AZIVMUTH - ELEVATION  ROLL A?IMuTu EL:VATIO\ . ROLL
o o LT T ERROR.- ERROR = - ERROR
-3,00 =500 © =3.,00 - . 0604 ~0.07 C.03
- =64C0 ~ =620 S =2400 . . =0e01 . =007 0.15
6400 . 6400 . =5.00" . =017 009 . =0.08
- 3400 o 64U0 Lo=6e R0 o " '.'_CoO? ’ Ce05 - - =Cell
0sGC . 6600 1 =640 . =0eCl - ° 0e07 =0eCS
=300 . 6400 =600 L. 7 Qe05 0405 0407
-6400 - 6635 - =600 . Oel1l’ . =0e01 . =0e04
8«00 - 3600 -£e00 - - =Qe0B8 - 007 =0sC6
°340G . 3,00 © «6.00 - 0e02 . . 0el&  =0a07
0,00  3.00 T =6e00. . . 0e02 - 0400 . =0e11l
Ct =340C ) 7 2400 . =600 T - QeC2 .- QeC2 - =0.i6
" =galC © 3,00 | =8e00 L 7TQeC2 De01 - =Coll.
6400 0a0d- =600 - =Jell ‘=0eCl ' =0.05
J3,0C . 0.00 -5.00 : © =06 06 - 0e02 ‘=000l
[ =340C "~ C.00 : '-e.vo o .. 0eCH CeQ& . =0e01 -
L =60 - 0600 =6eG0O T T - GeD5 i CaeQ& - wlde3
6400 - =3.00 -. =600 - - . '=0e13 - =0.09 =002
3400 =3400 . =600 - - =003 1 =0e03 .~ =006
- 0400 =3.00 =600 .7 . - =0e03. . 0e0C. : . =0e0Z .-
=300 =3.00 - =600 S0 o =0e02° . =0e02 Ge02 -
-6s00 =330 - =6e0C0 o « PY e =001 =04CT -
T 84000 | =64CC 0 .=6e00 _ S =0el2 - . =Cesl0 0eCO -
eCC . - .=64CC -56¢00 - o Qe00 " =309 . CeCC .
0eCO 7 =640C - =£400 --. - .~ . 0600 . - =0435 .=0eC2

Ll =3400 . 0 m6400 .- =6400: 7 ¢ 7 0e00 L =Ce03 1 Q.05

C m6e0U - =£400°  =6400° - - . - 0eC& - -=0e08 .- 0401
“END OF DATA ' o
' | STANGARD DEVIATIONS. |
: 7] T= =TAS -

S Oell
L W ITACUT 21AS

009 Lo 10 ]

A< ko

* LY

(S} (o]

(11 [V
o
0

<

.

o
[&]
o
.
(@]
(o]

.Blas

D-11 el epangE
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DRI . .- X o '

A A T LR N S -
M, fal A =

‘Table 3-D. Results of Test A2

INPUT BATA - - <% - MEASURED OUTPUT DATA
STNSOR GIMEBAL ANGLES ~ -~ SENSOR VOLTAGE READINGS
' (DEGREES) ~~ - - - oo i - (VOLTS) '

