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SWIR Star Tracking
Aaron J. Swank

National Aeronautics and Space Administration
Glenn Research Center
Cleveland, Ohio 44135

Abstract

This work investigates the use of a star tracker that senses star light in the short wave infra-red wavelengths, specifically
at the photometric H-band. The number of stars available for tracking and the corresponding photometric H-band magnitude is
presented using information derived from the Two Micron All Sky Survey (2MASS) catalog. The probability of observing at least
four stars in the star tracker’s field of view (FOV) at a given H-band magnitude or brighter is also presented. Finally, a notional
short wave infra-red (SWIR) star tracker design is presented using the parameters calculated for the expected number of stars
observed at the corresponding magnitudes in the photometric H-band. The results for the SWIR star tracker indicate the potential
for a reduced FOV as compared to the visible wavelengths and relaxed star magnitude sensing requirements.

I. INTRODUCTION

Commercial star trackers are currently available for visible band detection and are not as yet available for wavelengths
covering the short wave infra-red (SWIR) wavelengths. SWIR focal plane arrays are commercially available for terrestrial
applications and existing publications for SWIR star tracking appear to be focused on such applications [1], [2]. The terrestrial
applications are motivated by atmospheric limitations (reduced absorption by the atmosphere in the SWIR near 1550nm) and
by the potential for both daytime and nighttime operations. Terrestrial applications do not necessarily investigate the benefits
of a SWIR tracker over a visible-band tracker for space applications. The application of SWIR focal plane arrays for star
tracking is likely to be seen in future years as the application is thought to have been limited to date by the availability
of space-rated SWIR detectors. Concept missions are already in formulation, which would utilize SWIR star trackers [3].
Therefore, it is desired to investigate what benefits, if any, a star tracker operating in the SWIR wavelengths, such as the J-H
photometric band, would exhibit as compared to traditional visible-band star trackers. The effective accuracy of a star tracker
improves as the number of stars occurring in the FOV are used in the calculation. In addition, the measurement accuracy
is a function of the number of available photons or rather the signal to noise ratio (SNR) associated with the measurement.
Thus, before a star tracker operating in the SWIR regime can be designed or the performance estimated, the properties relating
to the available stars for use must be quantified. This includes the quantity of stars in a given FOV and the corresponding
brightness magnitudes. This work quantifies the number of stars available for star tracking and the corresponding photometric
H-band magnitude. Finally, this work presents the expected performance of a notional design for a star tracker using a detector
sensitive to SWIR wavelengths by using the calculated star population parameters, which is then followed by a discussion on
the presented results.

II. METHODOLOGY AND RESULTS

The fundamental measurement of a star tracker is the angle of arrival for each observed star. The angle of arrival is typically
measured using a lens and the centroid location on a focal plane array. The centroiding accuracy is a function of the SNR,
which for a star tracker is established by the number of photons incident on the detector from the observed star. The desired
measurement, namely the star tracker derived attitude solution, is obtained by combining the measured angle of arrival for
multiple stars. The attitude accuracy of any star tracker improves as the number of stars in the FOV increases. An attempt
can be made to suggest an expected performance for a star tracker constructed with a detector sensitive in the SWIR by
comparing the available star flux and the number of stars used in the attitude equation to those values corresponding to the
visible wavelengths. Noting that Planck’s black-body radiation law exhibits a power law decrease in available flux with an
increase in wavelength, one might quickly conclude that a star tracker operating in the SWIR wavelengths would be inferior
to that of one operating in the visible wavelengths due to the reduced number of available photons. As will be shown in
this work, simply comparing the ratio of star flux values for the same magnitude star at the respective operating wavelength
bands yields misleading results. Using information available for the corresponding star magnitudes in addition to the overall
number of stars in the star tracker FOV (full cone angle) at the desired wavelengths is important for assessing the performance.
Thus, in order to determine the expected performance of a point design SWIR star tracker, this work will present all-sky star
availability information for stars which radiate in the SWIR wavelengths.
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Fig. 1: Photometric spectral bands and normalized flux density. [5], [6], [7], [8], [9]

A. Star Flux Comparison

Centroiding accuracy using a pixelated focal plane detector is a function of the ratio of the incident signal to the sum of
the squares of the noise contributions (SNR):

SNR =
Sig√

S2
n + npxDN t+ npxN2

r + npxQ2
n

(1)

where Sig is the total signal, Sn is the photon shot noise, DN is the dark noise, Nr is the readout noise, Qn is the quantization
noise, npx is the number of pixels used to measure the signal and t is the integration time. Due to the Poisson nature of
the signal received on the detector, the shot noise is equal to the received signal. Assuming the measurement is shot noise
dominated, the SNR becomes proportional to the square root of the signal:

SNR =
Sig√
S2
n

=
Sig√
Sig

=
√

Sig (2)

Thus, in order to assess the relative impact on the centroiding accuracy, and hence star tracker accuracy, one may compare the
square root of the computed star flux ratio between the visible and SWIR wavelengths.

