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Abstract. Star sensor (SS) is one of the most critical instrument on-board a spacecraft when it comes to
attitude determination and control. Capability of providing precise attitude information makes it even more
important for high resolution imaging satellite with stringent pointing requirements. At the same time, these
instruments are highly sensitive to bright objects like Sun and Earth Albedo. In this paper, selection of star
sensor mounting has been elaborately studied and presented for missions primarily performing highly agile
Earth imaging. This paper addresses selection factors like Sun and Earth avoidance from bore-sight axis,
orbit altitude and local time, angular separation between SS, sensitivity of SS on body axis and functional
availability during imaging. Results are presented in the form of available mounting options and the way they
satisfy geometrical constraints over a year.
Keywords. Mounting—sensor—satellite—attitude.

1. Introduction
Diversified satellite applications have played a crucial
role in the fields of communication, astronomy and
remote sensing. The objective defined for a mission is
pivotal in the finalization of satellite configuration,
orbit and its attitude definition. A communication
satellite is usually placed in a geo-synchronous orbit
with an altitude of about 36000 km (Wertz & Larson
1999). Astronomical satellites tend to point towards
an inertial source of interest and hence their orbits
can be vastly varying from a low altitude to interplanetary (Solaiappan et al. 2012). On the other hand,
remote sensing/Earth imaging satellites are more
suitable in low Earth orbit (LEO) unless it has some
specific goals to serve (Wertz & Larson 1999). Lower
altitude tend to enhance the resolution of the captured
images but however they also experience higher
atmospheric drag. These satellites have innumerable
applications as they image target on Earth with predefined revisit capability. Imaging satellites operate
primarily in infrared, optical and microwave regions
of the spectrum. Imaging through an optical satellite
principally functions by capturing passive radiation

from the Earth in visible region. For this purpose,
Sun synchronous orbits are preferred as they maintain
constant angle between incident Sun and satellite
viewing (Wertz & Larson 1999). In a Sun synchronous orbit, satellite passes over the same region
of the Earth at roughly the same local time every day
which assists the on-board camera to image in similar
lighting conditions. These kinds of orbits are polar
and nearly circular, which further helps to attain
global coverage and uniform imaging swath. Another
important aspect of an imaging satellite is its revisit
period that denotes the time elapsed between two
successive views of a region on Earth. A highly agile
satellite is capable of being steered to view off nadir
areas. In view of this, off nadir viewing capability
and revisit time can be significantly improved.
Another fundamentally vital aspect of a satellite
mission is its on-orbit attitude definition. Several
relevant attitude modes are identified for on-orbit
operations. These modes stipulate orientations for
Sun pointing, imaging, data download, inertial
source pointing and several other operations. An
imaging orientation tends to align payload viewing
axis to target while the other axis are accordingly
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defined. Conventionally, in the Indian remote sensing satellites, body Yaw axis (payload view direction) is aligned to nadir, Roll lies in the vicinity of
satellite velocity direction and Pitch directs to the
negative orbit normal. It is apparent that rotation
about Pitch assists along track movements whereas
motion about Roll augments across track steering.
These across track motions certainly boost revisit
capability of satellite to a great extent. Rotation
about the yaw axis helps in appropriate two-dimensional orientation of the camera frame on the Earth’s
surface. A combination of these body-axis rotations
facilitate satellite to cover off nadir locations for
imaging.
In order to determine attitude on orbit and further
orient desirably, satellites are equipped with various
sensors namely star sensor, Sun sensor, Earth sensor,
gyroscopes, etc. Star sensor is often regarded as the
most decisive attitude determination instrument
(especially for high resolution imaging satellites) as it
provides 3-axis attitude using star vector observations
(Markley & Crassidis 2014; Wertz 1978). SS is
basically an electronic camera along with a processing
unit capable of performing star identification and
subsequent attitude computation (Liebe 2002; Markley & Crassidis 2014; Spratling IV & Mortari 2009).
The attitude data from both star sensor and gyroscopes
are transmitted to ground. Attitude computation that
uses gyro and star sensor data is desirable to enhance
precise attitude determination and subsequently refine
location accuracy of captured images which leads to
accurate geo-tagging. When two or more SS are
mounted, it is preferred to maintain large separation
angles in order to achieve better vector fusion
(Markley & Crassidis 2014). At the same time, these
instruments are highly sensitive to bright objects like
the Sun and Earth Albedo and thus demands their
avoidance.
Consequently, star sensor mounting holds its own
significance in all missions as it should not only take
care of the safety of the instrument but also its functional availability at all essential occasions throughout
the lifetime of a satellite (Solaiappan et al. 2012).
Being a sensitive electronic camera, SS measurements
can get corrupted or even eliminated from bright light
sources. For instance, the reflections or scattering
from the spacecraft appendages, presence of the Sun,
Earth albedo or moon affects the performance of the
sensor depending on the sensor design (Liebe 2002;
Zhao et al. 2012). This paper addresses the major
factors of Sun and Earth albedo in the SS mounting
study. Direct exposure of Sun in the field-of-view of
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SS can prove to be fatal whereas the bright Earth
albedo may hinder the instrument’s reliable functioning (Liebe 2002; Markley & Crassidis 2014). As
lower altitude of an orbit magnifies the Earth subtended angle in the body frame, it results in lesser
mounting options. Moreover when the local time of an
orbit is altered, the Sun-orbit geometry changes which
in turn impacts the possible mounting choices (Wertz
& Larso 1999). In this paper, selection of SS mounting
has been studied in detail for a highly agile Earth
imaging satellite. In this study, various test cases are
considered for imaging orbits with different altitude
and local time. The analysis also addresses other
important factors like SS separation angle and their
sensitivity on spacecraft body axis. Results are presented in the form of available direction cosines for
various case studies and the way they meet geometrical constraints throughout the year.

