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ABSTRACT

Space-based space surveillance (SBSS) is required to observe objects in geosynchronous orbit (GEO) without weather
restriction and with improved viewing geometry. SBSS satellites have thus far been placed in Sun-synchronous orbits
(SSO). This paper investigates the benefits to GEO orbit determination (including the estimation of area and mass)
gained by using an optical telescope placed in geosynchronous transfer orbit (GTO). Precise ephemerides of Galaxy
15 and a fictitious debris object are used with sparse, simulated astrometric and photometric measurements to analyze
capabilities of a standalone GTO-based SBSS platform as well as in combination with an SSO sensor. Results show
that the use of a GTO improves velocity and mass estimation as compared to an SSO. Together, the two sensor
platforms significantly reduce the estimated covariance for position, velocity, area, and mass of GEO objects.

1. INTRODUCTION

Debris in geosynchronous orbit (GEO) is of particular concern because the GEO belt is such a valuable, limited
resource, used by both the commercial and military sectors. Treated as a commodity, orbital slots in GEO allotted
to countries and companies have a typical size of about 0.1 degrees in longitude and latitude [1, 2]. It has become
common practice to place several satellites in a single slot, making accurate tracking of each satellite necessary for
the safe and continued use of the GEO belt. We currently rely on ground-based optical telescopes, a few recent space-
based telescopes in Sun-synchronous orbit (SSO), and owner-operator data sharing to keep track of objects in GEO [3].
However, our tracking capability is limited to about 1-m diameter objects and only operational spacecraft in the data
sharing sense. Data from ESA’s Space Debris Telescope (ESASDT), which can detect objects as small as 10 cm in
diameter, indicates there is a substantial population of small debris in GEO [4–6].

Space-based space surveillance (SBSS) is a solution capable of detecting small debris and does not suffer from
complications associated with ground-based platforms, such as weather and limited access to the GEO belt. Recent
missions include SBSS Block 10, Sapphire, and NEOSSat, which are all SSO-based platforms. While optical tele-
scopes placed in SSOs can maintain a low solar phase angle and consistent measurements, they are very far away from
the GEO belt. The visibility of small debris from alternative orbits, such as geosynchronous transfer orbits (GTO)
and sub-GEO orbits, has been investigated in several papers using ESA’s PROOF tool [7–9]. References [10–12]
demonstrate that objects down to 1-2 cm in diameter are capable of being detected by an optical sensor placed in a
GTO, and [13, 14] report on the use of SSO and sub-GEO orbits for space surveillance, including an overview of the
instrumentation required for these missions. The benefit of these orbits is their ability to observe GEO from a much
closer distance, as depicted in Fig. 1. Based on these prior analyses of the detectable diameter of debris for various
orbits and instrument configurations, our research seeks to evaluate the potential orbit determination accuracy that can
be achieved with such observations.

This paper focuses on the improvement in position, velocity, area, and mass estimation gained by the use of an
optical telescope placed on a GTO. Performance is investigated on a standalone basis and in combination with an SSO
sensor. Publicly available ephemerides of wide area augmentation system (WAAS) satellites and simulated objects are
used to simulate astrometric and photometric measurements taken by an optical sensor and then fused during filtering.
Orbit determination and physical property estimation capabilities of a GTO surveillance platform are assessed and
compared to an SSO sensor.

Recently, several papers have reported on simulation studies that estimate orbits and physical properties of target
objects [15–21]. However, these studies exclusively use simulated objects and ground-based measurements, often
with dense and long data arcs. While these simulations provide a useful bound on the levels of accuracy achievable in
ideal conditions, they do not provide a meaningful result for realistic sparse data scenarios. For our first simulation, the
precise WAAS ephemeris of Galaxy 15 is used during its uncontrolled period in May of 2010. WAAS ephemerides are
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Fig. 1. Apparent visual magnitudes of objects with varying spherical diameters being observed over a range of dis-
tances. Objects are spherical in shape with a coefficient of reflectivity (Cr) of 1.2. The distance marked for GTO/sub-
GEO is 3,000 km and is only an approximation to where observations will be made from.

publicly available and accurate to meter level, as demonstrated by [22]. By simulating degraded right ascension and
declination observations, consistent with these ephemerides and with realistic sparse observation tracks, a more real-
istic assessment of potential orbit determination accuracy of SBSS systems can be achieved. This paper demonstrates
that the addition of a GTO-based sensor to SSO measurements significantly improves upon the estimated covariance
of position, velocity, area, and mass of GEO objects. Discussion of simulated optical measurements and results from
two orbit determination simulations are included.

