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percentiles of capability. The multiphase roll programs
appear to yield lateral ranges within several percent of the
sophisticated steepest-descent solution, yet require only
about 4 the computation time and effort.
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An Introduction to Gyro Optical Pickoffs

J. RicHARD VyYCE*
Perkin-Elmer Corporation, Norwalk, Conn.

An optical pickoff provides a uniquely satisfactory solution to the problem of sensing the
attitude of aerostatic, electrostatic, and cryomagnetic field-suspended spherical-rotor gyros
that are invariably operated in the space-fixed mode. The servos in gimbaled gyros are con-
trolled by the optical pickoff to maintain the pickoff aligned with the rotor, usually parallel to
the rotor spin axis. Autocollimation permits true angle sensing uninfluenced by rotor trans-
lation, but an autocollimating pickoff requires a flat mirror on the rotor and normal to its
spin axis. Alternatively, in cases where the rotor surface must be perfectly spherical, an
autoreflector viewing a variable reflectivity pattern at a pole is used to sense polar translation,
which is proportional to the angular misalignment of a center-fixed rotor. Field-suspended,
strap-down gyros, that invariably employ spherical rotors, utilize an orthogonal set of auto-
reflecting pickoffs to sense the transit of a rotor surface pattern and a computer to determine
the orientation of the spin axis from the pickoff signals. Autocollimalor accuracy is shown
to fall in the {5 to 1 arc-sec region, whereas axial autoreflector accuracy is about 1 yin.; the
strap-down readout system is capable of measuring with 10 to 100 arc-sec accuracy. Auto-
collimator and axial autoreflector aceuracies are limited principally by the pickoffs them-
selves, whereas strap-down readout accuracy is restricted by the precision with which the

sensing pattern can be applied to the rotor.

Introduction

DVANCED gyro developments of recent years include
a number of exotically levitated forms,* most of which
introduce new and rather severe constraints to the problem of
measuring rotor orientation. Briefly, the constraints arise
from 1) the rotor isolation necessitated by the suspension
system, 2) the inherent two-axis character of space-fixed
gyros, 3) their exceedingly low-suspension torques, which
made them highly susceptible to pickoff torques, and 4) the
purely spherical rotors required in some configurations.

The most common gyro configuration involves a readout
system usually consisting of angular position indicators on
gimbal axes which is controlled to track the rotor by error
signals from a null-sensing pickoff. The pickoff serves to
indicate extremely minute rotor angular deviation from a
fixed (null) relation to the pickoff, and, in view of the fore-
mentioned constraints, must 1) be extremely accurate, 2)
indicate in two axes, 3) be capable of relatively remote
operation, and 4) exert negligible torque and force at the
rotor. An optical null-sensing pickoff, because of its ac-
curacy, its remote operating capability, and its low reaction
force, presently meets these requirements best and is, there-
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fore, widely employed for exotic gyros. Two types are the
autocollimator and the autoreflector. The former is generally
preferable, but it requires that the rotor have a flat mirror
surface normal to its spin axis. This feature can be ac-
commodated by gas and cryomagnetic gyros, but the purely
spherical rotor of the electrostatic gyro forces the use of an
autoreflecting pickoff.

The relatively new strap-down gyro involves a space-fixed
rotor whose attitude is measured by a set of direct-readout
pickoffs that is at all times randomly related to it. Whereas
the null-sensing pickoff indicates only small rotor misalign-
ment, the direct-readout pickoff system must actually measure
rotor attitude throughout its possible range of motion. The
pickoffs themselves are autoreflectors that sense the transit
of a line pattern on the rotor with extremely precise time
resolution. A digital computer determines rotor orienta-
tion from the pickoff inputs. This strap-down, direct-
readout system poses numerous problems for the pickoff
and rotor pattern, as would be expected inasmuch as they
essentially perform the combined function of the pickoff
and gimbal-angle transducers on gimbaled gyros. (The
strap-down gyro may be employed in place of a conventional
gyro in any application and is not necessarily confined to
a strap-down guidance system. Conversely, strap-down
guidance systems may utilize conventional gyros. The
strap-down designation simply indicates that certain func-
tions formerly performed mechanically, such as rotor orienta-
tion measurement and accelerometer output resolution, are
now done analytically.)
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Fig. 1 Autocollimator (OPTAG 1) schematic diagram.

Null-Sensing Pickoffs
The Autocollimating Pickoff
Operating principles

Figure 1 represents schematically the Perkin-Elmer
OPTAG I optical pickoff. Light from a special microlamp
is condensed to fill the clear nose of the truncated pyramidal
sensing prism. Light passing through the nose is collimated
by the objective lens, transmitted to the rotor mirror, and
reflected back to the objective that re-images, or autocolli-
mates, the illuminated nose in its own plane at unity magni-
fication. If the rotor mirror is not precisely normal to the
autocollimator axis, the nose image (Fig. 2) is displaced
laterally, and light is reflected from a prism side to a detector.
The two detectors in each channel provide signals of opposite
polarity to indicate the direction of mirror deviation. The
final autocollimator outputs (Fig. 3) indicate the direction
and magnitude of rotor deviation about two orthogonal axes
normal to its spin axis. The autocollimator’s output is
determined only by mirror angular deviation and is not in-
fluenced by mirror translation along or transverse to the line
of sight. Translation of the mirror in its own plane clearly
does not influence the condition of autocollimation, since one
part of its surface appears the same as another; translation nor-
mal to the line of sight tends to change the external optical
gain by a mechanism called vignetting. Vignetting, however,
does not produce a change in angular indication, and at the
short, optical, pickoff operating distances, even its effect on
gain is negligible.