2. Problem statement
In this problem, a Sun synchronous low Earth circular
orbit of 650 km altitude is studied for various local
times namely 9:30 am, 10:00 am, 10:30 am and 11:00
am. Similar orbit with slightly variable altitude is in
general chosen for majority of Earth imaging application satellites. Another Sun synchronous circular
orbit of 500 km is also analyzed for 9:30 and 10:00
am local times for the sake of comparison. A highly
agile Earth imaging satellite is considered for the star
sensor mounting analysis. This connotes that the
spacecraft is capable of being steered for large Yaw,
Roll and Pitch biases. Yaw bias ranges from –21° to
10°, Roll bias from –32.5° to 32.5° while Pitch bias
vary from –26° to 26°. The sequence of the biases
considered is Pitch, Roll and Yaw during imaging.
Availability of SS data during imaging ensures precise computation of spacecraft attitude. Due to highly
agile characteristic of the satellite, three SS are considered for mounting study. Better angular separation
between these SS (or at least two of them) is preferred, as higher geometric dilution of precision
(GDOP) for star measurements enhances attitude
accuracy through vector fusion. In this study, primary
sensors are expected to have minimum angular separation of 45°. Another essential desideratum states
that the SS mounting direction cosine should have
reasonable sensitivity to its body axis, for which a
minimum value of 0.5 was assumed. Based on the
study, apposite mounting will be suggested based on
germane justification.
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Figure 1. Representation of orbit reference frame (OYaw,
ORoll and OPitch) and spacecraft body fixed frame (SCYaw,
SCRoll and SCPitch) after application of appropriate Yaw,
Roll and Pitch biases.

3. Computational details
The imaging spacecraft body fixed axis namely the
Yaw, Roll and Pitch axis are considered in such a
way that payload viewing axis is aligned to the Yaw
axis. Hence, while imaging, the Yaw will point
towards the target location on Earth. At this point of
time it is important to ensure that the SS is mounted
in such a way that it not only observe clear sky but
also satisfies the necessary Sun and Albedo
constraints.
For imaging duration, in order to point Yaw
towards the Earth, an orbit reference frame is defined
in the following way (see Figure 1):

cos b cos c

B
¼ @  cos a sin c þ sin a sin b cos c
sin a sin c þ cos a sin b cos c

C
Rollz A:
Pitchz

Rolly
Pitchy

ð1Þ

0

0

1

As Roll bias implies across track motion of the
satellite, it enhances the revisit period. The corresponding transformation matrix for Roll bias of b° is
denoted by
1
0
cos b 0  sin b
C
B
ð3Þ
A2 ¼ @ 0
1
0 A:
sin b

0

cos b

A Yaw bias is employed to provide appropriately 2-D
orientation to the camera frame and also to nullify the
Earth’s rotation. The transformation matrix to achieve
Yaw bias of a° is denoted by
0
1
1
0
0
B
C
A1 ¼ @ 0 cos a sin a A:
ð4Þ
 sin a cos a

Thus the transformation matrix required to
achieve Pitch, Roll and Yaw bias consequently is
given by

Roll ¼ Pitch  Yaw;

