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This document describes the conceptual design and analysis for an Attitude

Transfer System (ATS) to perform continuous measurement of the three-axis attitude of
d vector magnetometer experiment, relative to a pair of star sensors fastened to a
miltellite body. The magnetometer is suspended at the end of a 20-ft boom extending
from~ Ow. body of MACSAT (a survey satellite for measurement of the earth's magnetic
field). A commson optical bench serves as the mounting reference for both the ATS and 16 ~ the atnr sensors. The directional accuracy of the vector' magnetometer experiment is
required to be 20 arc seconds in all three axes. An error allocation analysis has

determined that the ATS must provide an accuracy of 7 arc seconds per axis to meet

the ovurall system requirements.
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ABSTRACT

This document describes the conceptual design and analyst*
for an Attitude Transfer System (ATS) to perform continuous me&-
eurement of the three-axis attitude of a vector lagnetofhtur ex-
periment, relative to a pair of star sensors fastened to a satel-
lite body. The magnetometer is suspended at the end of a 20-it
boom extending from the body of IACIAT (a survey satellitei for
measurement of the earth's magnetic field). A cow on optical
bench serves ao the mounting reference for both the ATh end the
star sensors. The directional accuracy of the vector magnetopoter
experiment is required to be 20 arc seconds In all three axe. An
error allocation analysis he determined that the ATI phust provide
an Accuracy of 7 arc se;onds per axie to Moet the uveral) system
requirements.
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1. INTRODUCTION

Several design concepts for an Attitude Transfer System
(ATS) have been explored from the standpoint of basic feasibility.
They include the use of imaging sensors, point detectors, and
quadrant detectors in conjunction with Lambertian, collimated, and
coherent source signals as applied to imaging, collimated, grat-
ing, spinning-reticle, and polarized-light systems. Most concepts
were discarded because of inadequate angular sensitivity, excess
size or weight, overly complex large optics, moving components,
etc.

The power requirements of the ATS are nominally modest. No
specific restriction has been placed 3n power; something less than
2 W is expected to be adequate. However, it is imperative that no
high-current demands be imposed by any system component that may
be located in the vicinity of the magnetometer experiment. The
residual magnetic field strength must be maintained below 1 gamma
(10-5 Oerstcd).

The data rate requirement for the magnetometer experiment

is two per second; therefore, that is the lower limit of the data
rate for the ATS. If required, the ATS can function with a kilo-
hertz data rate. The data rate will be compatible with the sam-
pling interval set by the telemetry for the experiment.

Materials used for component parts or to support component
parts on or near the experimental package must be nonmagnetic.
The total weight of the ATS should not exceed 10 lb. It is desir-
able to locate the sensing portion of the ATS near the stellar
attitude measurement system on the satellite to minimize errors
resulting from distortions in the structure separating such in-

strumentation. A common optical bench structure is required.

The ATS must be able to function with a 20-ft-long boom

over a dynamic range in magnetometer-platform displacement motion

of ±0.25' in any transverse direction. The dynamic range of twist I
motion measurement is to be a minimum of ±0.083. A

The mechanical design of the boom and the method of fasten-

ing it to the satellite on one end and to the experiment platform
on the other limit the magnitude of angular motion of the experi-
ment relative to the satellite body. The limits of distortion in

the boom are shown in Fig. 1.

-7
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2. OBJECTIVES AND GOALS

The ATS is required to yield an accuracy of 7 arc seconds

in all three axes. However, a goal has been set of 1 arc second
for pitch/yaw and 5 arc seconds for twist. The pitch/yaw system
will have an acquisition range of ±0.50 as a goal, with a preci-
sion range over ±3 arc minutes. The twist system will have a pre-

cision range of ±0.08* over the pitch/yaw precision range. The
ultimate accuracy of each instrument depends mainly on the thermo-

mechanical integrity of its optical components. It is anticipated

that electro-optical error contributors will not be dominant. The
ultimate accuracy of the total system depends on the thermomechani-

cal integrity of the optical bench that serves as a common mount-
ing platform for the ATS and the star sensor cameras. The ex-

tremely close tolerance requirements imposed on the opLical bench

are discussed in subsequent paragraphs. Because of these severe
requirements, the ATS, the star sensor system, and the optical
bench must be treated as a unit if such accuracy is to be achieved.

The ATS is intended to be immune to extraneous glint inputs.

In addition, electro-optical equalization of each signal channel

of a detector pair in any axis is mandatory.

i-9 -
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3. ATTITUDE TRANSFER SYSTEM

This concept for a precision ATS uses proven techniques.
All active components are located on the satellite body. The mag-
netometer instrument platform is equipped with two passive optical
reflectors. There are no moving components and power consumption
is low. Immunity from solar damage and glint as well as signal-
source redundancy are provided. Automatic self-calibration and
sensor equalization are built-in. Arc-second precision is provided
over a range of ±3 arc minutes, with a projected acquisition capa-
bility of zO.50 in pitch and yaw. It is proposed and is deemed
mechanically feasible to provide the extender boom base with a
dual-axis (±2.50) motor-drive platform to place the ATS within its
high-precision range when the boom is erected initially.

During the boom-erection phase the pitch/yaw sensor package
of the ATS can be active. That will provide coarse angular track-
ing and facilitate simple attitude correction via the boom gimbal
as required to locate the magnetometer instrument package within
the ATS high-precision range. The twist sensor package will be-
come operable after the pitch/yaw system is in the high-precision
operating range. Figure 2 illustrates the layout of the three-
axis ATS.

