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ABSTRACT

Optical star tracker calibrations varied among companies in the
industry by as much as 250 percent. A calibration procedure has been
developed which relates a standard of spectral irradiance to real stars
by laboratory measurements and computations. Initial results from
trackers calibrated for the Aerobee Sounding Rocket Program indicate
a calibration accuracy on the order of 15 percent.
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LIST OF SYMBOLS

Apparent intensity of a point source.

Apparent stellar magnitude outside the earth's atmosphere.

Relative spectral response of the standard visual observer normalized to unity at
the wavelength of peak response, V(x ).

Constant normalization factor of the function V(r) at A_. The units of X are
lumens/watt.

Spectral irradiance or irradiance per unit wavelength interval produced by
Source 1.

Effective intensity of a point source.

Relative spectral response of a photoelectric instrument normalized to unity at the
wavelength of peak response R(xp) . The response includes the spectral effect of
all lenses, mirrors or filters in the optical path,

Relative spectral response of Instrument 1.

Radiant sensitivity is the constant normalization factor of the function R(1) at A .
The units of K_ are amperes/watt.

Classification of a star whose spectral class is A0 and whose luminosity class
is V.
Spectral irradiance produced outside the earth's atmosphere by an AoV type star.

Designations adopted by the electronics committee of the Electronic Industries
Association to describe the nominal sensitivity as a function of the wavelength of
cesium-antimony and trialkali photocathode surfaces respectively. [J EDEC
Publication No. 50 "Relative Spectral Response Data for Photosensitive Devices
(S~-Curves)", Electronic Industries Association, Washington, D. C.] .

Apparent magnitudes outside the earth's atmosphere in the UBV System of Stellar
Photometry established by H. L. Johnson of the University of Arizona. (Johnson,
H. L. and Morgan, W, W., Astrophy. J. 117:313, 1953).
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STAR TRACKER CALIBRATION

by

Lawrence T. Draper
Goddard Space Flight Center

INTRODUCTION

It became apparent during the development of star trackers for various programs that there

was no industry-wide star tracker calibration procedure. The several companies involved de-

veloped their own calibration methods, and while these were reasonable and consistent within

themselves, they were all different (Reference 1). Consequently, there was general disagreement

about what represented a real star and how a tracker should be irradiated for signal-to-noise

ratio measurements during acceptance testing.

A star tracker calibration procedure was developed over a period of time at Goddard Space

Flight Center, and has been adopted to eliminate this ambiguity. This procedure involves a light

source which is used as a standard of irradiance and computer programs which relate this stand-
ard source to real stars. The initial results of flight tests indicate that the calibration accuracy
is within 15 percent. The purpose of this paper is to describe this calibration procedure.

STANDARD LIGHT SOURCE

The irradiance standard which was de-
signed and developed (Reference 2) at The Na-
tional Bureau of Standards (NBS) is shown in
Figure 1. It consists of a portable light tight
box, a projectionlamp, an opal diffuser, filters,
and an output aperture 20 mils in diameter.
The spectral irradiance produced by the
source H_(A) has been measured from 3500A
to 8500A and has a peak around 4300A. There
is energybeyond 8500A, but this isnot trouble-
some because the currently used detectors
have no response in this region. If detectors
with responses beyond 8500A are used in the
future, the same calibration procedure can be
used simply by extending the defined spectral

OUTPUT
APERTURE

FILTER AND DIFFUSING
GLASS

BAFFLE VENT BAFFLE

Figure 1—Laboratory standard of irradiance.



irradiance of the source to include all the
wavelengths to which the detector is sensitive,

The described source is attractive be-
cause it is portable, easy to use, and has rea-
sonable amounts of energy below 4500A (Fig-
ure 2). The shape of the absolute spectral ir-
radiance function is of no importance to the
calibration method; however, it is important
to irradiate the receiver with energy as far
into the blue as possible, When an unfiltered
tungsten source is used for calibration pur-
poses, for instance, the instrument response
to veryblue sources suchas O or B type stars
is only approximated. Note, in Figure 3, that
the unfiltered tungsten source which simulates
a 2nd visual magnitude star has very little
energy below 4500A.