Star catalogs are readily available, which tabulate star magnitudes at different photometric bands. Cataloged star magnitude
reference values for each spectral band are specified relative to α Lyrae (Vega) by convention. Star magnitude is on a
logarithmic scale, with larger numbers representing dimmer brightness. A number of photometric systems have been developed
for characterizing star magnitudes. Calculations here are based on the Johnson-Cousins-Glass Photometric System [4], [5]. The
optical flux is specified over specific, integrated spectral bands, as illustrated in Figure 1. For this work, the SWIR star tracker
is assumed to operate in the J and H spectral bands, as these coincide with spectral response of InGaAs detectors. Clearly, the
magnitude of a star will be different depending on the specified spectral band as the spectral emission of stars peak at different
wavelengths. Figure 1 also depicts normalized star spectra for a visual depiction of how the calculated star magnitude relative
to Vega will depend on the specified spectral band. As will be shown later, the distribution of star spectra yields more stars
with greater magnitude in the H-band than the number of stars at the same magnitude in the V-band.

Individual band-integrated flux values were calculated using the flux density obtained from the online Magnitude to Flux
Density converter tool [10] and then multiplied by the bandwidth to obtain the corresponding in-band flux. Table I lists the
resulting in-band star flux for various star magnitudes which are then combined to determine the available flux across the
wavelengths corresponding to a visible and a SWIR wavelength detector. By comparing the sum of the flux for the visible
photometric bands listed in Table I with the sum of the J and H photometric bands for the SWIR regime, one obtains a flux
ratio of visible to SWIR of approximately 13. Thus, there is approximately 13 times more flux available in the BVRI bands
as compared to the JH bands for the same magnitude star. Therefore, the net result would be a

√
13 or approximately a factor

of 3.6 worse in centroiding accuracy. Note that this calculations is an approximation as the entire flux incident on the detector
is not accounted for, nor is the quantum efficiency of the detector included. Using this simplistic approach, some of the flux
is not included, as there is a small gap between the J and H photometric band that is not accounted for by using the standard
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Band λeff λbw Flux, [W/m2] x 10−12

[um] [um] m = 2 m = 3 m = 4 m = 5 m = 6
B 0.43 0.089 943 376 150 60 24
V 0.55 0.084 499 199 79 32 13
R 0.70 0.158 450 180 71 28 11
I 0.90 0.154 239 95 38 15 6
SUM B,V,R,I 2131 850 338 135 54

J 1.235 0.213 104 41 16 7 3
H 1.662 0.307 61 24 10 4 2
SUM J,H 165 65 26 11 5

TABLE I: Star flux for designated photometric bands at the corresponding star magnitudes, m, using star flux density values
obtained from [10]. The photometric band center wavelength, λeff , and the corresponding total bandwidth, λbw, used to convert
the flux density to flux values are listed for reference.

Fig. 2: Curve fit to magnitude 2 star flux density values obtained from [10]

photometric band width definitions. In addition, InGaAs detectors for sensing in the SWIR wavelengths are typically sensitive
to approximately 900 nm, which is outside of the photometric J-band definition.

A slightly better approximation is obtained by integrating flux density curve for each of the respective detector spectral
response wavelengths and then comparing the flux ratios. In order to get an approximation of total power on the detector
across the detector bandwidth, one can approximate the flux density curve by fitting to an inverse power polynomial, consistent
with Planck’s blackbody radiation law that exhibits an inverse power relationship to wavelength. A curve fit to the flux density
corresponding to a magnitude 2 star is shown in Figure 2, which may be used to estimate the total flux across the entire
detector bandwidth. The integration limits are assumed to be 0.35 um to 1.0 um for the visible detector and 0.9 um to 1.8 um
for the SWIR detector which is consistent with Si an InGaAs detectors. By integrating the flux density curve, a visible to SWIR
flux ratio of 6.6 is obtained. The resulting centroiding accuracy would be expected to be equivalent to a factor of

√
6.6 = 2.6

worse for the SWIR detector when using stars of the same magnitude in both the visible and SWIR bands.