Performance evaluation

The two characteristics of most immediate interest in a
null-sensing pickoff are angular resolution and null stability.
Angular resolution is usually established as that angle at
which the autocollimator signal-to-noise ratio is equal to unity
within a specified measuring bandwidth that we will take to
be 1 cps. Pickoff angular resolution determines the short-
term uncertainty in indicated rotor attitude. Null stability
is a measure of the drift with time of the null point and deter-
mines the long-term uncertainty in indicated gyro attitude.

The performance analysis (Fig. 1) is as follows. The radio-
metric sensitivity

Py = NK;wAKrK\Ky ~ 1078 w/arc-sec

where

Py = the radiometric sensitivity in w/arc-sec within the
0.6- to 1.0-u spectral region

N = radiance of a W filament at 2150°K corresponding to
a life of approximately 50,000 hr for 1.5 mil wire?
= 80 w/in.2sr

K; = filament packing factor = 0.3

we = solid angle of objective lens at sensing prism nose =

0.05sr

J. SPACECRAFT

NOTE: VIEWS ARE AS SEEN LOOKING ALONG OPTAG-PICKOFF
OPTICAL AXIS FROM OBJECTIVE SIDE.

WITH EXACTLY
SUPERIMPOSED NOSE
RETURN-IMAGE

PHOTODETECTORS
ILLUMINATED CLEAR 2
SE APERTURE
NO I
|

SENSING PRISM
(FIELD-DIVIDER) '

V27227772
2 )

A) OPTAG PICKOFF AUTOCOLLIMATED

LIGHT REFLECTED
TO SENSOR 2 (OR 2’)
IN PROPORTION

TO DEVIATION
COMPONENT

ABOUT SECOND
ORTHOGONAL AXIS

TO DEVIATION !
COMPONENT T?t/ (CROSS-COUPLING

LIGHT REFLECTED +DEVIATION
TO SENSOR 1 (OR 17) 2
IN PROPORTION I

ABOUT ONE AXIS NEGLIGIBLE)

'\ 7

————e p
\N-=— -|/B(7)|-----
e st //
f
-DEVIATION : \ +DEVIATION
- | CLEAR NOSE
RETURNED | APERTURE

OFF-CENTER |
Y

(EFFECT SHOWN
EXAGGERATED) 2
—DEVIATION

B) OPTAG PICKOFF NOT PERFECTLY
AUTOCOLLIMATED

Fig. 2 Autocollimator signal generation diagram.

Ay = swept area of autocollimated nose image per arc-sec
of mirror deviation = 3 X 1077 in.2/arc-sec

Kr = optical transmission efficiency (lamp-to-detector) =
0.28

K, = spectral utilization factor (lamp-detector) = 0.1

K, = over-all vignetting factor = 1 for small field angle

and short operating distance.

The one unavoidable source of optical noise in an auto-
collimator is the power in nose image “spillover” due to
diffraction. For a 0.3-in. aperture, at 0.8 u, the diffraction
pattern is approximately 26 arc-sec in diameter. Therefore,
Pp = power in diffraction pattern =226 X 1078 w. Assum-
ing that the main noise sources are fluctuations in the detector
photocurrent produced by this diffracted power, we find that
the noise power is given by

B 2Af 1/2 _ 2PD2Af 1/2 _
Po=ra ()" (Kar) -
(%PD_Af

1/2 s
— 101
K0 > 5 X 1078w
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where
Py = the noise power in watts
ip = thediffraction pattern photocurrent in electrons per
second
Kpr = photon conversion factor = 4 X 108 photons/sec-w
at 0.75 u
@ = 0.5 photoelectrons/photon for a silicon detector?

Af = information bandwidth = 1 eps.

This is somewhat below the noise level of the best available
solid-state detectors. As better detectors are developed, shot
noise will become the primary resolution-limiting factor. As-
suming a realistic detector noise-equivalent-power (NEP) of
1071 w for a 1-cps bandwidth, we find that the autocollimator
noise-equivalent-angle (NEA) has a limiting value of NEA =
NEP/Py = 10711/107% = 1073 arc-sec.

The preceding analysis shows that the most significant
noise source is the detector NEP assumed to be 107! w,
and that OPTAG I, with a sensitivity of 1078 w/arc-sec,
should be capable of resolving a mirror deviation of about
107% arc-sec. The best observed resolution (OPTAG 1C)
has approached 10~2arc-sec. The disparity is due, primarily,
to internally secattered light, imperfections in the sensing
prism, air shimmer effects, and electronic noise sources, none
of which is fundamental, and all of which can be reduced by
development. Moreover, by employing a somewhat differ-
ent form of autocollimator, limiting resolution can be re-
duced well below 1072 arc-sec. Jones* of the University of
Aberdeen, for example, has recorded angular resolution of
10~* arc-sec with a small multislit autocollimator.