Several other types of irradiance stand-
ards considered by NBS in this program were
all discarded for various reasons.

MAGNITUDE EQUATION

The light source is related to real stars
by means gf computations with the equation
for stellar magnitudes. This equation derives
from the fact that classically the ratio of ap-
parent intensity between successive magni-
tudes was defined as the fifth root of one hun-
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Figure 2~Absolute spectral irradiance produced by
laboratory source when used to simulate 2nd visual mag-
nitude star and nominal relative spectral response of
S-4 instrument including optics.
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Figure 3—Absolute spectral irradiance produced by
2850°K tungsten source (including spectral emissivity
of tungsten) when used to simulate 2nd visual magnitude
star and nominal relative spectral response of $-4 instru-
ment including optics.

dred, or 2.512. If B, is the apparent intensity of a star of magnitude m; and B, is the apparent

intensity of a star magnitude m,, then

Bl
B, - 2.512(m; ~my)
or
B
1
log g = (m2 'ml) 0.4
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or, finally,

It is common practice in photometry to express the effect produced by a point source of light
in terms of the illumination produced at the observers eye (Reference 3). Therefore, the quantity
“'apparent intensity" is expressed as illumination, which is incident luminous flux per unit area,
and must be distinguished from "luminous intensity' which is expressed as emitted luminous flux
per unit solid angle.

The apparent intensity B, of a specific star is, then,

B, = K, f Hy (M) V(r) d (1)

where H (1) is the absolute spectral irradiance produced by Star No. 1 at the observers eye, v(\)
is the relative luminous efficiency of the standard eye response normalized to unity at 5500A, and
K is the luminous efficiency of radiation at 5500A. The apparent intensity is then a measure of
the eye's ability to utilize the total radiant power impinging on it.

In order to generalize this concept sufficiently to encompass photoelectric receivers as well
as the eye, the term "effective intensity'' is used in place of "apparent intensity". The effective
intensity, I of Star No. 1is

I, - JHI(K) R(A) dA (2)

where H, (A») is the absolute spectral irradiance produced by Star No. 1 at the objective lens of the
receiver, and R()\) is the relative spectral response of the receiver normalized to unity at the
peak of its response. R(\) is the total receiver relative spectral response, which includes the
response of the photosensitive surface and the spectral effects of any optics or filters. The
effective intensity is then a measure of the detector's utilization of the total radiant power imping-

N ing on it. The absolute spectral response of the receiver is equal to K ,R(:) where X, is the
normalization factor of the detector in amperes per watt at the wavelength of the peak response of
R(A). If A is the area of the receiver objective lens, then K,AI, is the anode current generated
when the receiver is being irradiated by Star No. 1.

Replace apparent intensities by effective intensities; the magnitude equation can then be
written as



K, J H, (A) R(A) dA
m, —m, = -2.5 log . (3)
K, | Hy(A) R(A) dr

The radiant sensitivity term, K, cancels, therefore it is only necessary to know the relative
spectral response of the instrument, R()).

The magnitude equation only defines a relative scale of effective intensity ratios and magnitude
differences. A zero point for this scale is defined by always using the absolute spectral irradiance
of a standard star, as seen above the atmosphere, in place of the function u,(») in Equation 3 and
requiring that the magnitude of this standard star be the same for all receivers. The adopted
standard is an AOV star whose photoelectric V magnitude is zero, which is consistent with the
standard definition used to set the magnitude scale zero point in stellar photometry. Since this
standard has the same magnitude for all receivers, it follows then that m, in Equation 3 is always
zero and the final form of the magnitude equation is

j H, (M) R(A) dr

m, = -2.5 log

; (4)
jHAOV(x) R(\) dh

here m, is the magnitude of the source H,(») as seen by receiver R(A).