B. Number of Available Stars for Tracking

The number of stars available in the star tracker FOV and the corresponding brightness magnitude affect the attitude estimate.
Star tracker quaternion estimation algorithms (solution to Wahba’s problem [11]) require at a minimum two vector measurements
(two stars), and improved accuracy is obtained with multiple sources. The number of stars in the field of view is important
as improved accuracy is obtained with multiple sources. Averaging of random errors improves the attitude estimate in the
cross-boresight directions by a factor of 1/

√
NStars [12]. In addition, a minimum number of stars in the FOV must be met

for the star tracker algorithms. For lost-in-space star identification and for averaging of random errors, it is desirable to track
at least four stars. Attitude solutions near the galactic equator may be different from those near the galactic poles where there
are fewer stars available for inclusion into the attitude solution. The evaluation of star magnitude occurrences is based on data
obtained from the 2MASS Catalog [13], [14] and the Hipparcos Catalog [15], [16]. The 2MASS catalog contains stars around
the two micron value, corresponding to the J and H photometric bands with 470,992,970 sources. The Hipparcos catalog has
information cataloged for the visible photometric bands with 118,218 sources.

NASA/TM-20220007061 3



FOV: 3◦ 6◦ 12◦

mv = 3 – 0.1 0.5
mv = 4 0.1 0.3 1.4
mv = 5 0.3 1.0 4.0
mv = 6 0.7 2.9 11.7

TABLE II: Empirical number of stars in FOV at visible star magnitudes. Ref [17], Eqn. 8.

FOV 3◦ 4◦ 5◦ 6◦ 8◦ 10◦ 12◦

V-Band
mv = 3 – – 0.1 0.1 0.2 0.3 0.4
mv = 4 0.1 0.1 0.2 0.3 0.5 0.9 1.2
mv = 5 0.2 0.4 0.6 0.9 1.7 2.7 3.9
mv = 6 0.7 1.25 2.0 2.9 5.2 8.2 12.0
mv = 7 2.2 3.9 6.1 8.9 16.0 25.4 36.9
mv = 8 5.9 10.5 16.4 23.8 42.7 67.5 98.3

H-Band
mH = 2 0.3 0.5 0.7 1.1 1.9 3.0 4.4
mH = 3 0.8 1.4 2.2 3.2 5.8 9.1 13.3
mH = 4 2.3 4.1 6.4 9.3 16.7 26.4 38.5
mH = 5 6.5 11.6 18.2 26.3 47.4 75.0 109.3
mH = 6 18.7 33.5 52.7 76.3 137.4 217.7 317.8

TABLE III: Average number of stars in FOV, all-sky random search

Average and median star populations were obtained for a range of FOV using an all-sky search random search. In total, the
average value is determined from 5e4 random iterations. For verification of the implemented method, calculation results are
compared with the all-sky empirical relationship published by Liebe [17]. The empirical formula derived by Liebe establishes
an average number of stars within a field of view given a star magnitude in the V-band and was developed using the PPM
catalog [18], which has 378,910 sources. Values computed for the number of stars within a FOV using Liebe’s empirical
equation for visual magnitude, mv, corresponding to the Johnson V-Band is given in Table II. Since the empirical equation is
derived from a star catalog, the computed number of stars in the field of view corresponds to the number of cataloged stars
in the FOV and may be different when applied to different star catalogs. It should also be noted, that the statistical properties
for the observed number of stars in the FOV as determined for the V-band are not directly applicable for the stars observed at
the SWIR wavelengths, as stars radiate in different parts of the spectrum with a peak flux centered at different wavelengths.

The results of the all-sky random search for the average number of stars in a given FOV for the visible, mv, and the H-Band,
mH, is provided in Table III. The all-sky random search results for the visible band are consistent with the results in Table II
as determined by the empirical equation. As shown in Table III, an equivalent number of stars within a given FOV for the H
and V bands is achieved with larger FOVs at dimmer star magnitudes for the visible band. For instance to achieve an average
of 9 stars in a six degree FOV, detection at mH = 4 is necessary, while in the visible band detection at mv = 7 is necessary.