CAZIMUTH S - ELEVATION  ROLL 7. XX YX. . 2R AY Yy zy
1200 12400  =6420°  9.45 ~2a24 182 ~1.00 ~4,78  =Qel&
64 CC . 12400 . -60 00 9451 =124 - 1496 “Ce50 . =487, =064
. -5e 00 1200:‘ o --év‘v"v‘_ 9.62 . Qe &C 2.16 : 0050 =4 ¢8G9 - =Lsu3
=124C0 71220 7 =6.00 Se47. .. 1480 - 2a23 Ce5G .. =44B3  =Ce21
1200, 6430 - 6400 9453 =2413 . 0481 =1le0l . =4.79 ~=0.53.
. 6¢00 -+ 6400 . =600 . Se87 ~1s12 Ce94% .. =0eB3 = =449] -DeZ8
=600 6400 - =5.G0 . . 9.58 Je52 "1e415 Ce4S - =4e93 - =0ecT.
L T =124C0 . 6400 - -6.00" . 9665  1le92 1e24 = leCl - =6482 - =Caeb42.
712400 7 0 =602 7 =640C0 9497 . =192 =1e25 = =1l.01 =448l " =0e4C -
6400 . =6400 . - =6400 " 9¢90.. =0e9l . =lel6 - =0e53  =4492 . =0e45
© =6e00  =56e40U . =56eC0. 590  lels =094 0e50 ' "=4e92 - =0edT
-12.00 -6-00 "6.00 9059 2013 -V-QBO 1002 s -4.50~., -0062'
12400  =12400° . =600 . 9452 - =1le8l =2426 ~=0.98 ~4e82 —0e23
‘6400 “12¢00 =400 . 9eB9  =0eBl . =2419 < =Je48  .=4e89  =Cecl .
~6400 . =12.00  =6eC0. T Se7D . 1623 =197  Ve52 ° =4eBE - =0e63.C
=12eC0O . =12600 - . =6400 _ 9455 224 =182 ' 1e0l =479 ~=0e73
12400 - 12600 - =12+00 = 9442. =2e4l. - 1le55  =1s0C ~6e68 - =le24 .
. 6400 12600 © . =12400 - 9462  =ledb 1e81 =0s50 - =478 - =lelS.:s

. =8.00. . .12.00  T=12420 00 9653 7 .0eS6 - 2424 0 0#80.  =4.83: 1 =0:94.
-IZICO - 12-03 .-‘52030 .91‘07 1056 2_.‘01 . UeSy : . ~4e i 8 =L e52 -

.. 12400 £eOO = =12400 - -9e53 _ =221 Oe58. =101l - =4470  =lel3
... 6eCC - 6400 7 =1240C 9480 =123 10481 =C.51  -4.80 =1e04
.. =6400 600 ; -IZGCO 9-81 o \3077 - 10_2‘0 ’ Co5l -4182-.'- -0099
i =12400 - 6600 - =12400. 9465  1e77 . Let3 - 1401l . =6e76 .. =0492 -
. 1200 =600 . =12.00" Feb6 - =1le 79 =leit - =1e01 - =4.75 . 70-91j
. 6eCO 6600 . =12e400 9483 - 0480 - =le24 " =Ce50 : =4.92.0 =0e58"-

o ~64¢CC ~6+350 =12.00 .9.84 . 1le2l =089 Ge52 - =4eBO -7 =1e29

L m12400 1 =6400 . =12+00.7 Se96 - 2420 =0e50 - 1602 <4.72° -<lal

12eCC  =12e00  "=12e00 - . 9452 .- =1e58 . =2e44 = =0e98 =477 =080
oCO0.  =12eC2, =12400 19469, - =0459. =2426  =CelE . =4e83 =Ge52 -

- =64C0 =12.00 . =12400 = 3470 = lsu2 -1.82 ‘CaB2 =4478G =1:1¢"
T =12e0C0  -=12400 . =123 . 954 2¢40 ~ =157 101 - =469 =123

“END” OF DATA’ -
5-i2 L st quanes

R VIYYAYERYRY)
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{(Contirued)

Y

© 7 Table 3-D.