To get a better perspective of this excellent autocollimator
resolution, it is necessary to consider the autocollimator’s
null stability. Null shift may be caused either by opto-
mechanical or electro-optical factors. Optomechanical null
shift is not analyzed readily, but it is undoubtedly minimized
by constructing the pickoff of bonded quartz or of quartz
and Invar. The one fundamental electro-optical source of
null shift is the finite amount of light balanced out at null
by the two detectors. This balanced light is a result of dif-
fraction that causes the autocollimated prism nose image to
be larger than the nose itself. In a nulled autocollimator
utilizing two detectors per channel, a change in detector
balance produces a residual signal that must be compensated
by shifting the null point; a 109 change in detector balance
will produce a 1-arc-sec null shift in the OPTAG I. The
measured null shift is invariably smaller; in a two-week
stability run, this unit exhibited a null shift of less than 0.2
arc-sec. 'Thus, it is null shift and not angular resolution that
may actually limit autocollimator performance in many long-
term applications. It should be noted that there are tech-
niques whose use would permit a significant improvement
in autocollimator stability, but there has been no indication
of a need for a unit with much better than y4-arc-sec stability.

To summarize, a miniature autocollimator, approximately
1 in. long by £ in. in diameter, has been tested and shown to
be a desirable optical pickoff, responsive only to rotor angular
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Fig. 3 Autocollimator functional block diagram.
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deviation, with 1- to fs-arc-sec over-all performance at present
and capable of performance improvement beyond this.

Axial Autoreflector
Operating principles

The one known present application for the axial autore-
flecting pickoff is on the gimbaled electrostatic gyro, which
cannot tolerate distortion of its spherical rotor by the flat
surface required by an autocollimating pickoff. In view of
the symmetry of a spherical surface, rotor angular deviation
can only be inferred from its surface translation. This may
be sensed as the modulation in a reflected spot of light pro-
duced by a high-contrast pattern on the spinning surface.
We will assume a center-fixed rotor to insure that surface
translation is proportional to angular deviation. The two
most obvious autoreflecting pickoff arrangements are those
that observe either an equatorial or a polar pattern. Of
the two, the axial pickoff that views a polar pattern is pre-
ferable both in theory and practice, and further discussion
will be restricted to this form.

The axial pickoff (Fig. 4) is an autoreflector that projects
a uniformly illuminated spot of light along the rotor spin axis
and onto the rotor in the vicinity of a pole. Light reflected
from the rotor is collected by the pickoff and transmitted via.
a beam splitter to an appropriate detector. The rotor pat-
tern consists simply of high- and low-reflectivity areas whose:
boundary is a straight line passing more or less through the
rotor pole. If the projected light spot is circular, it is easily
shown that modulation of the reflected light occurs sinus-
oidally at spin frequency, with its amplitude proportional
to rotor pole eccentricity within the spot, and its phase de-
termined by the direction of eccentricity. Thus, there is
no modulation when the pole is centered in the light spot.
A simple reference pickoff (Fig. 5) somewhat removed from
the pole is necessary for spatial resolution of the primary
signal. The final axial autoreflector outputs, as for the auto-
collimator, indicate the direction and magnitude of rotor
deviation about two orthogonal axes.

Because of its suspension characteristics, the electrostatic
gyro may require translation sensors as part of a control
system to maintain the rotor stably centered within its sup-
porting electrode structure and/or to separate the effect of
tranglation from the pickoff angle indication. From the
sum and difference of two opposing axial autoreflector signals,
both angular deviation and lateral translation may be
measured. The addition of one or two equatorial pickoffs
provides a measure of axial translation, although axial trans-
lation does not introduce a direct angular readout error as
long as the axial pickoffs are well aligned and have sufficient
depth of field. Thus, although the autoreflector is not in-
herently an angle sensor like the autocollimator, its char-
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acteristics are well matched to the needs of the gimbaled
electrostatic gyro.

Performance evaluation

The axial autoreflecting pickoff of Fig. 4 can be investi-
gated in a manner similar to the autocollimator to determine
its theoretical translation resolution. The radiometric
sensitivity is Ps = NKpweAdsKrK(\K,K, ~ 10719 w/10-uin.
spin axis eccentricity where

Ps = radiometric sensitivity, w/10-uin. spin axis eccen-
tricity, within the 0.6- to 1.0-u spectral region
N = radiance of W filament at 2150°K = 80 w/in.%-

sr

K, = filament packing factor = 0.3

wy, = solid angle of objective lens at sensing prism nose =
0.04 sr

A, = swept area of changing reflectivity within light spot
for 10-uin. decentering = ds = 2 X 1078 in.?

Ky = optical transmission efficiency (lamp-to-detector),
including rotor and beam splitter losses = 0.04

K, = spectral utilization factor (lamp detector) = 0.1

K, = over-all vignetting factor = 1 for spot size small
with respect to rotor and short working distance

K, = contrast factor given by 1 — Rp/Rg, where Rz and
R» are, respectively, rotor and pattern reflectivi-
ties 220.8.