Histograms for the number of stars observed at two specified FOVs at H-Band magnitudes three to five and brighter is shown
in Figure 3. It is seen from the histograms that the distribution exhibits a heavy tail. The heavy tail skews the average value
higher than the peak or median value. Table IV depicts a comparison of the average and median number of stars in a given
FOV for specified magnitude stars and brighter. The difference between the median and average value is more prominent for
dimmer stars. The observed characteristic is likely due to the significantly higher density of stars within the galactic plane. A
plot of the stars with mH ≤ 5 in the J2000 coordinate frame is shown in Figure 4 with a clear depiction of the galactic plane,
characterized by the increase in star density. In this work, the median number of stars in the FOV will be used rather than the
average. In comparison, a method using an average star density value to estimate the number of available stars would yield
a value with more stars in the FOV. When estimating the star tracker attitude performance, the result would be an optimistic
reduction in the attitude error by 1/

√
Nstars, as the average star density is skewed by the higher star density within the galactic

plane.

FOV: 4◦ 5◦ 6◦ 7◦ 8◦ 9◦ 10◦ 11◦ 12◦
Avg Med Avg Med Avg Med Avg Med Avg Med Avg Med Avg Med Avg Med Avg Med

mH = 2 – – – – 1.1 1 1.4 1 1.9 2 2.4 2 3.0 3 3.7 3 4.4 4
mH = 3 1.4 1 2.2 2 3.2 3 4.4 4 5.8 5 7.4 6 9.2 8 11.1 9 13.3 11
mH = 4 4.1 3 6.4 5 9.3 7 12.8 9 16.9 12 21.4 16 26.7 20 32.4 24 38.5 29
mH = 5 11.7 8 18.3 12 26.3 17 36.4 24 48.0 31 60.9 39 76.0 49 92.1 60 109.3 72
mH = 6 33.9 19 53.0 29 76.3 42 105.4 58 139.2 77 176.5 98 220.3 122 267.2 150 317.8 180

TABLE IV: Average and median number of stars in FOV, all-sky random search
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(a) 6 deg FOV (b) 12 deg FOV

Fig. 3: Histogram depicting the number of stars in FOV at specified mH magnitude and brighter.

Fig. 4: (Left) All sky star count for stars at magnitude mH = 5 and brighter. (Right) Zoom of region within +/- 18 deg
declination with bins of 6 x 6 deg of arc. [14]

C. Star Count Probability

A minimum number of stars in the FOV must be met for the star tracker algorithms. For example, lost-in-space algorithms
such as Mortari’s Pyramid Identification technique requires a minimum of four stars [19]. The probability of observing N stars
or more within a given magnitude range and for a specified FOV is derived from the Hipparcos and the 2MASS catalogs for
the visible and the H photometric bands respectively. The results for the visible band are found in Figure 5 and the results for
the H-band are depicted in Figure 6. Similar to the results for the average number of stars within a given FOV, equivalent
star occurrence probability values for the H-band are obtained at smaller values for the FOV at brighter star magnitudes. For
example, a 90% chance of having at least 4 stars in the FOV with mH ≤ 4 is obtained at an 8◦ FOV, whereas the equivalent
star occurrence probability in the visible would require almost mv ≤ 7 at the same FOV or alternatively mv ≤ 6, at a 12◦ FOV.

III. EXAMPLE SWIR STAR TRACKER

Presented here is a point-design example for a SWIR star tracker. This design is not in any way optimized, but rather is
presented to provide an example of the SWIR star tracking approach and an understanding of the limitations. The design will be
approached from a theoretical perspective and real-world as-built hardware is expected to exhibit reduced performance. For the
point design analysis there are two cases to consider for performance estimation: 1) Star wavefront angle of arrival measurement
via centroiding (Sec. III-A), and 2) Star tracker attitude determination (Sec. III-B). In order to provide a performance estimate
for each of these conditions, realistic hardware parameters must be assumed. The SWIR star tracker point design assumes the
parameters as specified in Table V.
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(a) 3+ Stars (b) 4+ Stars

FOV 3◦ 4◦ 5◦ 6◦ 8◦ 10◦ 12◦

For 3+ Stars:
mv≤ 3 – – – 0.1 0.3 0.8 1.8
mv≤ 4 – – 0.3 0.7 3.0 7.9 15.3
mv≤ 5 0.5 1.7 4.5 9.1 24.7 44.8 63.5
mv≤ 6 5.4 15.9 31.8 48.6 74.3 87.4 94.0
mv≤ 7 36.1 62.8 78.7 86.9 95.0 98.7 99.8
mv≤ 8 78.1 89.3 94.3 97.1 99.7 100 100