2. SIMULATING OPTICAL OBSERVATIONS

This section details the computation of photometric (apparent magnitude) measurements and their uncertainty based
on signal-to-noise ratio (SNR) recorded by the charge-coupled device (CCD) of the telescope. The general equation
for apparent magnitude is

m1 = m2 − 2.5 log10

(
f1
f2

)
(1)

where the subscript 1 indicates the target object apparent magnitude and flux and the subscript 2 indicates the reference
object apparent magnitude and flux [23]. In our case, we use the Sun as our reference object. For a spherical object,
we have

mv = −26.74− 2.5 log10

(
ARdiffF (φ)

ρ2

)
(2)

where -26.74 is the apparent visual magnitude of the Sun1,A is the cross-sectional area of the sphere,Rdiff is the diffuse
reflectivity coefficient, F (φ) is the phase function, and ρ is the distance from the observer to the target object [24].
The subscript, v, for the object’s magnitude specifies that we are talking about apparent “visual” magnitude, i.e. in
the visual band of wavelengths. For a diffuse (Lambertian) sphere, Rdiff is related to the coefficient of reflectivity (Cr)
through Cr = 1 + 2/3Rdiff [19]. The phase function for a sphere

F (φ) =
2

3π2
{(π − φ) cos(φ) + sin(φ)} (3)

1NASA Sun Fact Sheet: http://nssdc.gsfc.nasa.gov/planetary/factsheet/sunfact.html



takes the viewing geometry into account, where φ is the solar phase angle (observer-target-Sun angle) [25, 26]. With
the photometric measurement of apparent magnitude comes some uncertainty, σm. Based on [27], we approximate
the magnitude uncertainty as a function of SNR

σm = 2.5 log10

(
1 +

1

SNR

)
. (4)

Equation (4) is used to add zero mean Gaussian noise with standard deviation σm to simulated magnitude observations.
The SNR of an object on a CCD is dependent on the object brightness, sky background, as well as telescope and

CCD properties such that

SNR =
S√

S + Ssky + npix(RON +DC)
(5)

where S is the signal from the target object (in photons), Ssky is the sky background signal, RON is the readout noise
of the CCD, DC is the dark current of the CCD, and npix is the number of pixels used to compute SNR [23, 28]. We
ignore readout noise and dark current for this study since they are relatively small, and use a value of 20.7 mag/arcsec2

for the sky brightness. The sky brightness value corresponds to 10 days from new moon in the visual band [29, 30].
The photon signal rate of the source object, S (photons), is proportional to the flux of the source f1 (W/m2). Equa-

tion (1) is used to compute f1 based on the Sun as a reference with a magnitude of -26.74 and flux of 547 W/m2. We
do not use the well known “solar constant” of 1366 W/m2 for this computation, because we are generating observa-
tions in the visible spectrum, which is approximately 40% of the total flux from the Sun [31]. This percentage, quoted
by [31], can be obtained by integrating the black body curve for the Sun in the visible band.1 The signal of the target
object received by the CCD is given by

S =
f1
Ev

πD2

4
Tint ηQE ηopt (6)

where Ev is the energy of a photon (at a wavelength of 550 nm), Tint is the CCD integration time, D is the aperture
diameter of the telescope, ηQE is the quantum efficiency of the CCD, and ηopt is the optical transmission.

Unfortunately, computing SNR is heavily dependent on the telescope and CCD properties, making any mea-
surement campaign simulation slightly different depending on the hardware settings. However, [13, 14] present a
recommended telescope and CCD setup for the very same type of mission being discussed in this study, a space-based
telescope in a GTO observing the GEO belt. It is this setup that we use for simulating photometric measurements in
Simulation 2 for both GTO and SSO sensors. Each property is listed in Table 1.

Table 1. Telescope and CCD properties for GTO and SSO observation platforms.