-

' COMPUTED "OUTPUT DATA -

l HJT DA"’A
SENSCR Gl vasl A\hhcs " SENSOR ANGLE 'ERRORS
DEGR ESY (DEGREES)
AZI\‘UTHI' SLEVATION - ROLL AZIVUTH ELEVATICN ROLL
o o ‘ ERRCR ERROR CERRCR-
12.00 12400 ~6400 -0el5 © . 025 17 =0.23
6400, . ‘1220 L =64C0 -0408 ‘Ce23 © =Q0e22
~64 00 112400 T =54C0 0602 Ce 08 =Ca27
-12.00" 112400 =-5.00 Oelt "Ce06  =0.18
1200 L5400 =640 -0e16 Cel&s  ~~ =0420.
64090 " 6400 - -5.00 =0e17 - -'0e09 . =0e08
L=6400C 6400 =6400 . Oell T =0.01 -Cedé
'_‘lZoOC' '6'-:“". . =600 . _,0011 Ce06 - =Ce25
12.0¢ ~6420 -6e00 - =0e5C - - Ge03 . -0.:1
S 608 S =6400 -64C0 =Cel2 -] . =0el0 - 0eC
’-;_6 00 -~5402 . "6-0C 0«06 =0e08 uc~.1
"=12.00 ~6400 =640 0e21 .  =0.02 -0.09
© 12408 ©  =12.00 -e.oc- =0.20 ~0421 0eC4
. 6eCU =12e00 -6408C ~J.04 =0419 Gs GO
._-6.00 ‘1.2000 T mbe 00 Jelb =0el5 -Cas05
T=12400 -12400 L =600 Ge24 =0+10 -0eld
12.0C - 1240C T=12e03 =0e13 0615 - =0e29
&£.00 12,30 e 12400 =007 . Qel7 - _-’3_»2?
=600 1200 =12.00 0407 "0el3 =026 -
‘B8 A D DATA T o R o : 5
12.0C 6.0C . =12.00 =0al12 0613 =0.23
600 | - 6400 "=12400 -0e02 10el2 7 =Cels
~£400° 1 56400 -12.00 - 0el2 "0el0 - - =Ce24
12.0C -65e20 "=12.00 =Ce0T . =0410, -0.12
© 6¢00 - =5400 ~=12.00 0«02 . =0eC7.. " =Cell
. =85400 © =6400 =124CC Oels =002 .. =016
" =12.00 . =5400 =12.0C 0e46 ‘Qe51 . ~Ce”1 .
12.0C ‘=12400 . =12.00 _ =0e09 -0e16 . =Cel3
65400 ~12.0C =12400 - Ue03 " =Cels’ Ge01
=6¢CC . - =12.C9 =12¢CCT 0e20 =Ce«CS - =Ce(S
T =12400 . - =12.00 . =12.C¢C Ge32 =Ca07- " =Ualsd
END OF DATA
STA‘CARD SEVIATIONS . o o
Z1TH BIAS 0418 Cels = . Cull7 =~
F‘i*—~;T S51AS Cels Uel5 veio | .-
_BIAS : %.C2 - 0.02 =%els .
& [P AV TR P

Meta Platforms, Inc.
Exhibit 1110
Page 099



Meta Platforms, Inc.
Exhibit 1110
Page 100



AZIMUTH

6400 :
0«00
-5¢ 00 -

" 6e4CC
0e0C
-6000
o B 6000
.7 0600
=66 00
& CO
0.0C

L =6eC0
- 6.00 '_
.. 7 DeCU: -

c. 0 =6e00

" 6600

<L .0e0C - -
-H‘6-OO.'

T ARJNN

wé v~

QeCC -

=600

64 CO

000
~5e co
6400

T 000
-5¢00 .

Results

&

Measured Data ..