The one unavoidable source of optical noise in an auto-
reflector is the power in the light spot, which has a magnitude
P, = total power in spot image at detector = Ay Ps/A4, =
(wd?/8ds) 1071 =~ 108 w. This is close to the diffracted
power in the preceding autocollimator analysis, and the
corresponding shot noise induced in a high quantum effi-
ciency detector will have a magnitude approximating 10712
w. The same conclusion follows, i.e., that resolution is
presently limited by the larger detector noise. Again assuming
a detector NEP of 10~1* w and a 1-cps bandwidth, we find
that the autoreflector noise-equivalent-translation (NET)
has a limiting value of NET = NEP/Ps = 1071/10~V
(10 pin) = 1 win. This corresponds to approximately
% arc-sec on a 2-in.-diam rotor. In practice, the OPTAG
IIA (Fig. 6) has exhibited translational resolution of 10 win.,
although accuracy may have been limited by the test equip-
ment employed, some of which must be of exceedingly precise
construction. '

As in the case of the autocollimator, the autoreflector de-
sign is not optimum from a theoretical standpoint but has
been dictated by practical considerations. As indicated
in the preceding analysis, photocurrent shot noise is well be-
low the assumed detector NEP; consequently, the pickoff
spot diameter could usefully be increased up to 100 times,
providing shot-noise-limited resolution of 10~2 uin.in theory,
but a large, high-power lamp would be required to do so.
Other noise sources and null stability considerations also
set a practical (rather than analytical) limit on the prac-
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tically achievable and useful resolution: nonuniform spot
illumination and noncircular spot geometry, each of which
can cause noise at the spin frequency of much greater
magnitude than the theoretical angular resolution. On the
other hand, null shift, caused either by uncompensated rotor
translation, lamp-filament movement, or by minute pickoff
shift on the gyro case, is more likely to be the most important
limiting factor. Thus, although autoreflector performance
can theoretically reach much lower, it is restricted in practice

to the 1- to 10-uin. region.

Autocollimator-Autoreflector Comparison

The autocollimator is a more desirable angle pickoff than
the autoreflector, principally because of its true angle-
sensing capability that leaves its performance unaffected by
extraneous rotor translation. In addition, its inherently
superior noise characteristics will permit greater performance
improvement as better detectors, lamps, and other com-
ponents are developed. Another advantage is that the
autocollimator observes a flat mirror whose attitude change
is detected only as a low-frequency or d.c. image shift,
whereas the axial autoreflector detects rotor surface transla-
tion as an amplitude variation of the spin frequency com-
ponent of the energy in a fixed image. Thus, autoreflector
operation is wholly dependent on the external modulation
produced by rotor spin. The fact that the autocollimator
can operate with a nonrotating mirror makes it far easier to
test. This characteristic can also permit the testing of a
gyro with its rotor stationary; in this way, residual suspen-
sion torques may be detected more easily because they are
not resisted by the high-angular momentum of a spinning
rotor.

Direct-Readout Pickoffs
Description and Operating Principles

Because its rotor attitude must be measured in any orienta-
tion, the readout system is one of the strap-down gyro’s
most severe development problems. The gimbaled gyro
requires only one null-sensing pickoff to sense rotor deviation
from null alignment, whereas rotor attitude is measured by
rotary transducers on the gimbal axes. In contrast to this,
the strap-down gyro requires a set of pickoffs, usually three
orthogonal units, together with a digital computer to deter-
mine rotor attitude. This increased strap-down pickoff
system complexity is not unexpected, however, for the strap-
down gyro represents the first departure from the classical
gimbaled gyro with electromechanical readout, and some
of the complexity of the eliminated gimbal mechanism must
reappear in another form.

The strap-down gyro readout system is required to measure
the attitude of the spin axis of a spinning spherical rotor
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with respect to, say, a Cartesian reference frame (Fig. 7).
Assume that three autoreflecting, transit-sensing pickoffs
are located along the three orthogonal reference axes. Each
pickoff scans the rotor with a small light spot along a latitude
circle. 'With the rotor spinning at constant speed it is pos-
sible, by measurement of the reflected light modulation pro-
duced by an appropriate surface pattern, to establish the
latitude of each pickoff and, from this information, to compute
spin axis attitude.

One possible pattern is a pair of lines originating at the
poles, separated at each latitude so that the ratio of the
short and long ares has the magnitude of the cosine of colati-
tude. This pattern gives the direction cosines of the spin
axis vector. Various other patterns can be employed;
those using great cireles are preferable because they can be
applied most easily and accurately, but attitude computa-
tion is more complex than when the pickoffs directly indicate
trigonometric functions of latitude.

The actual pickoff readout is based on time measurement.
The only known working systems use line patterns, and
their latitude circle are lengths are indicated by the number
of high-frequency clock pulses transmitied in the time
interval between line transits through the pickoff spot.
These systems generate the desired function of latitude by
taking the ratio of the short and long latitude circle ares,
so that readout system accuracy is left unaffected by changes
in rotor speed. Because the orthogonal pickoff set tends
to become inaccurate as any one pickoff approaches a pole,
it may be necessary to employ redundant pickoffs or an added
pattern to provide a continuously accurate indication of rotor
attitude.