CONCEPTUAL DESIGN

The basic precision measurement of pitch and yaw angular
orientation is accomplished by means of an attocollimation tech-
nique using a flat mirror attached to the magnetometer instrument
package (Fig. 2). Twist is measured by means of a split trans-
mitter/receiver package where the optical beam is reflected from a
dihedral mirror affixed to the magnetometer instrument package
(Fig. 2). The attitude for each axis will be measured using inter-
vals of a pulsed optical beam at a rate of approximately 10 kHz.
Alternating with these intelligence signal intervals will be an
internal-instrument, pulsed, optical calibration beam. The elec-
tronic signal processing and automatic calibration techniques are
discussed in subsequent paragraphs.

4Solar-damage immunity is accomplished by using PIN silicon

diode detector elements throughout. Glints producing false intel-
ligence signals or causing sensor saturation are avoided by means
of pulsed, synchronously demodulated signals that are optically
(spectrally) narrowbanded by 50-nm-wide dichroic filters. Such

10 -
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filters reject approximately 97% of rhc solar spectrum. Jn addi-
tion, instrument sunshades will be provided if neces.;ary. Inspec-

tion of the judicious instrument layout in the spacecraft and the
orbit configuration show,- that the entrance of glint signals into

the ATS sensors is rather unlikely, as illustrated in Fig. 3. The
minimum solar angle of 600 to the ATS will occur only during sum-
mer solstice.

Electro-Optics

Pitch/Yaw System

Figure 4 is a schematic of the pitch/yaw optical system.
A collimated beam originating at a square aperture source is

transmitted to a flat mirror on the magnetometer instrur.;ent pack-

age at a distance of 20 ft. The mirror is approximately 4.5 in.

in diameter to handle the boom translation effects out to :10.5 ° .
The reflected beam is passed through the common transmit/receive
(projection/objective) optic, through a half-silvered mirror
splitter, and onto the receiver portion of the instrument.

The receiver optic, beyond the common projection/objective

optic, takes the form of a mirrored pyramid splitter. The return
optical image will be square, like the square reticle source at
the transmitter. The mirrored receiver pyramid splits the image
into four segments, all of which are used for both pitch and yaw

computations. If the flat mirror on the magnetometer instrument

package is truly orthogonal to the transmitted optical beam, the
four segments of the return image on the mirrored pyramid will be
equal. If the pitch or yaw (or both) of the magnetometer instru-
ment package drifts from the boresight condition, the four seg-

ments will be unequal. This can be envisioned as a physical shift

of the return image across the apex of the mirrored pyramid.

The change in size of the image segments results in a
change in the optical signal level at the face of each of the four
detector sensors. A condenser optic, which intervenes the optical

path between each of the four mirrored faces of the pyramid and
its respective detector, converts a change in the image segment
size to an equivalent change in intensity of the optical signal on
the detector. It is mandatory that the same area on the detector
surface receive the incoming radiation, regardless of the angle of
the incoming rays from the mirrored pyramid splitter, because of
nontniformities in sensitivity acruss the detector surface. Such
nonuniformities would result in intolerable errors in attitude
measurement. The use of a condenser optic overcomes this poten-

tial error.

The individual detectors are basically PIN silicon diode

point detectors approximately 1 mm 2 (HP-5082-4207).

S- 12 -I
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Figure 5 is a plan view of the mirrored pyramid with the
optical image superimposed. The pyramid is rotated 450 with re-
spect to the pitch/yaw error signals. Each segment of the split
optical image remains square or rectangular. The pitch or yaw
computation is indicated in Fig. 5. Figure 6 gives a sample com-
putation for an angular change in either pitch or yaw attitude.
An angular change of 1 arc second corresponds to a change in opti-
cal or electrical signal differential of 1 part in 180, which is
very manageable.

Returning to Fig. 4, it may be observed that a calibration
source using an IR flood beam LED (light emitting diode) is incor-
porated into the receiver section of the instrument, For clarity,
the source is shown at an exaggerated distance from the optic axis.
A common calibration source is used to illuminate all four detector
channels of the instrument equally, the purpose being to equalize
the individual detector channels relative to one another. This
significant feature helps eliminate pitch/yaw measurement errois
resulting from changes in individual channel sensitivity and/or
amplifier gain. The optical calibration signal is injected into
the receiver optical train so as to cover the same detector-sensi-
tive area that is covered by the optical intelligence signal. It
is also possible to include the mirrored pyramid in the optical
calibration path by injecting the calibration flood beam through
the pyramid apex. This eliminates errors due to possible unequal
changes in the reflectivity of mirrored facets of the pyramid.

The use of a mirrored pyramid splitter in lieu of half-
silvered mirror splitters reduces the instrument parts count and
increases the level of the detected signal by 3 dB. A reduction
in parts count is significant in that it reduces the number of

critical alignments within the instrument.

The narrowband IR filter on the instrument is centered
around 930 nm to accommodate the narrowband LED IR source (RCA
SG-1009). A GaAs:Si doped LED is recommended for greater output
stability. This spectral filter reduces to a very low level any
extraneous glint sources of radiant energy that might enter the

instrument. It also helps control thermal balance within the in-
strument.

The differential signal-to-noise ratio for the pitch/yaw
system has been computed to be 78 dB. The detailed computations
are in Appendix A.

Twist (Roll) System

Figure 7 illustrates the optical geometry for measuring
twist. A dihedral mirror mounted to the magnetometer causes a
twist angular multiplication twice that of a single-element mirror.

-15-
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It also decouples the twist measurement from yaw sensitivity for a
vertically placed system (see Fig. 2). Appendix B gives a mathe-
matical analysis of the roll-axis measurement transfer into a yaw
motion, and of the yaw-axis immunity provided by the dihedral
mirror for angles of less than 1V.