For 4+ Stars:
mv≤ 3 – – – – 0.1 0.3 0.7
mv≤ 4 – – 0.1 0.2 1.0 3.1 7.2
mv≤ 5 0.1 0.5 1.5 3.7 12.7 29.0 48.8
mv≤ 6 1.6 6.9 17.9 33.0 62.2 80.7 90.2
mv≤ 7 21.4 48.5 69.6 81.2 92.1 97.4 99.5
mv≤ 8 69.1 85.2 91.7 95.5 99.2 100 100

Fig. 5: All-sky star occurrence probability vs. FOV for various V-band magnitudes and brighter.

Specification Value
Aperture size: 50 mm
FOV: 9 ◦

Focal Length: 100 mm

(a) Lens

Specification Value
Size: 1280 x 1024 pixels
Pixel Pitch: 12.5 um
Noise (RMS): 25 electrons
Spectral response: 0.9 um to 1.7 um

(b) Focal Plane Array

TABLE V: Parameters for notional SWIR star tracker design.
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(a) 3+ Stars (b) 4+ Stars

FOV 3◦ 4◦ 5◦ 6◦ 7◦ 8◦ 9◦ 10◦ 11◦ 12◦

For 3+ Stars:
mH≤ 2 0.6 2.2 5.8 11.5 19.5 29.5 40.1 50.5 59.6 67.5
mH≤ 3 7.2 19.4 34.6 49.9 63.0 73.2 81.0 86.6 90.7 93.6
mH≤ 4 33.5 55.9 72.7 83.2 89.5 93.8 96.3 97.7 98.8 99.4
mH≤ 5 67.6 84.3 92.3 96.4 98.3 99.3 99.7 99.9 100 100
mH≤ 6 89.5 95.8 98.4 99.6 99.9 100 100 100 100 100

For 4+ Stars:
mH≤ 2 0.1 0.5 1.9 4.9 9.5 16.0 24.2 34.2 44.7 54.0
mH≤ 3 2.7 10.0 22.1 36.6 50.3 62.2 71.8 79.5 85.1 89.3
mH≤ 4 22.1 43.4 62.1 75.6 84.6 90.1 93.9 96.3 97.8 98.9
mH≤ 5 56.8 77.3 88.4 94.0 97.0 98.7 99.5 99.8 100 100
mH≤ 6 84.7 93.6 97.3 99.1 99.8 100 100 100 100 100

Fig. 6: All-sky star occurrence probability vs. FOV for various H-band magnitudes and brighter.

Fig. 7: Simplified star tracker geometry depicting the relationship between focal length f , number of pixels and FOV/2 = βmax
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A. Centroiding Capability for Angle of Arrival Measurement

A star tracker operates using the fundamental measurement of the star light angle of arrival. The standard technique is to use
a pixel array with a lens such that the displacement on the focal plane array is related to the focal distance of the lens and the
angle of arrival of the light. The geometry of this configuration is depicted in Figure 7. In order to measure the incoming angle
of arrival, the centroid position on the focal plane array must be measured. The accuracy of the angle of arrival measurement
is therefore dependent upon the ability to measure the centroid position on the focal plane array. A closed form solution and
a Cramer-Rao lower bound (CRLB) estimate for the centroid error asymptotic solution, assuming only shot noise when spot
size is larger than the pixel size is given by [20]:

σα2
=

α3

2
√
α1

(3)

where the alpha terms are non-dimensional quantities defined by:
α1 = [photon count rate] * [integration time]
α2 = [peak spot location on detector] / [pixel width]
α3 = [imaged spot radius] / [pixel width]

Note that due to the nature of a Poisson distributed signal, the term α1 is related to the SNR via:
√
α1 =

√
Sig = Sig/

√
Sig

= Sig/
√
S2
n = SNR for a shot noise dominated condition. The simplified expression in Equation 3 is valid for all α3, when

α2 is equal to 0.5 (ie when the spot is located in the middle of the pixel). For a shot noise dominated signal, Equation 3 can
be re-written as:

σα2
=

α3

2 SNR
(4)

A plot of the closed form solution as a function of SNR values, Equation 4, is shown in Figure 8. From reference [20], the
closed form solution results in a minimum error of 0.015 pixels (1/66th of a pixel) for an α3 = 0.63, yielding an optimum
spot diameter of 1.26 pixels. The Cramer-Rao lower bound is the lowest possible measurement error, assuming the only noise
source is the Poisson noise associated with the detected signal (ie. shot noise dominated). Any real instrument will yield a
higher error. A spot diameter on the order of 1.6 to 1.8 pixels is typical for star trackers, as optimal defocusing results in a
point spread function width between 1.5 and 2 pixels [12], [21], [22]. As noted in [20], if the “shot noise is the dominant error
source, then spreading the image over many pixels will produce accurate centroid estimates”. In practice, a centroid position
accuracy on the order of 1/10th of a pixel is considered simple, with advanced techniques under specialized conditions at
1/50th of a pixel. Commercial star trackers can achieve centroiding accuracy of 1/40th of a pixel or better. For the purposes
here, it will be assumed that the practical centroiding limit is on the order of 1/40th to 1/50th of a pixel. Using Equation 4
one can estimate the required SNR. For 1/40th of a pixel centroiding capability, using a ratio of the spot diameter to pixel
size on the order of 1.6 to 1.8, the required SNR is on the order of 16 to 18.

Using Equation 4 in combination with the expected star flux density at different magnitudes, one can establish the required
star magnitude to meet the specified centroiding accuracy. Returning to Equation 1 and assuming a root mean squared (RMS)
noise contribution, NRMS, the SNR equation becomes:

SNR =
Sig√

S2
n + npxN2

RMS

(5)

Fig. 8: Centroiding error; Left: versus the nondimensional particle image radius α3, Right: versus SNR
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Fig. 9: Centroiding error, κc, as function of star magnitude. Centroiding errors better than 1/66th of a pixel are beyond the
theoretical CRLB limit. Results are for a 50 mm aperture, with α3 = 0.9, NRMS = 25 e-, and npx = 9 px.

Fig. 10: Angular error as function of lens focal length for pixel pitch of 12.5 um and centroiding capabilities of 1/40th and
1/50th of a pixel.

In order to support measurement of a spot with a diameter to pixel size on the order of 1.6 to 1.8, it is assumed that 9 pixels,
ie a 3x3 pixel grid, are used used for estimating the noise when calculating the signal to noise ratio. Using the specifications
in Table V, the centroiding error (using Equation 4) can be plotted as a function of star magnitude as shown in Figure 9. Note
that in Figure 9, the practical centroiding limit is reached for stars brighter than mH = 4.8 and no improvement beyond the
theoretical limit of 1/66th of a pixel is feasible. A magnitude 5 star in the H-band corresponds to roughly the assumed 1/40th
of a pixel centroiding capability. Thus, detection of stars at mH = 5 or brighter would be required and sensing of dimmer
stars would require a larger aperture.

To establish the angular measurement resolution, one must determine a practical value for the pixel pitch. For InGaAs SWIR
focal plane arrays, the pixel pitch is on the order of 12.5 um for commercial detectors (not necessarily those with space flight
heritage). Example specifications listed in Table V are based on those published for the Sensors Unlimited InGaAs detector [23].
Since the angle of arrival is obtained by measuring a displacement on the focal plane array, the angular resolution also depends
on the lens focal length. The relationship of the focal length to the angular error for a pixel pitch of 12.5 um is shown in
Figure 10. Some caution must be noted when utilizing the results in Figure 10, as one can not simply increase the focal length
in order to improve performance. As shown in Figure 7, changing the focal length for a fixed-sized detector specifies the FOV.

NASA/TM-20220007061 9



FOV = 6◦ FOV = 9◦ FOV = 12◦

Nstars = 4: ∆θc−b = 1.0 urad ∆θc−b = 1.5 urad ∆θc−b = 2.0 urad

mH ≤ 4: Nstars = 7 Nstars = 16 Nstars = 29
P4+ = 75.6 % P4+ = 93.9 % P4+ = 98.9 %
∆θc−b = 0.773 urad ∆θc−b = 0.767 urad ∆θc−b = 0.759 urad

mH ≤ 5: Nstars = 17 Nstars = 39 Nstars = 72
P4+ = 94.0 % P4+ = 99.5 % P4+ = 100 %
∆θc−b = 0.496 urad ∆θc−b = 0.491 urad ∆θc−b = 0.482 urad

TABLE VI: Summary of theoretical star tracker cross-boresight error, ∆θc−b, using the median number of stars in a given
FOV. For reference, the all-sky star occurrence probability for four or more stars in the specified FOV, P4+, is listed.