Performance Evaluation

In a strap-down guidance system, two gyros are required
for three-axis attitude determination. Gyro attitude infor-
mation is needed both for steering and for resolution of
accelerometer signals. The accelerometers may have random
attitudes with respect to gravity, and the large gravity ac-
celeration component must be very well defined if the mo-
tional acceleration component is to be gaged accurately.
This imposes a rather stringent requirement on gyro drift,
and its magnitude cannot exceed the leveling tolerance re-
quired of more conventional guidance systems, i.e., 20 arc-
sec or less. This implies that the pickoff system must be
aceurate to 10 are-sec or better.

The formidable strap-down readout problem is illustrated
by the following example of transit autoreflector performance.
The transit autoreflector has the same optical form as the
axial autoreflector, and the specific unit to be evaluated is
that of Fig. 4. Consider a 2-in.-diam rotor spinning at
12,000 rpm observed at a 45° polar latitude by an auto-
reflecting pickoff. The rotor has a 2-line pattern originating
at a rotor pole, the ratio of whose short and long ares along
any latitude circle has the magnitude of the cosine of the
colatitude. In a 10-arc-sec latitude change at 45°, the cosine
magnitude and, hence, the arc ratio, changes by

A coshge = SINAAN = 0.7 X 5 X 10~5 = 3.5 X 10-5

where A = colatitude. Since the latitude-circle circumfer-
ence is about Sy = 27 sinX = 41in., the line-pattern accuracy
must be considerably better than $SyAcosA = 7 X 105in.

It is now assumed that for an information bandwidth of
1 cps the individual cosine measurements occuring at a rate
of 200/sec are averaged over 1 sec. This is equivalent to
saying that the effective noise bandwidth, regardless of the
actual rotor velocity, is the bandwidth required to sense line
transit with the necessary accuracy if the rotor velocity is 1
rps. In this case, the effective integrating time for detecting
line transit must be considerably less than At = ZA cos\ =
1.7 X 1075 sec, and to observe a single transit within this

AN INTRODUCTION TO GYRO OPTICAL PICKOFFS 685

o INITIAL
IVIDEND  conprTIONS

s‘&
Qé |~ STEERING
z —
g=
COUNTER| Iyvisor £3
o cos | O
cos n| =8
Goss] Z& —PosITioN
o5 — VELOCITY
2ND GYRO INPUTS { o> K2 b BTC
SPHERICAL ROTOR CO8 n :

SCAN PATHS
OF PICKOFFS .
(LATITUDE
CIRCLES)

ACCELEROMETER
INPUTS

Z  cos I I

COS (COLATITUDE)
PATTERN

EQUATOR
PRIME COs A
MERTDIAN

Fig. 7 Strap-down gyro readout system functional block
diagram.

time requires a bandwidth of about 15 ke. (The actual
transit at 200 rps must be detected in 107 sec, corresponding
to a signal bandwidth of about 3 Mec.) If the autoreflector
spot is to be traversed in this time, it must be of the order
of 7 X 1072 =~ 10~*in. diam, and its power contentis Po,y_. =
3 X 1078107412 X 10732 =10~ w. To achieve a signal-
to-noise ratio of, say 4, at maximum signal requires that
the detector NEP be no higher than Py, = 10719/4(1.5 X
1097 = 2 X 10 3 w.

No solid-state detector presently possesses so low an NEP,
and thus, a photomultiplier detector is required to achieve
10-arc-sec resolution under the assumed conditions. Some
reduction in detector quality might be permitted if the auto-
reflector spot size is increased. The result of this change is
to raise the maximum signal level, but it is accompanied by
increased noise-in-signal. In addition, the increase in signal
rise time requires more critical control of the readout counter
triggering level, as well as far better over-all system gain
stability.

Assuming a solid-state detector NEP of 107!t w, the opti-
cal signal level required for a signal-to-noise ratio of 4 with a
noise bandwidth of 15 keis Ps = 4 X 107 X (1.5 X 104V2
= 5 X 107° w. This signal level is not that given by the
whole spot, however, once it becomes larger than 10~ in.,
because the requirement is to sense line transit through a
centered region 107 in. wide. To achieve this signal level
in that region requires a spot about

[w(10-92/(3 X 107%][(5 X 10%)/10~4] = 0.005 in. diam

The average shot-noise level from this spot size in a 15 ke
bandwidth is 10713 X 0.005/0.002 [(1.5 X 10%/2]¥/2 =
1.5 X 107" w, which is approximately equal to detector
NEP.

Thus, it is seen that the detector and electronic problems
for a strap-down gyro attitude-measuring system are solvable
possibly at the expense of a somewhat bulky package if photo-
multipliers are used. The most difficult problem, however,
is to apply with sufficient accuracy a rotor pattern from
which gyro attitude may be derived with a minimum of
signal processing electronics. The difficulty stems from the
10%-in.-pattern accuracy and from the curved form of the
desirable patterns. Although great circle patterns are rela-
tively easy to produce, they require complex signal processing.
As far as pickoff performance is concerned, early OPTAG I1I
transit-sensing pickoffs using a solid-state detector exhibited
triggering repeatability of about 1u sec. Newer designs are
expected to improve on this performance significantly.