. .END OF DATA -

vy

- ~Table 4-D. of Test Bl,
: CINPUT DATAS - MEASURED OUTPUT DATA -
SENSOR GILVEAL ANGLES ' SENSOR VOLTAGE REZIADINGS
' (DEGREZS) . - (VOLTS)
ELEVATION -ROLL -~ . XX . YX Zx XY
60C 620 L.94 ‘QoQ?’ .0e56 "=0e38:
SJQO 6.C0 " 75097 Ve U5 Cel3. Q.CO
" 6600 €400 4te94 Q0e57 Qetb 0e37
O-OO .CO - 4'97 - -0-52 0-0‘6- ""u038
-, 0400 6600 - 5400 | 000 0401 0e0C
Qe0U - €eCU ] 4497 Qe2 =007 Ue38.
<6400 - €+C0 T G496 =057 =048 =-0e37
=6400 © 6400 4e97 =036 =055 0a01
=600 64CC 4e95 Des7  =046C 0e38
6400 . 0600 . . 4e946  =0453. 0452 =038~
5400 -0eC0 - " 4695  =0401 0e52 CelO -
" 6400 "LOICOZ¥ LeS4 - . Je52 0eb52 Oe38"
0400 = 0400 LeST =De52 0e01  =0.37
© CelD - 0e00 50600 0eQ0 . .0e00  ~0e00
S 0600 .. 0400 %e98 -7 Qe52+  0aCO - Ce38°
~6400 .. 0400 4495 . =D.52 ~Ce52 =035
=600 0.00 ~4e99  =0eCl - =0e55 . 0400 .
=600 0.00 1 4695 - Qe52 - =053 038
. TEa0C .. - =£e3C 4e94 0 =Cu59 7 " Qekb | ~C.28 -
.. 80U '-P-PﬁoOD 409? c =0 a7 o Jadl .. Gavv
£400. <~ =6400. “4e94 - 0e45  0e57 . .0e37°
- - 0e00 =600 - 4e97 . =D0e53- =C.08 -0¢38.
. 0eCO =600 . 5400 =040l =0s01. Uel0
.Ce00 | =6400 4e97 ... 0Qe5l .© Q404 Oe38
=6400 .- =500 - 4495 .=0eb7 ~0e53. =Ge38"
" =6400 =500 4498 . DeN5 - =0e53. - 000
. =6eC0 =6e00 . 4495 . 0e57. =0447 .- Ce38

2Y

"-3062 f 0031
‘=3 .54 Qe35

‘w3482 . 0e40
=3.54  0a26
=3.62  Ce36

S =3461 Ces1l
=3.64 De38

. =362 U033
“34.64 - =Ce05
=3466 -0l

=3 ebb LCe032

. -3064 ’0901 .
366 i 0001
Tew3,64 =0l U1 ]

Cm3,63 -0?03 _ﬁ
"3;56 c=0a.C1 :
=3465 =CeC5
m3ef2 0 =ULaks
=3465 =Ueal
C=3e84 =436
=3465 - =Ue&l
‘3.63r5'33036

- =34695 Te(e& ]

. =3.82 n?OoQQ

RIIT TR Tal -
PR STTTIYEEC T
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‘Table 5-D. Results of Test B1l, Computed Data -

1RPUT DATA S BT COMPLTED GUTRUT DATA
ssm:oa GIVBAL A\cgss' o SE\SOR ANGLE® EXRCRS _

(D’CQE:C) ’ifﬁ“,r”; _"‘.,i~'f ".3“;tcEL4E s)

o

Ly AZI\JTH ELEVATIO‘ “ROLL-
_ o . . ERRCR ERROR - ERRCR
. 60C'U ) T 600 . 5-00 . o 0«00 ’ Oo\..;".i : =Ue4 8
‘ ‘0sCC o 6e00 - 648G T v =0e02 0 =0e34 =035 - .
. =6+00 ¥ 6430 T 8600 - L7 0eCl- . =0el& . =Ce30 .
L 6.CO 0 JO . oo i 76000: N . »l -O-O’l 5 -_0913 - --_-uo,3-. ’
" 0eCU 0eU0 - 6400 S 0601 - “Oell = - =0e35
. =6400 7 0400 . 6400 , 2 =002 . - =0e21. :=0e20
B AC DODATA e - : ol s
.Ce00 . =640 . &e0C - - .- . 0a03 ‘ -OOBSV’ o, =302 © -
. =6eC0 [ =64CC © 6e0C - - - =0e0& - =0e33 . - =0el3 . -
S 6eT0 T 6e00 .0t 0eCO0 0 7 0eCT . -0e03 =0els

T 04CO S 6400 7 T 0e00 T T 06100 i =Ce0l 7 =0el6 -

-654C0 © 6633 -0eCO Q601 . =0aC1 . .=Celé
- 6eCC.7 . Ce00 ~ . 0e0C E © =003 . :  0ei3 7 =0els4’

. 0eCC . . Qeud < "0e00 - -~ 0e00 0400 - =0.16
L =6e0U - 0400 0600 T i 004 .. =0e02 - . =0els
D 6eC0 0 =600 0 0e00- L T =0eC2 . 0eC2 =0el2.

