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We report on the design, calibration and in-ﬂight performance of a sun sensor, which is used to determine
the attitude of a balloon-borne telescope. The device uses a position-sensitive detector (PSD) in a pinhole
camera. By determining the position of the image of the Sun on the PSD, the orientation of the sun
sensor and the boresight of the telescope relative to the Sun can be determined. The pinhole sun sensor
(PSS) was ﬁrst ﬂown in the December 2010 ﬂight of the Balloon-borne Large Aperture Submillimeter
Telescope with Polarization (BLAST-Pol). In ﬂight the PSS achieved an accuracy (combined azimuth
and elevation) of about 0.18◦ . The accuracy could be improved by increasing the distance between the
pinhole and the PSD, but the ﬁeld-of-view of the PSS would be reduced.
Keywords: Balloons, instrumentation: miscellaneous, techniques: miscellaneous.

1. Introduction
A sun sensor is often used in the attitude control
systems of balloon-borne experiments (Pascale
et al., 2008; Tamura et al., 2003; Quine et al.,
2002; Romeo et al., 2001). During circumpolar
ﬂights, when the Sun is always above the horizon,
a sun sensor provides reliable and accurate attitude
determination.
Many experiments use magnetometers to
determine azimuth, but when ﬂying near a magnetic
pole of the Earth, the accuracy of a magnetometer
is limited even when corrected by the best magnetic ﬁeld models since solar activity can inﬂuence
the magnetic ﬁeld. The Global Positioning System
(GPS) can also be used to determine azimuth.
Some experiments rely on daytime star cameras
and gyroscopes to provide highly accurate attitude
determination, but not all ﬁelds of the sky have sufﬁcient quantities of bright stars to provide pointing
solutions, and in every ﬂight of the BLAST-Pol

experiment at least one star camera has failed. A
sun sensor thus provides an important complement
to the pointing sensors commonly used in balloonborne experiments.
The PSS provides its orientation relative to the
Sun. If the position of the Sun in the horizontal
coordinate frame is known, which requires knowing
the latitude and longitude of the experiment as
well as the date and time, then it is possible to
determine the azimuth of the gondola. Ideally the
gondola remains level during ﬂight, but a PSS can
also provide a determination of the pitch or roll
angle of the gondola, depending on the orientation
of the PSS.
We describe the design and performance of a
sun sensor which uses a position sensitive detector
(PSD) in a pinhole camera. By measuring the
position of the image of the Sun on the PSD, the
angular position of the Sun relative to the sun
sensor can be determined.
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2. Design
Sun sensor designs for attitude determination have
used a number of approaches, which we brieﬂy
describe here. In one approach a sun sensor is made
using a vertical and a horizontal slit. Behind each
slit is mounted a linear sensor (linear CCD (Pascale
et al., 2008; Romeo et al., 2001) or solar cell (Quine
et al., 2002)) in a direction orthogonal to the corresponding slit. Another approach has been to use
a total power sensor such as a CdS cell (Romeo
et al., 2001) or photodiode (Pascale et al., 2008),
where the response of the detector depends on the
cosine of the incident angle of the sun. The use
of a four-quadrant photodiode to electromechanically track the sun has also been considered (Romeo
et al., 2001). Tamura et al. (2003) developed a
sun sensor using a pinhole and PSD similar to the
one we describe here, but which only had 1 degree
resolution.
The sensitive element in the PSS is a Hamamatsu S5991-01 two-dimensional PSD. The PSD
is a PIN silicon structure with 9 mm × 9 mm
active area and spectral sensitivity from 320 nm
to 1100 nm. The peak sensitivity is at 960 nm. A
reverse bias VR is applied between the top highly
p-doped layer and bottom n-doped layer. In the
dark, there are practically no carriers in the intrinsic
layer, which results in a dark current less than
50 nA. The absorbed light generates charge carriers
(electron and holes) in the intrinsic layer and produces a photocurrent. The resistance of the bottom
layer determines the distribution of the current
between four anodes placed in the corners of the
active area. In the linear regime, this distribution
depends on the position of the light spot, its size
and shape, and on the conﬁguration of the contact
pads. The manufacturer provides an approximation
for the position of the light spot on the PSD as a
function of the measured currents I1 , I2 , I3 and I4 :
L (I2 + I3 ) − (I1 + I4 )
,
2 (I1 + I2 + I3 + I4 )
L (I2 + I4 ) − (I1 + I3 )
,
y=
2 (I1 + I2 + I3 + I4 )

x=

(1)

where L = 10 mm. The manufacturer speciﬁes
the typical position detection error for a circular
light spot of diameter 200 µm to be 150 µm with a
position resolution of 1.5 µm. We ﬁnd the position
detection error to be signiﬁcantly smaller than
150 µm when the light spot is within 80% of the
center-to-edge distance of the active area and to