Miscellaneous Considerations
Pickoff Size

An interesting aspect of pickoff design is the effect of size
change on performance. Assuming that an optimized auto-
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collimating pickoff can be scaled to any size so as to maintain
all angular relations, this requires that the lens focal length,
detector size, and the prism nose dimension must change
directly with the lens diameter. (The larger flat mirror
area required by a larger pickoff implies, for consistency,
that the rotor eventually must grow accordingly.) Angular
sensitivity is proportional to the product of the nose dimen-
sion and the lens focal length and, therefore, increases with
the (lens diameter)?, or Py « d2 Detector-noise increases
with the detector dimension and therefore with the lens
diameter, or Py, « d. Shot-noise varies with the square
root of the product of the diffraction pattern angular area
(that remains constant) and the sensitivity and, therefore,
increases directly with lens diameter or Pyg « (d X d7t X
d2)1/ 2 = (.

When a pickoff is detector-noise-limited, the angular resolu-
tion given by the ratio of detector-noise ( «<d) to sensitivity
( =d?) reduces as (lens diameter) ™Y, or NEA = (Pxp/Po) «
d/d* = d~'. The performance improvement obtained by
increasing the pickoff size is somewhat costly, however, for
the pickoff volume and weight increase as (NEA)™3, A
second distinet case is encountered when the pickoff is shot-
noise-limited. The resolution in this case is given by the
ratio of shot-noise ( «d) to sensitivity, and, therefore, here
also- NEA « d71, and the volume and weight vary with
(NEA)—3. Thus, in an optimized autocollimating pickoff,
regardless of whether it is detector- or shot-noise-limited,
angular resolution can be reduced by increasing the lens
diameter, but the pickoff volume and weight increase at a
much faster rate. The resolution per size per weight trade-
off, indeed, favors much smaller pickoffs than the OPTAG I
and II, and these units were made as large as they are prin-
cipally because of difficulty anticipated in making a sufh-
ciently precise and stable assembly of much smaller parts.

Although the change in angular resolution with size is the
same in either the detector- or shot-noise-limited case, the
latter condition is the more fundamental limitation and pro-

vides the best possible performance. In the autocollimating -

OPTAG I, for example, the computed angular resolution
would improve from 1073 arc-sec to about 5 X 107 arc-sec
if the detector-noise level was reduced from the assumed
1071 w to below the 5 X 1071%-w shot-noise level. Inasmuch
as the performance improvement attainable from better
detectors is so much greater than that permitted by increas-
ing pickoff size, it is unquestionably more rewarding to em-
ploy the former approach to performance improvement with
any pickoff that is not shot-noise-limited. Resolution may
also be improved by increasing the source radiance and/or
the prism nose angular subtense. Thus, it is difficult to
establish criteria for the forementioned “optimized’” design,
and, in a real situation, performance improvement may be
obtained by a number of effective and desirable alternatives
to increasing pickoff size.

To vary the scale of an autoreflector in a manner consistent
with the autocollimator all angular relations again must be
majintained, and, thus, the size of the illuminated spot changes
with the lens diameter. Pickoff performance is ultimately
specified in angular terms, but the pickoff actually senses
rotor spin axis eccentricity, and, therefore, the angular per-
formance is determined by rotor size. Consequently, the
case of both fixed- and variable-size rotors must be considered.

Autoreflector sensitivity to spin axis eccentricity varies
directly with its lens diameter as do both detector-noise
and shot-noise. Thus, an optimized autoreflector exhibits
constant resolution in spin axis eccentricity in either the de-
tector- or shot-noise-limited mode independent of its size.
Furthermore, in the shot-noise-limited mode, the resolution
is independent of spot size. If the rotor size is fixed, the
pickoff angular resolution is correspondingly -constant.
On the other hand, if the rotor and pickoff size change to-
gether, angular resolution improves with d—! as for the auto-
collimator. Thus, for a given gyro whose size is fixed, an
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optimized shot-noise-limited pickoff is most desirably made
as small as possible inasmuch as its angular resolution is un-
affected by its size. Here again, however, in a real situation
improvement may be possible by the use of a better or smaller
detector or a brighter lamp that permits the transition from
detector- to shot-noise-limited resolution.

Angular Range and Linearity

Generally, only a small angular range and relatively medi-
ocre linearity are required of null-sensing pickoffs, although
output symmetry should be quite good to avoid development
of an offset bias in the presence of oscillation about null.
The autocollimator is inherently linear in either one of its two
channels. Its angular range is equal to =3 its prism nose
angular subtense, or somewhat more than =1° for the
OPTAG 1. Linearity and symmetry are of the order of 19,
over a range of several arc minutes. There are no funda-
mental restrictions on these characteristics, and they may
be improved within reasonable limits by careful alignment
and balance. The biaxial autocollimator does suffer from
gain-change and nonlinearity in one channel in the presence
of a significant signal in the other channel. This effect is
usually negligible under normal operating conditions where
the error angles are very small with respect to the prism
nose angular subtense.