In Fig. 7, the instrument shown for measuring twist uses a
focused optical beam. It could also use a collimated optical beam;
however, that would require an objective optic in the receiver.
Whether a focused or a collimated system is used will be determined
as a result of the thermomechanical stability design trade-offs on
the instrument module optical bench. The stability requirements
for each approach are listed in Section 3. Appendix C gives the
detailed geometric design considerations for both a collimated sys-
tem and a focused system. The focused system offers the possibil-
ity of somewhat greater twist sensitivity and is used as a refer-
ence in this discussion.

The instrument for measuring twist, shown in Fig. 8, is
similar in design to the pitch/yaw system, except for its having a
split transmitter/receiver. A radiation source with a square cross
section is transmitted to the dihedral mirror on the magnetometer

instrument package and reflected back to the receiver. The square
focused image is split by the mirrored prism; corresponding sig-
nals are reflected to individual silicon diode point detectors Jia
the respective condenser optics. Here, as in the pitch/yaw sensor,
the condenser optics provides optical signal equalization. Thej
transmitter radiation source takes the form of an LED feeding a
light-pipe condenser or a lens condenser. The light-pipe approach
could use either a fiber optic splitter or a partially reflective
mirror for redundant optical source injection. The spectral fil-
ters aid in thermal control in addition to ensuring glint rejec-
tion.

The focused twist sensor will be required to detect a change
of 1 part in 1380 per arc second in the location of the square
image on the mirrored prism, corresponding to an equivalent inten-
sity change at the detectors. It must be remembered that the con-
denser optics in the receiver converts positional change in the
image to intensity change at the individual detectors. The instru-
ment signal-to-noise ratio is calculated to be 85 dB for a resolu-
tion of 5 arc seconds (see details in Appendix A).

Electronic Signal Processing

Because of the extreme accuracy required, the electronic

system is designed to be insensitive to variations in LED output,
detector response, and amplifier gain. Active control is used in

-19-
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place of calibration measurements in order to minimize the number
of data channels to be telemetered.

Figure 9 is a block diagram of the two-axis pitch and yaw
system, which requires four amplifier channels. The twist system
is similar but requires only two amplifier channels for its single-
axis measurement.

When either LED is activated, it is square-wave modulated.
Each detector-amplifier channel is AC coupled, demodulated by syn-
chronous switching, and suitably filtered. Thus an output is pro-
duced that is highly stable and exactly proportional to the square-
wave light amplitude received by the detector. This output is
insensitive to stray light at the detector except for the increase
of shot noise.

The calibration technique consists of periodically turning
on the flood LED and equally illuminating all four detectors. The
outputs of channels, B, C, and D are forced equal to that of chan-
nel A by means of three separate closed loops that adjust the re-
spective channel gains. The sample and hold circuits provide the
necessary memory so that the gain correction will hold during the
pitch and yaw measurements. Another loop adjusts the current into
the flood beam LED to keep a constant output at channel A so that
the light output of the LED is fairly constant. The flood period
thus ensures that the gains of the four channels are equal.

In the measurement period, the flood beam LED is extinguished
and the singal LED turned on. The square of light is focused onto
the top of the pyramid (via reflection from the mirror at the mag-
netometer). Each of the four faces of the pyramid reflects its re-
ceived light into its associated detector-amplifier channel. De-
flection in the pitch direction is measured by properly combining
the outputs of the four channels (A + B - C - D) as in a conven-
tional four-quadrant detector. Similarly, yaw is obtained by com-
bining B + D - A - C. To establish a constant scale factor, the
required normalization is accomplished with another loop, which
adjusts the current into the signal LED so that the sum of the

Another method of normalization was considered. Instead of

adjusting the signal LED current, the outputs are modified by di-
viding by the sum (A + B + C + D). With this approach, the LED
output is always maximum so as to maximize the signal-to-noise ra-
tio, but at the expense of additional circuitry.

Following the pitch and yaw output levels are A/D converters
and holding registers to deliver pitch and yaw data in digital form.
Ten bits will be more than adequate here; with a dynamic range of
±3 arc minutes, the resolution is 0.35 arc seconds.

-21 -
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MECHANICAl DESIGN

The actual mechanical design of the ATS is not included in
this phase of the effort. However, the pitch/yaw and twist units
of the ATS have been examined for tolerance limitations on mechani-
cal positioning and motion of individual components. An angular
positional shift or motion due to mechanical instability of the
pitch/yaw package located on the instrument module or of its re-
spective mirror on the experiment platform will result in a mea-
sured attitude translation equal to twice the actual motion.
Mechanical instability of the twist package results in a more
complex measurement error. The encountered instabilities are
mainly thermomechanical.

The components of the pitch/yaw package (Fig. 4) whose
thermomechanical stabilities are critical are the objective optic,
source aperture, flat splitter, and pyramid splitter. The stabil-
ity of these components must be controlled to a precision on the
order of 1 arc second. The initial angular alignment of the pyra-
mid splitter need only be performed to arc minute precision.

The components of the twist package whose thermomechanical
stabilities are critical are the source aperture, transmitter pro-
jection optic, and receiver prism splitter. They also must be
controlled to arc-second stability. Again, the initial alignment
of the prism splitter need only be performed to arc-minute preci-

sion. Needless to say, the thermomechanical stability of the two
mirrors located on the experiment platform must be in the 1-arc-
second domain.

The thermomechanical stability of the twist-sensor system's
receiver and transmitter packages relative to one another and to
the instrument module common optical bench, which also houses the
star sensor cameras, is most critical. Figure 10 illustrates four
design possibilities using combinations of collimated and focused
optical beams and single and double dihedral mirrors. Listed in
the illustration are the permissible tolerance levels, each of
wh-.ch will result in a maximum error of 1 arc second in the twist
measurement. It becomes apparent that either a focused or a col-
limated system using a single dihedral mirror offers the best
stability. The detailed design stability limitations of the in-
strument module optical bench will affect the selection of a fo-
cused versus a collimated twist sensor. The ultimate design of
the optical bench and the ATS are interdependent. (The design of
the optical bench is not discussed in this report.)