1

STANDARD AOV STAR

The justification for the adopted magnitude zero point and the adopted absolute spectral energy
distribution of the standard star have been discussed in detail by R. E. Wilson of the University of
South Florida*. Briefly, the relative spectral energy distribution of Vega was used for the relative
spectral energy distribution of the standard star. Oke and Hunger's data were used from 3700A to
8500A (References 4 and 5) and Bahner's data from 3196A to 3700A (Reference 6). The resulting
relative spectral energy distribution was fitted to absolute measures made by Willstrop (Refer-
ence 7) and checked against those of Kharitonov (Reference 8) to obtain an absolute spectral energy
distribution. The adopted standard AOV zero magnitude star is shown in Figure 4.

RECEIVER CALIBRATION PROCEDURE

The calibration procedure is suggested from the form of Equation 4. Notice that the integrals
in the magnitude equation are proportional to the phototube anode current that an instrument would

*Wilson, R. E,; “*The $-4, S-11, and S-20 Magnitudes of a Star Simulator for the OAO’’, Goddard Space Flight Center Document
X-732-68-28, January 1968.
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the anode current, it is only necessary to de- . . . .
Figure 4—Absolute spectral irradiance of a zero magni-

termine the coordinates of one point of Equa- tude AQV star as seen above the atmosphere.

tion 5 to allow the construction of a calibra-

tion curve. The coordinates of this point (magnitude, anode current) are determined for a receiver

with relative spectral response R,;(») as follows: The receiver anode current is measured when

the standard source H_(A) is used to irradiate the receiver objective lens, and the magnitude that

the standard source H_(») presents to receive R,(\) is computed by solving Equation 4 rewritten

as

JHS()\) R, (M) dr
jﬂwv(,\) R (M) dr .

m = =25 log

With the coordinates of one point thus determined, a straight line calibration curve can be drawn
on semi-log paper for receiver R, (A) . One can now sight a source with an arbitrary spectral con-
tent, measure the anode current, and determine the receiver magnitude of that source from the
calibration curve.

RECEIVER MAGNITUDES

Obviously the magnitude of source H,(A) in Equation 4 depends on the receiver response.
Therefore the term ""magnitude' must always be qualified to indicate which receiver is being used.
There is enough variation in the relative spectral response of any given type of phototube that it is
necessary to be more specific than merely referring to S-4 or S-20 magnitudes. Actually, it is
necessary to consider magnitude units for each individual instrument, i.e., "'receiver magnitudes'

The calibration defined thus far is not complete enough for star tracker work because the
instrument is calibrated in terms of receiver magnitudes which pertain only to the specific



instrument being calibrated, and all of the star catalog data are given in different
incompatible magnitude systems.

If the spectral energy distribution of each star which might be viewed with the star tracker
were known, it would be an easy task to put each of these functions in Equation 4 in place of H, (1)
and calculate the magnitude of each star for any arbitrary receiver R(n) . This is not generally
possible because the spectral energy distributions of the twenty or thirty brightest stars are not
yet available with sufficient accuracy.

A method has been developed by P. B. Davenport* for transforming from Johnson's UBV mag-
nitude system to magnitudes for any arbitrary receiver response in the 3000A to 8000A region.
Briefly, the transformation involves approximating the absolute spectral energy function of a star
from its UBV magnitudes and then using this function in Equation 4 to compute the star's receiver
magnitude for any arbitrary receiver. Knowledge of the magnitude of any target star in terms of
receiver magnitudes in addition to the calibration curve of receiver magnitudes vs log of anode
current does constitute a complete calibration.

COLLIMATED LIGHT SOURCE CALIBRATION PROCEDURE

When the tracker to be calibrated has optics which are prefocused at infinity it is often not
possible to use the point source irradiance standard directly. In this case it is necessary to acti-
vate the tracker with a collimated source whose calibration can be traced to the point source
standard. The transfer of the calibration from the point source to the collimated source is accom-
plished as follows: (1) a transfer photometer with a known relative spectral response is calibrated
with the point source using the receiver calibration procedure described above; (2) the relative
spectral energy distribution of the collimated source H_(\) is measured; and (3) the collimated
source is viewed with the transfer photometer. The magnitude of the collimated source in terms
of transfer photometer magnitudes is obtained from the transfer photometer calibration curve
resulting from step one.