The one other angular characteristic of interest is angular
acquisition range. This is the angular range about null
within which a useful signal is detected by the pickoff and
must necessarily be larger than the initial rotor misalignment
to insure that the gimbal servos are controlled to drive the
pickoff toward the null point. Acquisition range is deter-
mined by the dimensions of both the prism sides and the
detectors, which must be large enough to permit a part of
the nose image to reach the detector over the desired range.
Thus, for most purposes, the size of the illuminated prism
nose is chosen to obtain good sensitivity, which increases with
the nose dimension, and to keep gain-change and nonlinearity
effects within tolerance, whereas the detector and prism size
are selected to achieve a given acquisition range.

The mechanism of signal generation in the axial autore-
flecting pickoff involves a patterned rotor that rotates about
a spin axis that may fall anywhere in or out of a small illu-
minated spot (Fig.4). When the spin axis lies within % radius
of the spot center, the error signal magnitude varies linearly
with eccentricity within a few percent. By the time the
spin axis reaches the spot periphery, the error signal has
almost saturated and mainfains approximately the same
magnitude as the spin axis moves large distances outside the
spot. For a 2-in.-diam rotor and a 0.002-in.-diam spot, the
autoreflector has a linear angular range of only about 3 mil
or about 1 min of arc. The error signal continues to grow,
but at a decreasing rate, up to 1 mil or 31 arc-min at the
edge of the spot, beyond which the saturated signal prevails.
Thus, the autoreflector has a highly nonlinear transfer char-
acteristic except for a very small region near null. The
saturated signal outside the spot serves for acquistion pur-
poses over an extremely wide angular range. Unlike the
autocollimator, the axial autoreflector acquisition range is
independent of pickoff geometry, and an acquisition signal
is available up to angles of 20° or more from null.

Null Stability

Optomechanical null stability of an optical gyro pickoff
is determined principally by its optomechanical structure
that is basically nonanalytic, i.e., a satisfactory mathe-
matical model of the behavior of materials over long periods
of time has not yet been devised. Only the upper limit of
autocollimator electro-optical stability can be established
mathematically, and this was done previously, where it was
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observed that the primary electro-optical source of null shift
is the two detectors in each channel that presumably can
become unbalanced, causing a shift of as much as 1 arc-sec
for a 109, unbalance.

At the cost of added complexity and moving parts, it is
possible to construct a small autocollimator using only one
detector per channel and with precisely uniform prism nose
llumination, thereby reducing probable electro-optical null
shift to the ;34 arc-sec level. Once this is accomplished, the
only other possible source of null shift is the relative move-
ment of the optomechanical structure. As previously
suggested, this movement with time and temperature can
be minimized by the use of a bonded structure of fused quartz,
the solid exhibiting the lowest expansivity and best stability
of all engineering materials. An all-reflective (Fig. 6) or
catadioptric (combination of reflective and refractive ele-
ments) lens design permits the use of fused quartz throughout
the pickoff. A pickoff of this construction, with electro-
optical null shift minimized, would be more stable than the
gyro with which it might be used. This stability can be fur-
ther enhanced by containing the pickoff in a temperature-
controlled environment. There is little doubt that a well-
made pickoff constructed along these lines and with thermal
control would be stable to 134 arc-sec over periods of weeks
or months.

Environmental Resistance

Because of the small size, light weight, and stationary na-
ture of all parts of the gyro pickoffs, they can easily be made
to withstand a 100-200g motional environment without
failure or significant null shift. The one possible exception
is the pickoff light source, presently an incandescent lamp.
These lamps have been operated at 200g in a centrifuge without
failure and presumably would withstand any motional
environment the gyro is capable of surviving, but lamp-
filament movement could nevertheless cause at least a tem-
porary null shift, particularly in the autoreflecting pickoffs.
For a greater margin of resistance in the future, either
gallium arsenide recombination-emission diodes or neon glow
lamps might be used. The latter are far more rugged than
filament lamps; their obvious drawback is low ouput that
leaves the pickoff highly susceptible to pickup and necessi-
tates extremely high-quality, low-noise, high-gain electronics.
Early Ga-As diodes were tried in 1963 in an attempt to make
the first all solid-state autocollimator, but the tests were
discontinued because the room-temperature units provided
insufficient signal and were extremely temperature-sensitive.
Nevertheless, it is expected that gyro optical pickoffs will
shortly be of completely solid-state construction and capable
of withstanding any foreseeable shock and vibration.

The predictable effects of temperature change are dimen-
sional changes in all parts of the pickoff and a variation in
the detector-noise level due to the change in the number of
thermally stimulated electrons. Neither of these changes is
inherently a source of null shift, and, in fact, detector-noise
regardless of its level can only increase pickoff NEA but
cannot cause null shift as long as differential gain change is
avoided by appropriately loading the detectors.

Asymmetric dimensional change can cause null shift and
may result from temperature asymmetry, expansivity vari-
ation, or an asymmetric form. Temperature asymmetry
may be minimized by appropriate shrouding to provide a
uniform thermal environment around the pickoff and by the
use of high-conductivity materials. Expansivity variation
1s obviously reduced on an absolute basis by using materials
with the lowest expansivity. Interestingly, it is found that
most engineering materials have almost the same ratio of
expansivity to conductivity that would make all equally good
in resisting thermal transients. In general, however, the
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low expansivity materials are preferable (fused quartz, in
particular, because of its stability). An asymmetrie pickoff
form encourages temperature gradients and, moreover, may
cause null shift from a uniform temperature change.