- 23 -
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4. SYSTEM INTEGRATION AND TESTING

The attitude-determination system requires highly precise

interalignment of its various subsystems, i.e., star sensor cam-

eras, ATS, solar attitude sensor, and vector magnetometer experi-

ment package. It is essential that each of these subsystems be
precisely aligned with an accessible reference surtace or mirror.

The ATS and the star sensor cameras must allow alignment relative

to one another and to their common optical bench when measured

both independently and integrated with the satellite,

In order to assure proper operation and accuracy of the

star sensors and the ATS in a "zero g" flight environment, it is

necessary to make total system optical alignment measurements in
the normal flight position and when rotated 1800. If under both

conditions the systems maintain alignment within the required

specifications, then the proper alignment at zero g is assured.

The arrangement shc'.n In Fig. 11 permits alignment and alignment
measurement of the optical bench and ; optical systems as a

separate unit or when integrated with e satellite.

In this approach, a common collimated star source is gener-
ated at star sensor, SS, and split by mirrors on precision angular

rotaries to enter the star cameras at the desired angle via M3 and

M4 . The star source, also used as an autocollimator, is autocol-

limated with mirrors Ml and M2 by means of a precision rotary

prism/mirror system, P and M3. The ATS is also autocollimated

against mirrors 1, and M2, thereby providing a common reference

for measurements of the boresight angles between the star cameras

and the ATS. When making alignment measurements of the total sys-

tem in the inverted position, mirrors M5, M6, M7, M8, and Ml are

used. The entire mirror complex must be aligned to arc-second

precision. It is mounted on a precision rotary base and a theod-

olite is used to perform the alignment.

The fixturing, P, mounted to the precision two-axis gimbal

is only for initial alighment. The optical bench, either sepa-

rately or integrated with the satellite, is mounted to this large
precision gimbal (Fig. 12). When the optical bench is being

aligned and tested as a separate unit, mirrors M1 and M, are used

instead of the mirror fixed to the magnetometer. When the whole
satellite is being alignment tested, the experiment package at the

end of ihe boom is rested on a precision positioning head affixed

to the same support pedestal as is the mirror, M, or M. The

change in virtual boom length when using mirror M1 or A2 (on the

- 25 -
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order of 15 in.) results in an optical offset in the twist sensor.
This offset is of no major consequence for a collimated twist sys-

tem, but it must be taken into account in a focused system.

An alternate approach to total system alignment is one in
which the star cameras and the ATS are not activated and cannot be
aligned in a single setup. The alignment instrumentation, however,
is contained in one setup as shown in Fig. 13. (The system is
somewhat simpler to implement than that shown in Fig. 11.) It may
be observed in Fig. 13 that diametrically opposed mirror and
collimation systems are used to perform inversion alignments and
thereby negate g loading effects (unit l,: A1 , Ml, M2 , M3 , R4 ;
unit 2: M8 , Mg, M10 , A3 , R3). The mirrors, M4 and M5 , and the
precision rotary table, R4 , located on the precision two-gimbal
mount, R2 , are for autocollimation of the total mirror system by
means of the autocollimator, A2 , and its mirrors, M6 and M7 . The
objective is to autocollimate and establish orthogonality between
A1 , A2 , and A3 with their dual-beam outputs and mirrors M3 and
M1 0.

Figure 14 shows the configuration with the satellite (or
optical bench) for ATS alignment measurement. The optical bench
is equipped with a precision measurement prism, P, that has been
separately autocollimated against the reference mirror on star
sensor, SS2 . The optical bench is properly oriented on the two-
axis gimbal, R2, via autocollimation techniques with respect to
two orthogonal surfaces on prism, P, using autocollimator, A2.
Since M1 0 has already been collimated against A2 (see Fig. 13), it
is possible to activate the pitch/yaw sensor of the ATS for align-
ment measurement against M10 . The pitch/yaw boresight axis is
established against prism P, which is used as a reference for all
alignment measurements. Affixed to the mirror mount, M1 0 , is a
vertical dihedral mirror in addition to the autocollimation flat.
The vertical roof line of the dihedral mirror has been previously
sighted and aligned by means of the autocollimation telescope, A2.
The twist (roll) portion of the ATS is aligned against the di-
hedral mirror. The experiment platform, which carries the flight
flat and dihedral mirrors, is fastened to a small two-axis posi-
tionable gimbal, R3 . The ATS is now activated against the mirror
system as a check on the positioning precision of the extendable
boom and on the angular control range. This procedure is repeated
with the satellite optical bench rotated 1800 using the complemtn-
tary setup on alignment pad No. 2.

The satellite optica bench is now rotated to the position
shown in Fig. 15. Here the satellite optical bench is precisely
oriented by autocollimation using A2 against two orthogonal faces
of the precision prism, P. The collimator, A1 , is turned on to
produce a point image in the star sensor, SS2 . This image loca-
tion is read out of the star sensor relative to its electrical
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boresight, which in turn is computed relative to the prism, P.
The optical bench (satellite) is now rotated a precise 750 as de-
termined by autocollimation against the 1050 face on prism, P,
using A2. A collimated optical beam is now fed into star sensor
SS1 via A1 and M1 (which is a splitter). The coordinate readout
of the point image produced in SS2 is compared to the SS2 electri-
cal boresight and the prism, P. This procedure is repeated with a
1800 system rotation to nullify g loading.