A321 ¼ A1 A2 A3
0

1

The above mentioned orbit frame of reference is further
supplemented by Pitch, Roll and Yaw biases (in the
same sequence) to obtain various attitude of the satellite.
Pitch bias signifies along track attitude movement.
The transformation matrix for Pitch bias of c° is
denoted by
1
0
cos c sin c 0
C
B
ð2Þ
A3 ¼ @  sin c cos c 0 A:

0

Yaw ¼ SP;
Pitch ¼ Yaw  SV;

Yawz
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cos b sin c
cos a cos c þ sin a sin b cos c
 sin a cos c þ cos a sin b sin c

where SP is the spacecraft position vector and SV is
the spacecraft velocity vector.
These vectors are in the Earth centered inertial
frame. Transformation matrix for inertial-to-orbit
frame of reference can be written as

sin b

1

C
sin a cos b A:

ð5Þ

cos a cos b

Eventually, the transformation matrix from the inertial to spacecraft body frame can be computed as
follows:
ABI ¼ A321 AOI :

ð6Þ
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for each day in a year. These angles are plotted with
respect to the day number. Simultaneously, in case the
direction cosine violates the Sun and Albedo condition,
the maximum duration for which the constraints are
violated is also shown. The sensitivity of the direction
cosine is also calculated with respect to the body axis.
Considering [x, y, z] as the selected direction cosine in
the body axis, sensitivity is calculated as
Figure 2. Representation of Earth’s subtended angle with
respect to satellite.

The given transformation matrix is evaluated for epochs
at every 1 minute interval throughout a year. The
position vector of the Sun and Earth center is computed
in the newly derived body frame at each epoch. While
Sun is apparently considered as a point object, Earth’s
subtended angle is evaluated using simple geometry.
Figure 2 shows the representation of the Earth’s subtended angle with respect to the satellite as


Re
1
ð7Þ
/ ¼ sin
Altitude  Re
where Re indicates the radius of the Earth.
The above derived quantities are sufficient to apply
the search algorithm which seek for body direction
cosines that satisfies the SS Sun and the SS Earth albedo
constraints and stores in a database. Various study cases
are formulated to analyze different constraint angles for
the sake of completeness. All possible combinations
appertaining to the Sun constraint of 35 and 40°, and the
Earth Albedo constraint of 30, 35 and 40° are examined.
Results indicate that the Roll bias serve as a critical
parameter in the selection of mounting as it influences
the position of the Sun with respect to the orbit plane.
The complete above analysis is repeated for orbits for
different local times (9:30, 10:00, 10:30 and 11:00 am)
The mounting direction cosines which qualify these
constraints are further studied elaborately to determine
the maximum possible angular separation between two
DCs. Furthermore, these DCs are analyzed, and the
minimum Sun and Earth Albedo angles are ascertained

hx ¼ cos1 x;

ð8Þ

Sensitivityx ¼ sin hx;

ð9Þ

hy ¼ cos1 y;

ð10Þ

Sensitivityy ¼ sin hy;

ð11Þ

hz ¼ cos1 z;

ð12Þ

Sensitivityz ¼ sin hz:

ð13Þ

4. Results and discussion
The results are summarized in Tables 1–6 and classified under four case studies based on the orbit local
time. Cases 1a, 2a, 3 and 4 correspond to 650 km Sun
synchronous orbit with local times 9:30, 10:00, 10:30
and 11:00 am respectively, whereas Cases 1b and 2b
represent orbit with 500 km altitude with 9:30 and
10:00 am local time. Results from each of these case
studies are summarized in the form of a concise yet
exhaustive tables. In the tables, ‘‘S’’ symbolizes the
Sun angle whereas ‘‘E’’ denotes Earth albedo angle,
both from the SS bore-sight. ‘‘NA’’ stands for
mounting ‘not available’ and thus this means that for a
particular Sun–Earth and Roll bias constraint, no star
sensor mounting is possible. On the other hand, all the
valid boxes that confirm mounting availability are
indexed by a number (written inside the round
brackets). The columns specify distinct Sun and Earth
constraint for the SS whereas the rows indicate individual Roll bias. The content of the table thus shows

Table 1. Case1a: altitude 650 km, local time 09:30 am.
Roll bias

S [ 40°
E [ 40°

S [ 40°
E [ 35°

S [ 40°
E [ 30°

S [ 35°
E [ 40°

S [ 35°
E [ 35°

S [ 35°
E [ 30°

25°
27.5°
30°
32.5°
35°

19° (21)
4° (22)
NA
NA
NA

33° (18)
21° (19)
7° (20)
NA
NA

47° (13)
36° (14)
23° (15)
8° (16)
3° (17)