There has been little temperature testing of the pickoffs,
partly because of the difficulty of isolating pickoff changes
from those of the test apparatus. The autoreflecting pick-
off is particularly difficult to temperature testin a valid way
because of its necessary proximity and direct mechanical coup-
ling to a test rotor assembly that cannot avoid being extremely
temperature-sensitive.

The most trustworthy temperature tests results were in-
advertantly obtained in the OPTAG I stability test, wherein
the pickoff was seated directly on a quartz test mirror. It
was found that the primary null shift observed was a diurnal
variation in synchronism with the test area daily tempera-
ture cycle and with a scale factor of about % are-sec/°C.
A comprehensive investigation of this temperature sensitivity
was not attempted, but it is quite certain that much better
temperature stability can be obtained easily by minor design
revision and changes in assembly technique of the symmetri-
cal, low expansivity OPTAG 1. The asymmetric OPTAG
IT is predictably more fundamentally temperature-sensitive
and redesign to a symmetrical form would be required to ex-
ploit more fully its all-quartz construction. As a practical
matter the gyros with which the pickoffs are used are un-
doubtedly far more temperature-sensitive than the pickoffs,
and their need for precise temperature control will provide an
ideal thermal environment for the pickoffs.

With respect to lonizing radiation, the pickoffs are inert
except for their detectors and their electronics. The de-
tectors are very similar to silicon and other photovoltaic
solar cells that have been developed to an excellent state of
radiation resistance because of the need for long-lived satellite
and space-vehicle power supplies. Moreover, silicon and
other types of solid-state detectors have exhibited long useful
lifetimes in satellites. Similarly, standard electronic circuits
of the type required in pickoffs have operated for years in
space. Thus it is safe to assume that optical pickoffs can
be made sufficiently radiation-resistant to last as long as any
other components subjected to ionizing radiation in space.

The only element in the optical pickoffs described that
would have a predicted lifetime of less than 100,000 hr is the
light source. Fortunately, tungsten-filament lamp life
shows an extremely large variation with filament tempera-
ture.? Over the 2000-3000°K temperature range, the life
ratio varies approximately as the 35th power of the inverse
temperature ratio. On the other hand, the total radiation
from 0.6-1 u (in the Si spectral region) only varies approxi-
mately as the 8th power of the temperature ratio. Thus,
filament life increases approximately as the inverse 4th
power of effective power reduction, permitting a relatively
desirable tradeoff between sensitivity and lifetime. It is
assumed in the analyses that the pickoff lamp operates
at a temperature of 2150°K. A lamp using a 1.5-mil-diam
filament at this temperaturc will have a reliable lifetime of
well over 50,000 hr, which is sufficient for most applications.
By reducing the temperature below 2000°K, lamp lifetime
can be extended to above 2 X 108 hr (over 200 yr). There-
fore, if the pickoff is well constructed, the intrinsic reliability
of all components can be expected to provide a mean-time-
to-failure of from 25,000 to 100,000 hr,

It should be noted that the incandescent lamp is a rela-
tively efficient radiation source for devices using detectors
sensitive in the near infrared. At 2150°X, 109 of a lamp’s
output falls below 1 u and 559, below 2 u, whereas at 2400°
K, 159, falls below 1 u and 629, below 2 u. Since essen-
tially all the lamp input power is converted to short wave-
length radiation, these output numbers can be considered
as efficiency levels. Compared to these magnitudes, the %%
or lower efficiency of a Ga-As lamp is exceedingly poor,
whereas glow lamps are not much better.
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Power Requirements

The only significant power required above the low mw
level is that for the lamp. A typical lamp may require
250 ma at 3 v, although lamps of i w or less are available
and can be employed at some sacrifice in sensitivity if power
drain must be minimized. Although the pickoff electronics
are well adapted to 28-v d.c. operation, it is desirable to have
a.c. available both to permit convenient transformation down
to the relatively low lamp voltages and to provide the modu-
lation required by the autocollimating pickoff. Alterna-
tively, a solid-state converter may be used for modulation
and voltage transformation. In the case where lamp modu-
lation is necessary, a converter that applies narrow 28-v pulses
to the lamp has been found to provide excellent operation
with a minimum of parts. In any case, the optical pickoffs
may be considered to require no more than 1 w, and this may
be reduced to 1% w if necessary.

Conclusions

It has been shown that optical gyro pickoffs are available
with accuracy to the order of %5 arc-sec and that considerable
performance improvement is possible. Modest improve-
ments can be achieved by optimizing present pickoffs, whereas
large improvements are dependent upon the development of
better pickoff components.
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It is of interest to consider how good pickoffs may have
to be if they are to keep pace with the probable increase in
gyro performance. Newton® has assumed that thermal
fluctuations will prove to be the ultimate limitation in gyro
performance, as they are for so many electrical and mechanical
devices. On this basis he shows that present gyros are several
magnitudes removed from perfection. In particular, he
quotes a time-dependent deviation factor of about 104
arc-sec/secl/? for a typical thermal-noise-limited gyro. If
his assumptions are correct, then those developing both gyros
and pickoffs must accept the challenge of overcoming the
large performance gap that presently exists between theory
and practice.
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