The optical axes of the two star sensors are now known
relative to the prism, P, and the ATS coordinate .axes are also
known relative to P; therefore, the star sensors and the ATS co-
ordinate axes are known relative to one another.

The solar attitude detector (which is mounted to the experi-
ment package) is aligned against the vector magnetometer reference
mirror and the ATS flat mirror by means of theodolite autocollima-
tion.

The details of the procedures for the optical alignment
measurements are far more extensive than is indicated in this re-
port. They will be the subject of a subsequent phase of the pro-
gram.

- 32 -



AP"Utl) PHI bK% LAOATOW

Appendix A

SIGN4AL-TO-N4OISE CO)OUTATIONG FOR PITCH/YAW/TWIST

The significeant computation to be made for any of the atti-
tuds tratiefur ames I.

DL1 rjlia) ulitial

whetv thp difforentiAt *Signal correeponds to the angular revolu-
tiont LAj,'Ab11t of' i thr, particulni system.

rll1CH/YAW %YKIVM

U#. deuirsd ratio to

AR,. 0 * incromnal I ine change at the dotector output,
and

i oineInd noise.

lu oputquL 61Jp/y it Is vamionLial tu take inito cunsideration the
syslui opctical cunipitioiit& and thwir tranmmission factors.

L ~PrQtgi!Lve cv t flI ivo t EgJ fincy ip r Ch-airco

)tan"Mit Let

tLigtt-pcipgfcflhidenisar 8-0.2

Ap~e r 0.80

Is ic: it eri (flat) -0.95

-'tj c iflo,4. v 4 .H
H~t"I 0 0.9



APPt.IO PHYS1CS LABORATORY
t MlulF MAR*LAND

Receiver

Filter 05 = 0.9

Objective optic e4 = 0.85

Splitter a3 = 0.5

Pyramid splitter 67 = 0.25

Pyramid splitter reflection 8 = 0.9

Condenser optic 89 .0.8

Combined optical efficiency,

23 4 82 62 2 8

= 3.79 x 10
- 3

The electrical signal level at the output of any individual
channel for a boresight condition may be expressed as

Sp/y = PEY

where

S h output current at detector (A),

P = source power output (W), and

y - detector sensitivity (A/W).

For an RCA SG-1009 IR LED source,

-3
P = 10 W peak with derating at I kHz PRF.

For an HP-5082-4207 silicon diode detector,

Y- 0.65 A/W.

For E 3.79 x 10- 3 (see tabulation),

Sp/y 10- (3.79)0 (0.65)= 2.46 x 106 A.
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The change in signal level due to an incremental pitch or
yaw change of 1 arc second is given as 1 part in 180 (see Fig. 6).
Therefore

S P/ .6x1-6 -8SP/Y18_6 2.46 180 1.36 x 10 A.180y 180

The noise in any channel of the pitch/yaw system is a com-
bination of shot noise, detector generation-recombination noise,
and Johnson noise at the preamplifier.

Shot Noise (SN)

i = 2els(tAF)
SNs

where

iSN rms noise current,

e = electronic charge = 1.6 x 10- 1 9 C,

i = signal current, andS

AF = system bandwidth at detector.

If i s  Ps/ and AF = 2 x 103 Hz,* then

1- 9 -6 3SSN = .(2)(1.6)10 (2.46)106 (2)10

= 1.57 x 10-2

Generation-Recombination Noise (GR)

This noise is given as detector noise equivalent power
1

(NEP) in W/Hz2. The detector specifications list NEP as 3.6 x 10- 4

W1/Hz2. For a 2-kHz bandwidth,

-14 3
i~ 5  = (3.6)10 (2 x 10 )

= 1.6 x 10 A.

*The actual processing bandwidth of the modulated signal may be on

the order of a few hertz. j
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Johnson Noise (J!!-

[4KT(AF)

where

-23K = boltzmann's constant = 1.38 x 10 W-s/deg,

T = absolute temperature - 3000 K,

R = noise resistance = 5 x 106C, and

LF = bandwidth = 2 M 103 Hz.

Therefore

(4)(.38)10- 2 3  )3
(2)10 = 1.48 x A.KiN = (5)106

The combined noise at the detector output is

iN = (N+ i G 4

= 1.6 x i0 12 A.

The noise voltage (V N) is the product of iN and R, the load resis-

tance:

VN - (1.6)10- 12 (5)106 = 8 x 10-6 V.

The noise contribution of an LM108 preamplifier is quoted as

= 0.5 x 10 6/Hzn

For AF 2 x 103 Hz,

5 107 .1 x 10 8 V.

The amplifier noise is negligible in comparison to the other sources.
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The value of ASp/y/N can now be computed:

S P/Y l36 X i0o8 3
- __1.38 -10-= 8.54 x 10 (for I arc second)

iN 1.6 x 10 - "

= 78 dB

if viewed as a voltage ratio at the output of the LM108 preampli-

fier or if viewed as a current ratio at the detector output.

TWIST SYSTEM

The computation for the twist system is identical to that
for the pitch/yaw system with the exception of the optical effi-
ciency, E, and the incremental signal change per angular resolu-
tion element of 1 part in 602 per detector (collimated system) for

5 arc seconds (see Fig. C-I in Appendix C). For a focused or col-
limated system, the value of E is computed from the following :ab-
ulation.

Prognosis of Optical Efficiency per Channel

Transmitter

Light-pipe/condenser 81 0.2

Aperture 82 = 0.8

Projection optic 6 = 0.85
3

Filter 64 = 0.90

Dihedral mirror (two bounces) a 0.81
5

Receiver

Filter a84 = 0.90

Prism splitter 85 = 0.50

Prism splitter reflection 6 = 0.90
Condenser optic 7 - 0.80

Objective optic

(collimated system only) 0.85
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Combined optical efficiency,

E -8 1 $2 63 8 42 852 86 87

- 3.2 x 10 (focused system)
or

2.7 x 12 (collimated system).