- QeCO =620 - CeQ0 ¢ L5 0el3 - =0e29 .. =0el6
L6 0T =800 L0 T T T T 0.0 o =Clel3 - =CLit
6400, - 8400 - =ge0C - T 0 0616 003 =Cs20

000 . - 6.00 . =6e00 - T 0e16 o =0eCS - - =0e25%

=64GC0 . . 6400 . =6400" . Oela  =0s02 - " =0e26

. 6eCC 0400 . =600 . T .7 T: . 0el5 | =0e24. -0433
0G0 C0400 © 7 =6sC0 - .7 T0el13 7 =010 " =0e25
Ti=6.00 CedC- -7 =64C0 ~ = ~=o0 57 Qel3 . =018 . =0.27

" 64C0 "'6-‘3C; - -60.00,'.-- ' '0009- -0.05 - -Je 30_ R

©T . CelC =6400 - =6e00 . 7 " 0+09. . =0e10 . "=0e25 B
. m6eCC s =6e00° - =6400 e 7 0eQ9 L =0ell i o =0e297 T

AZIVUTr' :LEVATTD"‘-R

END. OF- DATA;,QLEH,,;-?Q;";fQ I s P T A
STA\CAR“ DEVIATIONS S P AR

B WwIT= 831AsS - " Je09 - - Oelt . Cel2b. -

. [7#I|FJUT S1AS CeC7 0s13 . Cel12] -

BIAS' T 04050 1. =0410  r=ge2s
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CUINPUTIDATA

Test B2,

gy
. Al

_Table 6-D.

SENSOR GIMEAL ANGLES

'-(DEGQEEST,_

CUAZIVMUTH EL:V'*I aN

END OF DATA

- Results of.

XX

D("LL
£e0C - 6400 6¢C0 4454
000 6400 6430 4495
~6eCC . 6eCC 6.0C 4495
6.CC - CeCQ €400 . Gevd
- Ce0C. - 0aC3C 6630 5 C '
. ”—6.00 000 . :6{00_ 4638
"~ 6eCO =600 6400 4495
{' Ce00 . . =6623 66037 HLe3T .
=-5.00 T =640 6400 b eS8
~6eCC . - 600 ¢ CH s GeF4
0.0C . 6400 Ce00 - 4497
‘500 - 64C0 0eQQ. - 4LeG5
654C0 - Ce0J "Ce00. 4458
0.CO Ced0 0.00: SeJl . .-
-5e 00 . 0eCO Qe00 . L4909
S0 6«00 =500 0G0 4e 95
. Ce00 . =620 © 0400: 4458
. -6000 ~£600 “O}OO_ 4497
R 0N . 6500 i.ﬁl‘EQOOvJ' LeSGL
. S 0e00 . 6eUd . =HBelC. S GeST
v -6OOOJ 600 N =520 ' ‘095f
"'OOOG_ - Q0600 . _6’007
=5.00" = 0e.0C = -6.00 . b.98
6-00 '_‘6!30 - =500 - »9.97‘
- G{OO . =6e¢0C : -600Q:' 4497
-64C0 =6400 - =6.00

5400 -

496"

MEASURED OUTPUT DATA

S NSOR VCLTAGE R:A qua

f?*
fO-Ls
D406

O0e59 .

fO-sl
JDell

Oe54
. =056

Qe+ .