32° (10)
20° (11)
5° (12)
NA
NA

47° (6)
36° (7)
22° (8)
8° (9)
NA

61° (1)
5° (2)
40° (3)
27° (4)
11° (5)
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Table 2. Case1b: altitude 500 km, local time 09:30 am.
Roll bias

S [ 40°
E [ 40°

S [ 40°
E [ 35°

S [ 40°
E [ 30°

S [ 35°
E [ 40°

S [ 35°
E [ 35°

S [ 35°
E [ 30°

25°
27.5°
30°
32.5°
35°

11° (19)
NA
NA
NA
NA

25° (16)
13° (17)
1° (18)
NA
NA

39° (12)
27° (13)
13° (14)
2° (15)
NA

24° (10)
11° (11)
NA
NA
NA

40° (6)
28° (7)
13° (8)
1° (9)
NA

53° (1)
43° (2)
31° (3)
17° (4)
1° (5)

Table 3. Case 2a: altitude 650 km, local time 10:00 am.
Roll bias
25°
27.5°
30°
32.5°
35°

S [ 40°
E [ 40°

S [ 40°
E [ 35°

S [ 40°
E [ 30°

S [ 35°
E [ 40°

S [ 35°
E [ 35°

S [ 35°
E [ 30°

NA
NA
NA
NA
NA

14° (13)
NA
NA
NA
NA

30° (10)
16° (11)
1° (12)
NA
NA

13° (8)
9° (9)
NA
NA
NA

30° (5)
17° (6)
2° (7)
NA
NA

43° (1)
32° (2)
19° (3)
3° (4)
NA

Table 4. Case 2b: altitude 500 km, local time 10:00 am.
Roll bias
25°
27.5°
30°
32.5°
35°

S [ 40°
E [ 40°

S [ 40°
E [ 35°

S [ 40°
E [ 30°

S [ 35°
E [ 40°

S [ 35°
E [ 35°

S [ 35°
E [ 30°

NA
NA
NA
NA
NA

6° (9)
NA
NA
NA
NA

22° (7)
8° (8)
NA
NA
NA

6° (6)
NA
NA
NA
NA

20° (4)
7° (5)
NA
NA
NA

36° (1)
23° (2)
9° (3)
NA
NA

Table 5. Case 3: altitude 650 km, local time 10:30 am.
Roll bias
25°
27.5°
30°
32.5°
35°

S [ 40°
E [ 40°

S [ 40°
E [ 35°

S [ 40°
E [ 30°

S [ 35°
E [ 40°

S [ 35°
E [ 35°

S [ 35°
E [ 30°

NA
NA
NA
NA
NA

NA
NA
NA
NA
NA

6° (7)
NA
NA
NA
NA

9° (5)
5° (6)
NA
NA
NA

9° (3)
5° (4)
NA
NA
NA

25° (1)
10° (2)
NA
NA
NA

Table 6. Case 4: altitude 500 km, local time 11:00 am.
Roll bias
25°
27.5°
30°
32.5°
35°

S [ 40°
E [ 40°

S [ 40°
E [ 35°

S [ 40°
E [ 30°

S [ 35°
E [ 40°

S [ 35°
E [ 35°

S [ 35°
E [ 30°

NA
NA
NA
NA
NA

NA
NA
NA
NA
NA

NA
NA
NA
NA
NA

NA
NA
NA
NA
NA

NA
NA
NA
NA
NA

3° (1)
NA
NA
NA
NA
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the maximum angular separation possible between
two direction cosines as a function of Roll bias, Sun–
Earth constraints and orbit local time.
Based on Tables 1–6, appropriate mounting for three
SS mounting direction cosines are proposed and they
are further analysed to demonstrate the way they satisfies the SS geometrical constraint throughout the year.
Selection of mounting direction cosine must ensure
that at least one of the SS is functional during Earth
imaging (with given biases on the spacecraft platform). The availability of SS data during imaging is a
necessity, as the data is used for precise geo tagging of
the images by the ground processing systems.
Although one SS (with two or more star vector measurement) is enough for attitude computation, it is
always preferred to have measurements from two or
more SS for improved location accuracy of the images. Additionally, it is also ideal that the absolute
value of sensitivity (which ranges from 0 to 1) of the
SS direction cosine possesses a value as high as possible. For instance, zero sensitivity for an axis states
that the measurement may be erroneous in giving
information about the other two axes. Keeping the
mentioned argument as basis, mounting options (6)
and (9) which correspond to Case 1a (with an altitude
of 650 km and local time 09:30 am) are considered.
Mounting option (6) provides a pair of direction
cosine (say SS1 and SS2) with a fairly good separation
angle of 47° to assist vector fusion. These SS1 and
SS2 clear up to 25° of Roll bias. Apart from that
another single direction cosine from (9) is accounted
to assist the bias condition till 32.5° of Roll bias.
SS1
SS1
SS1
SS1
SS2
SS2
SS2
SS2
SS3
SS3
SS3
SS3