1-3 1-2
ASR , y 10-3 (2.7)10 (0.65)

602 602

= 2.92 x 10 8 A.

~R 2.92 x 1
1 .6 x i0-2  1.8 x 10 (for 5 arc seconds)iN 1.6 x 10-1

- 85 dB.

Again, as in the pitch/yaw system, there is an adequate differen-
cial signal-to-noise ratio.
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Appendix B

MEASUREMENT OF TWIST BY MEANS OF A DIHEDRAL MIRROR

The twist angle of a distant object may be measured by aim-
ing a collimated beam at a tilted mirror mounted on the object and
measuring the angle of the reflected beam. In the case illustrated
in Fig. 2, where the incident and reflected beams are in a verti-
cal plane, twist is measured by the change in horizontal angle of
the reflected beam. However, the horizontal angle is also affected,
and to a much greater degree, by the yaw of the mirror. It is well
known that the substitution of a Porro prism (or its equivalent, a
dihedral mirror) aligned with the yaw axis makes the reflected beam
insensitive to yaw. It is the purpose of the ensuing exercise to
demonstrate that the cross-coupling effects resulting from confin-
ing yaw with a srall amount of roll (twist) are all higher order.
Thus a measurement of the horizontal angle of the reflected beam
yields twist information and is essentially independent of yaw.
The analysis determines the direction cosines X',Y',Z' of the first
ray after an incoming ray with direction cosines X,Y,Z is doubly
reflected by the dihedral mirror.

The mirrors form a right angle along the y axis and are
yawed at an angle e about the y axis (see sketch). The direction
cosines of the normal to mirror 1 are

L =cos 6, M =0, N1  -sin 8.

Y(M)

1 2X(L Z( N) Mro

Z(N

X(L)
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The direction cosines of the normal to mirror 2 are

L, = sin e, M2 = G, N2 - cos 3.

Now let the mirrors roll a small angle 0 about the x axis.
This is equivalent to rolling the coordinate axes about the x
axis in the opposite direction. We may find the new mirror normals
using the rotation matrix:

x y z

x' 1 0 0

y' 0 cos ¢ -sin 4)

z' 0 sin 4 cos 4

Mirror 1

(Lt 1 0 0L)

M0 cos4) -sin M

N,0' sin Cos . N1

LI I =cos i

M M cos 4)-N1 sin 4 = sin 6 sin 4=i i

N 1  in + N1 cos - -sin e cos

Mirror 2

1.t2'1 0 Cos -sin M M2

N 2n) ( 0 sCos 2
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L 2  = sin e

M2t M -coo 8 sin *
N2' - coo e cos 

The reflection matrix is given by:

1- 2L2 -2 -2LN

22)

1 - 2cos2 8 -2sinO cosO sinO 29ine cose cost
rI- 2~n oeslt I-2sin e sin 0 2sin e sin# coo#

(2sinO cosO cos 2sin20 sin# cos# I - 2sin2 e cos2

-cos2e -sin2O sin# sin2O cos

= -sin2e sin# 1 - 2sin2 e sin 2€ sin20 sin2)

\sin2e coo# sin 20 s1n2 1 - 2sin2e co82*

I - 2sin 2  2sin0 cosO sin# -2sinG coO coo6

2 2 2
r2 2sine cose sino 1 - 2cos 0 sin 2cos e sin# coso

-2sine cose cost 2cos2e sln# cos# I - 2cos2 Cos 2

cos2e sin2O sin# -sin2e cost

: sin2O sino 1 - 2cos 2e sin2€ cos 2 sin20

-sin2e cos Cos2e sin2O 1 - 2cos 2 cos2

For small values of 0, cos 1 land sin* =

/-cos26 -0 sin26 sin2O

2 2 '

r - sin28 1- 2 sin 0 20 sin2

sin2e 20 sin2 0  cos2f

- 41 -

t



THE JOHNS HOACINS UNI#VERSITY

APPLIED PHrYSICS LABOAATOfRY
LAURtEL. MAWALMI

cos26 sin28 -sin2O

r 2  ( sin26 l # Cos 0 2.cos28)

(-sin28 9 o 2 a-cos2e

If an incoming ray of light has direction cosines X,Y,Z, then after
double reflection,

Z' will be a measure of twist angle *

Z' A 3 1 X + A32 Y +A 3 3 Z

A 31 - sin 20 coos2e -2f sin 28 coog2  - sin 28 cos 20

W-2 ~22 sin 28 cos 2 e

A 32  sin 22e+ 2# coo 8 (1l- 2* sin 2 ) - 2#sin 2e0cos 20

A 33 '-sin2 20 + 4* sin 2 eCos 26- Cos 202

I-+ 4* sin 2 OCos 2

Neglectir6 higher-order terms,

A31 0

A. 32 = 4(sin 220 + 2 cos 0 - 2 sin 20 cos2 e)
1) 2

= (sin' 20 + 1 + co 2e - 2 sin 0 cos 20)

= (sin 202 + 1 + cos 20 [1 - 2 sin2 01)

0(sin 220+ 1 +cos 226)

A33 1

-42 -
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Therefore

Z' - 2#Y - Z

and is independent of 8.

Other components of the reflected ray are:

X A 1 1 X + A12 Y +A 13 Z

A 1 = -cos2 20 - #2 sin2 20 - sin2 20

w-1

A 12 - sin 20 cos 28 + # sin 20 (1 - 2#2 sin 2 0)

-24 sin2 0 sin 26

-#(sin 2e coo 2e - sin 20 + 2 sin2 e sin 29)

;-# sin 20 (cos 2e- I+2 sin2 6)

22

A13  sin 2e cos 20 + 2# 2 sin in 28 - sin 20 cos 20

as0

Therefore

X" -X.