Equation 4 can be rewritten as

c VH (\) Rp(\) dr

m = -2.5 log

’ (6)
SHAOV(A) Rp(A) dA ;

where H_(\) is the collimator spectral energy distribution normalized to unity at some arbitrary
wavelength, R (») is the relative response of the transfer photometer, m_ is the transfer photom-
eter magnitude of source H_(A) resulting from step three above, and c is the absolute mono-
chromatic flux of the source at that wavelength where the function H_(\) is normalized to unity.

*Davenport, P. B., “"The Approximation of Stellar Energy Distributions and Magnitudes from Multi-color Photometry,”” Goddard Space
Flight Center Document X-542-68-120, April 1968.
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Equation 6 can now be solved for ¢, determining the function cH_()\) which is the absolute
irradiance of the collimated beam dimensionally consistent with the function H,,,(}) in Equa-
tion 6. The collimated light source is now calibrated and can be used instead of the point source
in the basic receiver calibration procedure described above.

The relative spectral energy distribution of the collimated source varies as a function of
lamp voltage; therefore, if lamp voltage is used to control the collimator intensity, the spectral
energy distribution must be determined for each voltage used. More frequently the lamp voltage
is held constant and the intensity is varied with neutral density filters. Since no neutral density
filter is truly neutral, the spectral transmission of each filter must be measured and its effect
on the spectral energy distribution must be included in the collimator function.

CALIBRATION ERRORS

No detailed error analysis has yet been made, but a worst case approximation can be deter-
mined by taking the root-sum-square error of each of the parts of Equation 4. The absolute
spectral energy distribution of the standard star, H,,, (») is known within 2% over the wavelength
range of interest (Reference 4); the absolute spectral irradiance produced by the standard light
source at any specific distance is known within 6 percent (Reference 2); and the relative spectral
response of the instrument receiver can be measured within 4 percent (Reference 9). The RSS
error of the procedure is +7.5 percent. However, an additional error, which does not appear in
Equation 4, must be assigned to this calibration: the instrumental error involved in measuring
the receiver anode current when its objective lens is being irradiated by the laboratory light
source. This error should be less than 3 percent; therefore, the total RSS error involved in an
instrument calibration using the point source standard of irradiance is on the order of +8 percent.

An instrument calibrated with a collimated source as described above would have two ad-
ditional sources of error: the determination of the relative spectral energy distribution of the
collimated source, which can be measured within 4 percent*; and the instrumental error involved
in measuring the anode current in the intermediate transfer of calibration from point source to
collimated source, which is an additional 3 percent. The total estimated RSS error in this
instance is approximately +9.5 percent.

VERIFICATION OF CALIBRATION

Star trackers used in the Aerobee Sounding Rocket Attitude Control System were calibrated
by the procedure described, and a star catalog was computed for each flight in terms of "receiver
magnitudes". The star magnitude telemetry data for each target star allowed a comparison be-
tween the predicted magnitude and the measured data. Many additional data must be collected
for complete verification, but information from four different flights show an RMS error of less

*Goebel, D., Private Communication with D. Goebel of the Optics Metrology Branch of the National Bureau of Standards, Gaithersburg,
Maryland.



than 0.1 magnitude with a maximum error of 0.14 magnitude from a total of 7 targets. This RMS
error includes errors from the telemetry and the receiver magnitude computations as well as the
errors involved in the instrument calibration.

FUTURE PLANS

It is planned to continue development work in several areas related to star tracker calibration,
A research effort is being conducted at NBS to improve the accuracy of the absolute spectral
irradiance of the laboratory source and to extend its wavelength region to allow calibration of
semi-conductor photoelectric devices, The spectral irradiance of the standard Aov star will also
be extended for this purpose. In addition, a detailed error analysis will be conducted to determine
which parameters of the calibration procedure must be improved to realize the greatest improve-
ment in the overall calibration accuracy. Finally, work will continue in the Aerobee Program to
obtain more flight data.
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