= –0.720840 –0.453990 0.523720,
Sensitivity to Yaw 0.693,
Sensitivity to Roll 0.891,
Sensitivity to Pitch 0.852,
= –0.719850 0.342020 0.604020,
Sensitivity to Yaw 0.694,
Sensitivity to Roll 0.939,
Sensitivity to Pitch 0.797,
= –0.760330 –0.121870 0.638000,
Sensitivity to Yaw 0.649,
Sensitivity to Roll 0.992,
Sensitivity to Pitch 0.770.
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As is evident from Table 1 that irrespective of the
values of Yaw and Pitch biases, Roll bias up to 25° is
satisfied. But the Roll bias up to ±32.5° is not satisfied
by SS1 and SS2 throughout the year. The graphs in
Figures 6–11 demonstrate those cases (out of 27)
where SS1 do not satisfy while SS3 does.
Figures 3, 4 and 5 show the minimum Earth albedo
angle profile for SS1 and SS3 each day over a year for
the given bias conditions.
Here the x-axis denotes the day number from 1 to
365 whereas the y-axis represent minimum Earth
albedo angle from the SS bore-sight over the day.
Figures 6–11 show the minimum Sun angle profile
for SS1 and SS3 each day over a year for the given
bias conditions. Here the x-axis denotes the day
number from 1 to 365 whereas there exist two y-axes.
The left y-axis signifies minimum Sun angle from the

Figure 3. Minimum Earth Albedo angle from bore-sight
of SS1 and SS3 for Pitch 26°, Roll 32.5° and Yaw 10°.

Furthermore SS1, SS2 and SS3 are analysed for 27
cases comprising of all possible combination of the
following Pitch, Roll and Yaw biases:
Pitch bias: –26°, 0° and 26°,
Roll bias: –32.5°, 0° and 32.5°,
Yaw bias: –21°, 0° and 10°.

Figure 4. Minimum Earth Albedo angle from bore-sight
of SS1 and SS3 for Pitch 26°, Roll 32.5° and Yaw 0°.
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Figure 5. Minimum Earth Albedo angle from bore-sight
of SS1 and SS3 for Pitch 26°, Roll 32.5° and Yaw –21°.

Figure 6. Minimum Sun angle from bore-sight of SS1
and SS3 along with the constraint violation duration for
Pitch 26°, Roll –32.5° and Yaw 10°.
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Figure 8. Minimum Sun angle from bore-sight of SS1
and SS3 along with the constraint violation duration for
Pitch –26°, Roll –32.5° and Yaw 10°.

Figure 9. Minimum Sun angle from bore-sight of SS1
and SS3 along with the constraint violation duration for
Pitch 26°, Roll –32.5° and Yaw 0°.

SS bore-sight over the day while the right indicates the
duration for which SS constraint (35° as in selected
case) is violated over the day (in minutes).

5. Conclusion
The results summarized above elaborate the mounting
availability for different orbit local time, altitude and
roll bias. Based on this, the following concluding
points can be brought out:
Figure 7. Minimum Sun angle from bore-sight of SS1
and SS3 along with the constraint violation duration for
Pitch 0°, Roll –32.5° and Yaw 10°.

(1) SS mounting options are reasonably reduced, once
we go for a higher local time because the Sun
moves closer to the orbital plane. This is suggested
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SS1 violate the Sun constraint. Whereas the
positive Roll bias is cleared even for ?32.5°.
(5) As per graphs, SS3 satisfies the constraints
throughout the year for all given bias conditions
while SS1 violates the Sun condition for a
reasonable number of days.
(6) Sun constraint violation for SS1 can take place for
a maximum *12 minutes in an orbit for the worst
case scenarios.
(7) SS1 – Sun constraint violation happens for Roll
bias of –32.5° cases primarily from day number
100 to day number 250 with maximum violation
duration around day number 160 (i.e. the month of
June) when the Sun is in the Northern hemisphere.
Figure 10. Minimum Sun angle from bore-sight of SS1
and SS3 along with the constraint violation duration for
Pitch 0°, Roll –32.5° and Yaw 0°.
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