For example, suppose it is desired to achieve a 1 urad angle accuracy and the focal length is increased to meet the desired
performance. To achieve a 1 urad angle accuracy for a single star wavefront, at 1/40th of a pixel centroiding with the InGaAs
detector having a 12.5 um pixel pitch capability, a focal length of 312 mm is needed (px * 1/40 = f * theta). Using the diagonal
dimension, the resulting value of βmax for the 312 mm focal length is only 1.9 ◦ for a full cone FOV of 3.8 ◦. Such a small
FOV is unlikely to generate a sufficient number of stars in the FOV for an attitude solution. For the InGaAs pixel pitch of
12.5 um with a sensor of 1280 x 1024 pixels, a practical limit may be set on the FOV based on the limitation of the number
of stars in the FOV and the probability of having sufficient stars for an attitude solution. Based on the information provided
in Figure 6, a lower limit on the FOV is likely on the order of 6 ◦ FOV to 9 ◦ FOV depending on the sensed star magnitude
and required star occurrence probability. A practical upper limit on the focal length for this configuration is therefore likely
between 100 mm and 150 mm.

B. Star Tracker Attitude

The star tracker attitude calculation uses the wavefront angle of arrival measurement for multiple stars. The performance of
a centroiding style star tracker is limited by the centroiding error and the CRLB estimates the maximum performance. Thus,
single star or unit vector angular error is specified by the lens focal length, the pixel pitch, and the centroiding error. Simplified,
theoretical relations for the attitude accuracy of a centroiding star tracker is given in reference [12]:

∆θcross−boresight =
2κc βmax

Npixels

√
Nstars

(6)

∆θroll =

√
6κc

Npixels

√
Nstars

(7)

where κc is the centroiding accuracy in fractions of a pixel, βmax is the max half cone angle of the optical field of view,
(FOV/2). The simplified model is valid when the FOV/2 satisfies the small angle assumption, since in Equation 6, the focal
length is specified by (Npixels/2) /βmax, which is given in units of pixels. The simplified model scales by the square root of
the number of stars in the field of view. Since the centroiding error is typically a function of signal to noise ratio, Equations 6,7
indirectly assume that all of the stars in the field of view are of the same centroiding error. As shown in Figure 9, a 1/50th
pixel centroiding limit can be met at a mH = 4.8 for a 50 mm aperture. As such, the multi-star attitude estimation performance
of the star tracker is easily estimated using Equation 6. All of the stars, regardless of magnitude brighter than mH = 4.8, will
exhibit similar angular error.

For the attitude performance estimate, it is assumed that the uncertainty in the angle of arrival measurement is set by an
optimistic centroiding error of 1/40th of a pixel. Using Equation 6 with a 9 ◦ FOV (f ≈ 100 mm) and a 1280 pixel array,
the resulting theoretical star tracker performance is on the order of 1.5 urad for the worst case of 4 stars available in the
field of view. Assuming that all the stars in the FOV are of mH = 4 or brighter, the median number of stars in the FOV
as listed in Table IV is 16, resulting in a performance of approximately 0.8 urad for the cross-boresight axes. The theoretical
cross-boresight error is computed for other configurations and presented in Table VI. It is interesting to note, that while an
increase in the star tracker FOV results in an increase in the median number of stars observed, the resulting cross-boresight
error does not change significantly due to the increase in the single star angular error measurement associated with the reduced
lens focal length.

IV. DISCUSSION

A star tracker is limited in performance by the single star angle of arrival measurement estimate, which is set by the
centroiding accuracy. While the centroiding accuracy is a function of the signal to noise ratio, optimal centroiding accuracy
is necessary for the dimmest magnitude star that is to be observed and used in the attitude solution. If additional stars used
in the computation are of dimmer magnitude, there is a corresponding higher associated measurement error. Incorporation of

NASA/TM-20220007061 10



these stars with a lower brightness (and reduced centroiding accuracy) into the attitude solution does not necessarily improve
the attitude estimate due to the inverse weighting of the contribution by the variance in the angular estimate. Increasing the
number of stars in the field of view with similar measurement accuracy improves the attitude estimate in the cross-boresight
directions by a factor of 1/

√
NStars. Yet, simply increasing the FOV for a fixed-size focal plane array reduces the single star

angle of arrival measurement accuracy. Thus, for a fixed-size focal plane array, increasing the FOV primarily improves the
probability of having sufficient number of stars to obtain an attitude solution. The results in Table VI shows that increasing the
FOV results in similar cross-boresight performance, but with a higher probability of viewing four or more stars in the FOV.
As shown in Section II, the equivalent star occurrence probability for the H-band is obtained at smaller values for the FOV at
brighter star magnitudes as compared to the visible band.