-0e49

-0452°

0.00
Qeb4
-Je51
Q.01
Ded4

=0e51
QeQ2-

Je54

’-3.57

uoud

u-52
Q.00
CeS54

-Ja&kb6.

Q.07

0e59

tJ
0 S0 » . .
- ’_".'. . .-.\.- P fA. N ..t St “ . Vo I'
e S . D

=Ced? -

f(VOLT‘l_'
] ZX XY
. Ded58 -0e51
Ceb1 0s0C
Cetst 0.52
" Cel0% ~Ce2C
=Ca0l Qel0C
=Ce06 - Ce52
"O.“Fu -OC r‘"
=Ce54. - QeC2
=059 0«53
0«52 -0051
De52 0.00
. 0e52 -Qet9
-0.01 _'OQSC
=Je01 J.C1
=0e¢01l = Qe&3
=053 =050
. =0e54& - Ge0l
" =054 . 0450
© Qedb -'005L
-y V-VQ .
0657 OeS7
" CeCO CeCO
0406 ° 0e52 -
FU-EEn -C-SQ
=053 ‘.Oocl

'O.SZJ

Veag'red Data“'

oYY
-y ..94

L =beS s

-4 495
-4 e92

44,96 -
-4:94

=4aS)

-6.95)

—-419“

=4456
-5000‘

' ‘§099;

-LeGS
-4.49G "
-4.97
-4.96
-40?9
-14097'.

C—la93

-~y e s

.-4097
=4e 37

—4495 -

L =Ga36
m4e35

Zv

FWP‘\’I\F()C)(D(DOD()r—‘(')DU'U‘U"U‘t‘\D,\.DJ-‘

G
.
5
9.

-

LS TN & B¢

COCcCOoO0OGCGCOOO
PN A ]

®

-

)

°

.

.

.

L ]
U e
=CalC

. Q
~Ue 2
=Ce01
=0eC2
T CeDu
-CeC1l .
=Qel7 .
-~0e58 -
SEIE
~Dela8 -
=0e53
DeBZ
=L e53
=Jebl
~0e53

‘iicuaﬂn: '
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N s= NSCR. C'““'L A\uLtS

Table 7-D.

‘ IHQQT DATA

‘Results of Test B2, Com&t'ed Data_-"

" COMPUTED OUTPUT DATA
| SENSORANGLE :ane57

“T-(DEG .EES) . (DEG REES)
C AZIvUTH  ELEVATION . ROLL AZI'bTH ;LEVATLON ROLL.
o ' : o : ERROR ERXCR ERROR
6200 6000 00 - =0e1C ~0.C9 S =0e3
. 000 6400 -~ 6600 =061 ~Ce09 ©  =0e24
- =643C" 5400 T 6400 “Cell - -0.04 -C.28
8400 0eT3 £eC0  =0elt =0el2 -0e%2
" - 0e0C C Cedd .. 6e0C - -0-13 - .. =010 - Dot
=6e00 . Cel0r 6400 =0e23 - - =0e06 - ~0.21 -
640C . - =6400 . . 6eCC =Celb . - =Celb - -0e23
. 0e00. ~642C- - 6eCO L =0e17" . =0e22 ... =Ce2l ..
~640C =6e20 - 60C: "=0e27 . =0elB8  =0el3-
"~ 4400 - 6§00 1 . 0400 =0s04 " 0603 " =0419
B AD DATA . T o
L =6400 . 6400 © 0400 - w0619 =0.C3 -0413
"65.03 C 0e00 - - .0e00 - =0e15 . . =0e05 . =026
Ne0C . . TelOC 0400 S=0ell " =0.11 - =0ell
., =£¢00° - 0s20 . :-0e00 =Qe18 ~0els ~Ce22
eV =6400 . 0400 c=Gel3 T - =CelC . 0015 -
Ce00 = . =~6400 . ~".0e400C -Ce22 " "=0el9 . =Cel0. ~
Com2,00 ~%472 CeCC L o=3el3 . =JeZl . =Telibd
- 6400 ' 6400 . =6+00 =005 ~0.02 . =Ce09
-~ Ce00 . 6600 . =640C -0.06 0.0C" ~0409
: =6400 - 5400 7 =6400 . =005 . =006 " =Ce20
6¢00 .0 0eCO ~ - =6400 T 0601 007 . “-0el2
. 0400. o 000 . """6000'_ O.QO T _-0000‘7' =CedS .
" =6e00 . 0e00 . =6e0C © . =0e2Z3 " 0602 - ~0ell
" 6400 - .=5400 =500 . =007 =006 - =0e15
. 000" © =6400 . - =640C . -0elE - =0el4 -~ . =Ce09
S =600 =630 . =600 .. ‘=Cel5 =005 S =Ce04
© END OF DATA . _ .
STANCARD CEVIATIONS L
h'T"' aiag - Qel5 Dell 0019 .
f_1°4ﬂ«* 21A% 037 Cec? Ceol ]
 BIAS «13 -0.08 . =Cel7
n.1g T guakgE
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CINPUT DATA.