Fig. 1. The geometry of the PSS. The PSD is located behind
a pinhole. The Sun illuminates a spot at position (x, y) on
the PSD. Û is the unit vector pointing to the Sun. In the
PSD Cartesian frame, Û is determined by Eq. (2). In practice
we try to mount the PSS to the gondola so that the x-axis
of the PSD is horizontal and the roll angle ψ is small (see
text).

increase as the light spot approaches an edge or
corner of the PSD.
In practice we apply a reverse bias of VR = 0 V.
The four currents are converted to voltages using
four OP-27GP operational ampliﬁers in a transimpedance conﬁguration. Although the PSD itself
is fast, with a rise time of 2 µs, the BLAST-Pol
ﬂight computer reads and records the four resulting
voltages at 5 Hz.
Figure 1 shows the geometry of the PSS,
and Fig. 2 shows a photograph of a PSS. The
PSD was placed in a blackened aluminum chamber
D = 10 mm(a) behind a 200 µm diameter pinhole
(Edmund Optics NT39-894). This pinhole was
chosen since one side is black. This conﬁguration
provides a FOV of about 45◦ in both the “horizontal” (x-axis of the PSD) and “vertical” (y-axis
of the PSD) directions; the FOV is set by the size
of the PSD and the distance between the pinhole
and the PSD. When the Sun is in the FOV of the
PSS, the position of the light spot on the PSD is
calculated using Eq. (1). The direction to the Sun
can then be calculated. If the z-axis of the PSD is
directed towards the pinhole, then the unit vector
a

Nominal design value. Measured values were 9.9 mm for one
PSS (PSS1) and 10.3 mm for the other PSS (PSS2).
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azimuth angle was ﬁxed. Azimuthal coverage was
provided as the Sun moved across the sky. The
PSS signal was sampled at 10 Hz. The expected sun
position relative to the PSD was calculated for each
sample:
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Ûe = Rz (ψ)Rx (α)Ry (φ0 − φS )Rx (−αS )Û0 , (3)

Fig. 2. A photograph of a PSS attached to the outer frame
of the BLAST-Pol experiment. The PSS is painted white to
help prevent overheating. The transimpedance ampliﬁers are
also located in the PSS case.

in the direction of the Sun is given by


−(x − x0 )/k


Û =  −(y − y0 )/k  ,
(2)
D/k

(x − x0 )2 + (y − y0 )2 + D2 , and x0
where k =
and y0 are the lateral oﬀsets of the pinhole relative
to the center of the PSD.
The position of the light spot and corresponding vector Û is determined from the four
voltages using Eqs. (1) and (2). In the 2010 ﬂight of
BLAST-Pol one PSS (PSS1) had an azimuth angle
φ = 60◦ relative to the boresight of the telescope,
and the other PSS (PSS2) had an azimuth angle of
φ = 135◦ . Both PSSs were tilted up in elevation by
an angle α = 25◦ to ensure that the Sun was visible
and to avoid reﬂections from the Antarctic ice. We
found it was important to position the PSSs on the
gondola in such a way as to avoid having gondola
elements in the PSS FOV.
3. Calibration and Accuracy
The accuracy of the PSS is determined by several
factors including the size and shape of the light
spot on the PSD and a parasitic contribution from
scattered light in the atmosphere onto the PSD.
Increasing the distance between the pinhole and
PSD reduces the FOV but increases the resulting
angular accuracy.
Pre-ﬂight calibration was carried out on the
ground using the Sun. A PSS was attached to
a rotary stage which repeatedly scanned the PSS
in elevation by 90◦ at a rate of 1.5◦ /s while the

where Û0 = (0, 0, 1) is a unit vector along the PSS
optical axis, Rx , Ry , Rz are the elemental rotation
matrices in a Cartesian frame, φS and αS are the
Sun azimuth and elevation, φ0 is the ﬁxed PSS
azimuth, α is the elevation angle, and ψ is the roll
angle of the PSS about its optical axis. The elemental rotation matrices are deﬁned as follows:


1
0
0
Rx (ζ) = 0 cos ζ −sin ζ ,
0 sin ζ cos ζ


cos ζ 0 sin ζ
1
0 ,
(4)
Ry (ζ) =  0
−sin ζ 0 cos ζ


cos ζ −sin ζ 0
Rz (ζ) =  sin ζ cos ζ 0.
0
0
1
During calibration α is read by the rotary stage
encoder, and during ﬂight α is ﬁxed. In practice we
try to align the PSD x-axis horizontally to keep the
roll angle small (|ψ|  1◦ ), but this is not strictly
necessary.
The scanning procedure allowed practically
the entire active area of the PSD to be covered,
minimizing possible bias in the mean error. The
expected direction of the Sun and corresponding
position of the light spot on the active area of the
PSD were compared with the calculated x and y
coordinates of a light spot on the PSD derived
from Eqs. (1) and (2). The discrepancy between
the expected and measured coordinates of the light
spot, or linear error, was calculated as a function
of the light spot position. This error can also be
expressed in angular terms as a diﬀerence between
actual pointing and that derived from the light spot
position. The uncertainties in mechanical factors:
the pin-hole coordinates in the PSD frame (the distance from the PSD surface to the pinhole and the
lateral oﬀsets), roll angle ψ between the PSD x-axis
and the horizon, as well as azimuth and elevation
oﬀsets were treated as ﬁt parameters within their
corresponding tolerance ranges, and chosen to null
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the mean and minimize the rms value of the discrepancy for the entire observation.
When the light spot is within 0.5 mm of the
edge, part of the light spot falls outside the sensitive area, reducing the total response current and
shifting the “measured” position towards the PSD
center. This area was excluded from the analysis.
An upper limit of 200 µm on the pin-hole diameter
was set to keep this dead area small, but this also
limits the total photocurrent produced in the PSD
to 5% of PSD saturation level. In practice, the
position determination is performed when the total
response current exceeds a certain valid level and
the light spot position is within 4 mm from the
center of the PSD in both the x- and y-directions.
The atmosphere is considerably brighter on the
ground than at ﬂoat (∼40 km) during the balloon
ﬂight. On the ground the brightness of the atmosphere depends strongly on the precipitable water
vapor, so calibration is done on nearly cloudless
days with low humidity. On the ground the total sky
brightness within the PSS FOV and in the spectral
range of the PSD is estimated using MODTRAN to
be 3–5% of the Sun brightness, depending on atmospheric conditions and the elevation of the Sun. In
our model, we use the brightness of Sun on the
ground and integrate the sky brightness results of
the MODTRAN model in the ﬁeld of view of the
PSS. The net eﬀect of sky brightness, since it adds
to all of the currents in Eq. (1), is to make the measured Sun position closer to the center of the PSD
than would be expected with no sky brightness. We
treat this by using a ground-derived pinhole-to-PSD
distance Dground . The contribution from the atmospheric brightness at 40 km to the PSS signal is
negligible, and we use the measured pinhole-to-PSD
distance D. Removing the estimated sky brightness
contribution from the ground-based calibration provides an initial estimate for the expected response
of the PSS at an altitude of 40 km.
Figure 3(a) shows the total photo-current in
PSS2 as a function of the measured light spot
position on the active surface. The vertical stripes
of lower intensity correspond to times when light
clouds or haze reduced the intensity of sun on
the PSD. The expected position of the light spot
was calculated, based on the rotary stage elevation angle and the sun position on the sky.
Figure 3(b) show the angular error obtained from
the calibration procedure as a function of position
on the PSD. Figures 3(c) and 3(d) show the
linear errors for x- and y-directions, respectively.

The errors increase when the total current drops
due to the clouds.
For a total PSD current exceeding 9.3 µA, the
rms azimuth and elevation angle error are 0.14◦
and 0.17◦ , respectively averaged across the active
area of the PSD. The total angular error (combined
for the two directions) is 0.22◦ . This error is about
three times smaller than the expected error from
the manufacturer-speciﬁed PSD position error of
150 µm, probably due to the compensating eﬀect of
the light spot shape. It is higher though than the
error that could be associated with the PSD resolution (1.5 µm) due to the signiﬁcant eﬀect of sky
brightness.
The best ﬁt value for the distance between
the pinhole and the PSD appeared to be 3% less
than the actual one due to the contribution to
the photo-current from the light scattered by the
atmosphere. This additional photo-current, being
distributed among the four contacts, shifts the measured light spot position towards the center of the
PSD as though the actual spot were shifted if the
pinhole were closer to the PSD. Obtaining a more
accurate calculation of the eﬀect from a groundbased calibration test would be diﬃcult and would
require knowing the exact shape of the PSD contacts; this information is not provided on the manufacturer speciﬁcation sheet.
The PSD dark current and transimpedance circuits results in an estimated angular error of a few
arcminutes.
4. In-Flight Performance
In the 2010 ﬂight of the BLAST-Pol experiment
(Fissel et al., 2010) from the Antarctic two pinhole
sun sensors (PSSs) were attached rigidly to the
outer frame of the payload (or gondola) and were
used to determine the azimuth of the instrument.
The inner frame of the gondola, to which the telescope is attached, slews in elevation. Each PSS has
a ﬁeld-of-view (FOV) of 45◦ , which is determined
by the size of the PSD and the distance between
the PSD and the pinhole. The orientation of each
sun sensor was chosen so that the sun would be
in the FOV of the PSS when the BLAST-Pol telescope was observing a target source. In the 2012
ﬂight of BLAST-Pol, we used a total of four PSSs
to provide approximately 180◦ of azimuth coverage.
In this paper, we present only data from the 2010
ﬂight, but the sun sensors appear to have performed
comparably during the 2012 ﬂight. Since both of
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(a)