Star tracker designs utilizing reduced FOVs may allow simpler lens designs. For example, there is a trade-off between focal
length and FOV as described in reference [24]. Increasing the FOV leads to a decrease in the focal length. Decreasing the F#
and increasing the entrance aperture size increases the lens weight and length. Also, an increase in the FOV typically requires
a more complicated lens design to reduce chromatic aberrations. Chromatic aberration will lead to a shift in the measured
coordinates due to the shift in effective wavelength for stars with different spectra [25]. An increase in the FOV also has
implications on the star tracker availability. Typically a star tracker is unable to operate when the sun is within the FOV.
Depending on the baffle design, there is an angular keep-out zone larger than the star tracker FOV for the sun incident angle
relative to the star tracker pointing direction. As a result, with an increased FOV, there is a reduction in the operational up-time
for when the star tracker can generate a full performance solution due to the relative sun angles. A reduced FOV is therefore
desired to increase operational up-time by allowing the star tracker to operate at smaller angles relative to bright objects in
the sky such as the Sun, Earth or Moon. Reference [26], shows for example a reference mission where a star tracker with a
6 ◦ FOV provides an 85 % mission operation uptime as compared to 55 % uptime at 18 ◦ FOV.

The attitude estimate can be improved by increasing the number of stars used in the computation. For a fixed FOV, increasing
the number of stars available for computing the attitude solution is achieved by sensing stars at dimmer magnitudes. As shown
in Section II, the equivalent average number of stars within a given FOV in the H-Band is obtained at smaller FOVs and
at brighter star magnitudes as compared to star tracking at the visible wavelengths. Using the results in Section II, in order
to achieve an equivalent number or stars in a given FOV, the visible wavelengths require sensing at approximately three
magnitudes dimmer as compared to the H-Band. For example, a visible magnitude of approximately magnitude mv ≤ 7 yields
similar values as for magnitude mH ≤ 4. Clearly, a star tracker which may operate without the requirement of sensing very
dim magnitude stars is advantageous for a number of reasons and a star tracker sensing at the H-band may result in a reduction
in the required range of star magnitudes to be sensed.

The parameters for the focal plane array and and lens in the point design for the SWIR star tracker are similar to those
available for visible star trackers. As a result, the performance estimates would be similar to the two devices assuming they
are each optimized for the best SNR for angle of arrival measurement and centroiding accuracy. An advantage of sensing in
the H-Band is a potential for a reduced FOV as compared to the visible wavelengths and without the requirement of sensing
very dim magnitude stars.

V. CONCLUSION

To the knowledge of the authors, currently a space-rated commercial off the shelf SWIR star tracker is non-existent. An
advantage of sensing in the H-Band for star tracking applications is the potential for a reduced FOV as compared to the
visible wavelengths and relaxed star magnitude sensing requirements. As compared to star tracking at the visible wavelengths,
the equivalent average number of stars within a given FOV in the H-Band is obtained at smaller FOVs and at brighter star
magnitudes. Similarly, equivalent star occurrence probability values for the H-band are obtained at smaller values for the FOV
at brighter star magnitudes.

The median number of stars in a given FOV was used to estimate the expected star tracker performance rather than using an
average value for the all-sky star density. When computing the attitude performance, the average number of stars in the FOV
was found to yield optimistic results due to influence of the increased star density near the galactic equator. The one-sigma
angular error estimates for measuring the star wavefront angle of arrival and the multi-star attitude estimate was presented for
an example star tracker design. The design assumed a 9 ◦ FOV (f ≈ 100 mm) and a 1280 pixel, 12.5 um pitch SWIR focal
plane array. The expected theoretical performance limit was found to be on the order of, 1.5 urad to 0.5 urad when sensing
stars at magnitude in the H-Band of approximately mH = 4−5 or brighter. For the 9 ◦ FOV design, the probability of viewing
four or more stars in the FOV at mH ≤ 5 was found to be 99.5 % while sensing at mH ≤ 4 was found to be 93.9 %. The star
tracker performance estimates are theoretical and are likely optimistic as compared to actual as-built hardware.
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