Y' A A21 X + A22 Y + A23 Z

A21  -* sin 20 cos 2e - # sin 20 (1 - 2#2 cos 2 6)

+2 sin 20 cos2 6

sin 20 (cos 20 + 1- 2 cos e)

=0
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2 2 2 2 2I
A -4 sin 28e+(1-20, cos 8) (1 -24 sin" 0)

2 2 2+441 sin e cos 0

A , sin 2826+ 24, sinO2 (1 -22 cos 2) + 2 cos 28 cos 20

4(sin 2 28 + 2 sin 2 e +' (1 + cos 28] cos 2e)

2 2 2
= ,(sin 28 + 2 sin 8 + Cos 28 + cos 26)

2 2
,(1 + 2sin 6-+1-2 sin 8)

=24,

Therefore

Y' Y + 24,Z.

If the original ray is vertical, Z 0 and Y' =Y. If the
original ray is not vertical, there is a Y displacement with twist
(immaterial to measurement since we are measuring Z and pitch
will produce a much greater motion of Y').
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Appendix C

GEOMETRIC/OFTICAL CONSIDERATIONS OF A TWIST SENSOR

COLLIMATED SYSTEM

The geometry of a collimated beam twist sensor is complex
(see Fig. C-1). Basically, the change in position of the trans-
mitted optical image in the receiver objective optic image plane
is indicative of twist In the dihedral mirror that is fastened to
the magnetomter experiment. The sensitivity to the position of
the Image square, which is split across the roof line of the re-

ceiver reflective prism, depends on the bess length, L; the trans-
mitter/receiver base circle radius, R; the focal length, FL, of
the receiver optic; and the linear dmaension of the Image square.
The sample calculation in Fig. C-1 is typical. A twist of 5 arc
seconds results in a differential receiver signal change of 1 part
in 300, which is sLy detectable. It must be rememered that
twist appears at the receiver s £ psedo-yw motion. Any pitch
motion in the system Is n the orthogoaml direction or along the
roof line of the receiver mirrored prism splitter (Fig. 7). There-
fore the prism must be long enough to accommodate a pitch motion
of at least t3 arc minutes. This can be equated to a linear mo-
tion along the prim roof line as follows:

p - ( (L)

where

p - linear pitch motion in the Image plane,

±P - tolerable pitch angular motion, and

FL = focal length of receiver objective optic.

If

P - ±3 arc minutes - 8.72 x 10 - 4 red,

and

FL - 8 in.,

then

p - t6.98 x 10- 3 in.

It is apparent that the prism can be sm11, i.e., the opti-
cal image size plus 2p as a minimum. For an optical Image of
0.028 in., a prism larger than 0.042 In 2 is required. This is
also the minimum requirement for the diameter of the condenser
optic.
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R siR2
R/sin 0

R R

HR Rsin 2p

L "X/

'2p V

p = twist angle
L = boom length
R = radius trans/rec

Twist angte, p =5 arc seconds =25 prad base circle
Image plane displacement (pseudo-yaw): 0 = angle of incidence or
y f(FLQ)=(2p sin 0) F Lwhere FL =B8in. reflected raywith

R 10 _1 nulled axis of
O~sinO=tan= 7 24024 symmetry

L 240 24F L = focal length of receiver optic
y = 1.66 x 10-5 in.
Signal incremental change for 5 arc seconds (2 detector elements):

2yl (2)(1.66)10-~ (2)10-2 1.6x1-
12~ (2 x 10- 2)2 0 .6xi- or 1 part in 602 (for 5 arc seconds)

or 1 part in 301 (for 10 arc seconds)
where I one side of the square image = 0.02 in.

Fig. C-i1 Basic Optical/Geometric Relationship for a Collimated Twist
Sensor System
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For a aximum twist of 0.08 (1.396 x 10-3 red), the pseudo-
yaw motion it the image plane is $ivan by y 2P(uin O)FL (see Fig.

YMx a 9.3 Y 10"4 in.

This doem not affect the sizing of the prism.

FOCUSED SYS;TEM

The basic geometry for a focused twist sensor system is
shown In Fig. C-2, It is appurent that a focused system is simpler
than the collimated, The image displacement within the twist angle
receiver does not depend on the lens (receiver objective optic)
focel length or on the ratio I/L as in a collimated design. How-
ever, ths receiver image size is larger because of the magnifica-
tion Imposed by the focused transmitter optic. In order to main-
tain a reasonably sized received image, it is necessary to start
with & smaller source aperture (see Fig. 7). The system magnifica-
tion t the ratio of the distance of the projection (transmit) op-
tic image to the distance of the source aperture. For a 4-in. FL
projection optic and a boom length of 240 in., the magnification is
12U., A eurce apertury uf 0.010 W.2 is reduced in apparcnt size as
seen by the projection lens by means of a negative intervening
lens, A -6 mm lsrs results in a source aperture minification of
0.23. The total system magnification then is

H "M 1 M2

where

- magnification of the negative lens, and

1" * magnification of projection optic.

Therefore 4

M - (0.23)(120) - 27.6

The received image size, I, in the product. of the magnification, M,
and the source aperture size, or I o 0.276 in. The image is about
10 tlime larger than that of a collimated system. Correspondingly,
the receiver prism splitter and the condenser optic must be larger.
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Dihedral mirror

/ \
/ I

L\

Trant mitter Receiver

y = 2pR V = twist image displacemeni
Jpseudo-yaw)

If p = 5 arc seconds = 25 prad p = twist angle

R = 10 in. R = radius of transmitter/receiver
base circle

y = 5x 10- 4 in.