ey e T
R e e

. Table 8-D. Results of Test B3, Measured Data.

T SENSOR GIMBAL "ANGLES
. -+ - (DEGREES) ‘

CAZ2IMUTH . L EL
6.0C

" 0eCO
-=6eCC
&a 00
.- 0eCQ
=64 00°
<‘6-OC .-

EVAT
6,00

600
- 8400

0.00C
Q420

6+3C

7 10e00 .. =6.00

=600 -
6400
000 :

'-6000I>j

6e00

"~ 0eCO
@;6.00 .

- 5400 -
~’O(OO. -
- ;600C v.-

T 6e00 T
S 0aQ0 -

L ege00 . -
" .. 6600

,0e00. .

~640C0 g
‘6400 . =
. 000 -
=5400 -

6+0C
600
600
6400

10N

0.0C .

J.0C
0400
6400
6C0

6300”-

©.00

AaDD

503
CeCO
Ce0O
0.00
6400
€+00

600"

© END OF . DATA .

LopoLLT

8400
6403
6400

- 6400
. 6400
500 .
6400

6400
6400

. - 000
- '0e0CO -
;0600
0007
Ce09 .

0600
Cali0
0.00

. 00077
f_'_-5rOOT;
“ o =B5400
-%.00 . "
=500,
. =5400
=5.03-
'-5-00> )
_ '=5.00"
. =5.00

961

9497
993
9499
1005

1001

Ge95

10403

1030
.88
9465
- 9490
694
1000 .
" 9495"

9492

9499

9¢94

9e90"
Q.94 -
. 9.92j.
9457
10603
. 999
T 9493
10.00
9695

vy
XX

"~ MEASURED CUTPUT DATA

‘SENSOR VOLTAGE READINGS
o (VOLTS) :

Y X ZX .. XY oYY
T=De31 1615 =Ce52 "5196
0013 - 1404 - .030 -4499 "
"1e¢18 - 0492 0«52 -La95
=-le?3 O0el3 =052 = =4,96"
Qe 0e0C | CeQO ' =4.459
1408 -Uel2 -7 Qo52“"_°ﬂ;97
=lel% " =0492 =Ces52 ‘--4096
0439 =leuB 0sCU .°. =5400
04596 =lel17 . Ce51  =&,98
~1le04 14C6 =0a51  =4,97
Ce0l 1405 ~ 0eGG  =6,9%9
CleU6 - 1406 - 0eB52  =4,97

=leC4 "0e03 “~CeS5 . =6,497

OQeUl . =C.01 0e00 ... =4499
"1e¢05  =0e0i . 0632 . =~4497
=1404 =1l.04 5-0352 ,3_4097
"0eCGl  =1eC6 - 000 =500
m1e0Q6 ~1.05% . .De52 =4 697
=1el3 - - 0496 =Je52.. =696