(b)

(c)

(d)

Fig. 3. Results obtained from calibration of the PSS. (a) The upper left panel shows the total photo-current from the PSD
as a function of the Sun light spot position on the PSD. The vertical stripes of lower intensity correspond to light clouds or
haze occasionally reducing the direct sun light intensity. Scale is in µA. (b) The upper right panel shows the resulting angular
error obtained from the calibration procedure. Scale is in degrees. (c) The lower left panel indicates the linear error in the
x-direction while (d) the lower right panel indicates the linear error in the y-direction. In both panels the scale is in degrees.

the redundant star cameras failed during the 2012
ﬂight, the sun sensors became critical for postﬂight pointing reconstruction in addition to in-ﬂight
pointing. During ﬂight, the light spot position on
the PSD is determined by the instrument scan
strategy; the spot traces did not cover the active
area uniformly.
The gondola azimuth, Az, was calculated from
the PSS azimuth relative to the Sun, φRS , and the
known Sun azimuth, φS :
Az = φS + φRS − φ,
where


φRS = arctan

Ŵx
Ŵz

(5)

,

Ŵ = Rx (−α)Rz (−ψ)Û .

(6)
(7)

The elevation angle of the Sun can also be calculated:


Ŵy
.
ElS = arctan
(8)
2
2
Ŵx + Ŵz
Comparison with the actual sun elevation could
also be used to determine the gondola pitch or roll
depending on the orientation of the PSS on the
gondola.
The rms angular error in azimuth was 0.10◦ and
◦
0.13 and in elevation 0.11◦ and 0.08◦ , for PSS1 and
PSS2, respectively. Lateral pin-hole linear oﬀsets,
elevation and azimuth angular oﬀsets, and roll angle
were considered as ﬁt parameters. Distance from
the PSD to the pinhole was assumed equal to the
measured value and was not considered as a ﬁt
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(a)

(b)

(c)

(d)

Fig. 4. Azimuth and elevation errors of a PSS obtained during the 2010 Antarctic ﬂight. (a) The upper left panel shows the
azimuth error of the PSS as determined by post-ﬂight attitude reconstruction which uses star cameras. (b) The upper right
panel shows the corresponding errors in elevation determined in the same way. (c) The lower left panel shows the histogram
of the azimuth errors of the upper left panel, and (d) the lower right panel shows the corresponding elevation error histogram.

parameter. Figure 4 shows the azimuth and elevation error histograms for PSS2. Since we were
not concerned with the pitch or roll of the gondola,
which can have amplitudes of ∼1◦ , the azimuth
and elevation errors are larger in ﬂight than those
during the ground calibration due to the gondola
pendulations.
During the BLAST-Pol 2010 Antarctic ﬂight,
at altitudes of about 40 km, the PSSs determined
angular positions (combined azimuth and elevation)
accurately to 0.18◦ . The inﬂuence of the skyscattered light at such altitudes is two orders
smaller than on the ground. Post-ﬂight analysis of
the PSS performance was done by comparing with

the post-ﬂight attitude reconstruction, which relies
on information from star cameras and gyros.
5. Conclusions
A pinhole sun sensor was designed and successfully tested during the 2010 Antarctic ﬂight of
BLAST-Pol. The PSS is a compact device and
is practically insensitive to spurious reﬂected light
originating outside of its well deﬁned ﬁeld of view.
The demonstrated accuracy is better than 0.18◦
in both horizontal and vertical directions. The
accuracy is determined mostly by the PSD position
error, shape of the light spot, and the scattered
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light from sky. Ground-based calibration to the
accuracy of the PSD resolution is problematic due
to the relatively high sky brightness. The BLASTPol PSS FOV was 45◦ , but this could be increased
or decreased by changing the distance between
the PSD and the pinhole, with a corresponding
decrease or increase in accuracy. In the 2012 ﬂight of
BLAST-Pol we used two additional PSSs to provide
azimuthal coverage of about 180◦ ; the performance
of the sun sensors during this ﬂight appears to be
consistent with that in the 2010 ﬂight.
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