Fig. C-2 Basic Optical/Geometric Relationship for a Focused Twist Sensor
System
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The prism splitter and the condenser optic sizes are gov-
erned by the image size and the effective pitch motion that must be
handled along the roof line of the mirrored prism splitter (Fig. 7).
For a pitch tolerance of ±3 arc minutes, the image motion in the
twist receiver is

p - ±PL

where

p = linear pitch motion in image plane, and

L = boom length.

If

L = 240 in.,

then

P - ±3 arc minutes = 8.7 x 10-4 rad,

= 0.209 in.

Therefore the prism splitter must have a minimum length of 2p +
image size - (2)(0.209) + 0.276 = 0.694 in. Likewise, the minimum
effective diameter of the condenser optic must be this same value.

The pseudo-yaw motion in the image plane resulting from a
maximum twist of ±0.080 = 1.396 x 10-3 rad is

y = ±20R = t(2)(1.396)10- 3 (10) = ±0.0279 in.

This is less than any image motion resulting from maximum allowable
pitch and does not affect the sizing of the prism splitter or the
condenser optic.

A 5-arc-second twist of the dihedral mirror fastened to the
magnetometer instrument package results in an incremental change
in signal (two detectors) of

L = 2yl/l 2

where y = image di.pacement due to twist (5 x 10 - 4 in.), and

I -one side ol the square image (0.276 in.).
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Therefore

A 2(5 x 10-4 3 .b2 l0-
0.276

or one part in 276. This compares favorably with the results cal-
culated for a collimated system (Fig. C-l). Theoretically, either
system will perform well. However, the practical aspects of main-

taining the thermomechanical tolerances of the optical bench will

determine the selection.

DIHEDRAL MIRROR

Both the focused and the collimated designs have a dihedral

mirror fastened to the magnetometer instrument package. The length
of the mirror is governed by the pitch motion range over which

twist is to be measured. Twist will only be measured when the

pitch/yaw sensor is within its precision range of ±3 arc minutes;
this corresponds to 0.418 in. for a 240-in. bnom length. The mini-
mum length of the mirror must therefore be the beam diameter plus

0.418 in. if vignetting parallel to the mirror roof line is to be
avoided. The width of the mirror is governed by the size of the
optical beam. In order to avoid beam translation effects induced
by the mirror, it is necessary that the mirror be equal to or
smaller than the diameter of the impinging beam for a focused sys-
tem.

In a collimated system, only the angle of the reflected
rays is of concern. The displacement of rays by the dihedral mir-
ror is only significant if such displacement results in vignetting

at the receiver objective optic. Beam vignecting at the mirror
usually occurs in a focused system. If 3-dB signal vignetting is
considered for a focused system at a yaw angle of ±3 arc minutes,

the width of the mirror must be 0.418 in. This must also be the
diameter of the optical beam at the mirror.

For a focused system, the dihedral mirror can be 0.418 in.
wide by a minimum of 0.836 in. long. It must be remembered that
rays at the mirror in a focused system are out of focus. By hav-
ing the beam diameter equal to the width of the mirror, the vignett-
ing is held to a minimum and beam translation effects are avoided.
In the case of a collimated system, one must consider the trade-
off between using a smaller dihedral mirror to avoid vignetting
and using a mirror larger than beam size, which will cause vignett-
ing at the receiver objective optic. Figure C-3 illustrates the
relationships between beam and dihedral mirror sizes.

- 50 -
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2 2X

x Boresight condition

Di hed ral) ~ ~ /
mirror

Beam

X Maximum pitch shift (3 arc minutes)

Vignetted portionA
of beam

SdMaximur ya (3 minute s) shiftLX and maximum pitch (3 arc minutes) shift

For focused system 0 X
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If the experiment platform is subject to a lateral displace-
ment equivalent to 0.250 at a boom length of 240 in. while the
pitch/yaw system and its flat mirror are in the precision measure-
ment range of t3 arc minutes, the dihedral mirror is also subject
to an equivalent ±0.25* lateral displacement. This means that the
mirror must be large enough to cope with such a situation, i.e., 2
in. wide by 4 in. long. For a focused twist sensor, Ihe beam
would have to be large, i.e., 2 in. in diameter. For a collimated
system, the beam could have the 0.418-in. diameter discussed above;
the dihedral mirror would be 2.5 in2.

TRANSMITTER PROJECTION OPTIC

For a collimated system, the transmitter projection optic
should have a diameter equivalent to the desired beam diameter at
the dihedral mirror, which in the above case was 0.418 in. For an
8-in. focal length, this is an f/19 system.

For a focused system, a transmitter projection optic diam-
eter of 0.56 in. (f/7) is desired for a beam size of 0.418 in. at
the dihedral mirror and an image size of 0.276 in. However this
is only when the mirror is in a position of zero translation with
a maximum pitch or yaw angle of ±3 arc minutes. If ±0.250 trans-
lation prevails, a 2-in. beam diameter is required at the mirror,
which means a projection optic with a diameter of 3.72 in. (f/l
for 4-in. FL).

RECEIVER OBJECTIVE OPTIC (COLLIMATED SYSTEM ONLY)

The focal length of the receiver objective optic should be
the same as the diameter of the transmitter projection lens, pro-
vided the image size is to be identical to that of the transmitter
source aperture. The diameter of the receiver objective optic is
determined by the diameter of the collimated beam plus the lateral
excursion range imposed by the pitch/yaw precision dynamic range,
In the more severe case, ±0.25* imposed by boom/experiment package
translation, the 0.418-in. ray bundle could experience a maximum
lateral exf.ursion of 11 in., and a minimum lens diameter of 2.5 in.
is necessary.
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