- o ~ 0N

T =Rel0 0 1.C5 0 .00 <4409
, 0-96L 1.13 0052 -4.97 -
c=ledd . =0.08 C=0e52 =LeF6

. 0eCO Ce02 0.Q0 =4 499
-1e05 . 0409 0e51 ~ =6,96’

=0e96 T =1s12 =052 =4e56
- :0eC9  =leC4 0400 =459
. "lel5  =De96 . 052  =4.56

2y

" 043

" Qedt
‘056
Deds
Ced5
Qeda .
Cebl
Ded5
QeS|
‘0105

y . YA -
000

TG elH

"De00

‘,0¢QU
001

CeD7
=0e0H .
=L o7 .

—~0in2

fOl37
“0e&l
-0 els 2

‘.-C..“z .
_70-36 B
=G et

"-Olﬁe

D170 T e o cuavee
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O-lS'T;'

SR . s v
Sl E s o P = R T
Table 9-D. Results of Test.33, Co ;\ufed Data
INBUT DATA | COVPJTE £ 'CUTPUT DATA
 SENSOR GI¥SAL ANCLES SEVSCR ANGLE ERRORS
'“.4tDEGREES) | (DECREES)
AZINMUTH  ELEVA Tvo:_-'ROL;f' | AZIMUTH | ELEVATION  ROLL
C - o "L ERROR EXRCR ERRCR
£.C0 .- ‘ ‘ouJ'-' . 540 -Jell .. 4uoDZﬁ 0-16?
Cel0O 6--.40_ . 660 C=JelD 0400 | (-IIB -
=6400 - . 5403 . . 54000 ~Cels -2.01 2a17
‘ 6400 7 CedQ-- . 5«00 -5e07 Sel10 Ca22
. Ca00 QeD0. «CC =306 . 0e01 Ue29
. "'6&33 . . u-CO . Ge LJO ‘-GOEO: -Olol, CQZO
6.00 T =6.00 6400 - ~0s12 0403 Ge39
CeCC ' . =HaedT . 6000uﬁ c mJelb 0e00 Celb
"=6400 7 =550 T 5400 -0ell T =0e04 Ce26
L be OO'.' i 66400 - 000 =0e02 Del2 )  0-05 o
- 0e0USF . 6400 000 | =04C6 © 0402 i . CaGO
© =6.00- 6400 - - 0400 =008 ~=0e01 . 7 -=0.05
6400 0e00 " - 0e0C" -0e03 0el7 © Ce02
0.00 0.0C . 0400 =006 “0e06 0«00
C =£.00 . 0sCC ° 040G - © =0e02 - =Ce04" Cel2
- 600 ‘ :"6!00 . 0«00 - =0e07 Qe00
L Te0C L =2aC3 U felO C =367 =Ca08 Sell
4 =6400 - =£400 - ° Ue00" =0+C8 0408, Ve06
T 6e0C eCC . =5.00 . 0eC0O L Ced6 Ce22
CGedU .. 6460 =500 T 0e05 . 0.04 0e07
| =6e30. 0 6400 . =5400. . =0402 0eC1 - 0ell
. 6400 0e00." © =5¢00 =003 0403 Ge28 -
0600--" Q600 - =5.00 . ~.0e00 0eQ0 - .+ Qel9--
T=640C 04300 -5.00 . =0eC2 001 . Celb
6400 - =6.00 . =5.00. " - 'CelO0 - QeCt Ge22
0400 . .=5.00 *° =5.00" . =0e0b 0e04 " 0e42
=640 © =6400° ' =5.00 -0s07 =005 011
END oF DA*A e
STA PARD DEVIATIONS . R Lo
- WITH 2145 C 2408 - De08" 0420 -
L w1THOUT 5148 Je05 . Sel5 Jelll.
7 BIASS © =0.0% 1 0e01- - - Celb”
n-1e

U CHANGE -
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