Property GTO and SSO [13, 14, 28]
Field of View 6◦

Aperture Diameter (D) 20 cm
Focal Length (ftel) 41 cm
CCD Pixel Size 18 µm (9.06 ”/pix)
CCD Size 2048 × 2048 pixels
Quantum Efficiency (ηQE) 0.80
Optical Transmission (ηopt) 0.65
Integration Time (Tint) 2 s

3. ORBIT DETERMINATION RESULTS

Results from two simulations are presented in this section, denoted Simulation 1 and Simulation 2, which use obser-
vations of GEO objects from GTO and SSO-based optical sensors. Precise ephemerides of Galaxy 15 (WAAS 135)
from May of 2010 are used in Simulation 1 with astrometric (right ascension and declination) measurements used for

1The blackbody temperature of the Sun is 5778 K. Integrating from 380 nm to 750 nm yields 43.8% of the total flux and integrating from 400
nm to 700 nm yields 36.7% of the total flux. Given this window, we use an average value of 40%.



orbit determination. Simulation 2 models a simulated sphere in GEO that is tracked with both astrometric and pho-
tometric (apparent magnitude) measurements. Orbit determination accuracies of both cases are analyzed using GTO
and SSO surveillance platforms. Fig. 2 demonstrates the geometry between sensors, target, and Sun. Both sensors
operate in a dedicated object tracking mode where the target object is tracked for 30 minutes each pass. All astrometric
measurements are given zero mean Gaussian noise with a standard deviation of 0.5 arcseconds.

Fig. 2. Geometry of GTO (blue), SSO (red), and GEO (gray) orbits with marker dots indicating their locations when
observations are made. The yellow arrow points towards the Sun.

The orbit determination process for both simulations utilizes an unscented Kalman filter (UKF) [32, 33]. A UKF
uses a small number of sigma points generated about the mean state to capture the mean and covariance of a random
variable, providing a representation that is guaranteed to be accurate to 2nd order. This process is referred to as the
unscented transform. The UKF was chosen for this work because of the second order accuracy and the fact that it
does not require the computation of Jacobians of measurement and dynamical models. The Jacobians needed in batch
filters, conventional Kalman filters (CKF), and extended Kalman filters (EKF) increase in difficulty as more complex
measurement types and state dynamics are incorporated. The UKF readily handles any kind of measurement or state
with few changes to the code.

3.1. SIMULATION 1: ASTROMETRIC MEASUREMENTS OF GALAXY 15 (WAAS 135)

Simulation 1 is based on WAAS ephemerides for Galaxy 15 during the period of time when Galaxy 15 was uncon-
trolled in 20101. During this time, 5 to 10-meter position accuracy of the satellite was still being achieved while
drifting without stationkeeping maneuvers. These ephemerides are used to generate the baseline observations and
serve as a reference trajectory for analyzing filter performance.

Astrometric measurements are taken every 20 seconds for a maximum of 30 minutes per pass. The schedule of the
3 passes of observations for both GTO and SSO sensors is depicted in Fig. 3. Observations from the GTO are made
when the GTO sensor is above 30,000 km radius (23,600 km altitude) and when the phase angle is below 60 degrees.
Similar phase angle constraints were placed on the SSO sensor. For this simulation, the UKF estimates Cartesian
position and velocity as well as the coefficient of reflectivity with a priori standard deviations of 500 m, 2 m/s, and
0.1, respectively.

The force models implemented in the UKF are listed in Table 2. A spherical body is assumed for the solar radiation
and Earth radiation pressure models since the exact attitude of Galaxy 15 is unknown.

1http://www.nstb.tc.faa.gov/DisplayNSTBDataDownload.htm
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Fig. 3. Right ascension measurements made by GTO and SSO sensors for Simulation 1.

Table 2. Summary of models used in UKF for Simulation 1.

Model Type References
Earth Gravity Field 10x10 EGM2008 [34]

Tides permanent tide only [35]

Third Body Sun, Moon (JPL DE421) [36]

Solar Radiation Pressure spherical body, cylindrical shadow [37]

Earth Radiation Pressure spherical body [38]

GCRF/ITRF IAU 2006/ 2000AR06 [35]

Earth Orientation Parameters CelesTrak (IERS and NGA) [35, 39]

Table 3. Final values of radial (R), in-track (I), and cross-track (C) position and velocity 1-σ covariance for Simulation
1. The full simulation involves 3 observation passes for each platform as shown in Fig. 3. The “2 passes” category
indicates that only the first two passes of each sensor platform were used.

Component Units SSO GTO SSO + GTO SSO + GTO
(3 passes) (2 passes)

R (σ) m 134.1 115.9 33.1 37.5
I (σ) m 13.4 69.6 12.1 11.6
C (σ) m 23.9 14.3 8.6 11.2
3D Position (σ) m 136.8 135.9 36.2 40.8
3D Velocity (σ) mm/s 107.6 35.8 4.9 4.6

The final 1-σ covariance for velocity and radial, in-track, and cross-track position estimates are given in Table 3. As
standalone sensors, the GTO and SSO platforms perform similarly in position estimation, while velocity is estimated
much better by the GTO. One might expect the GTO to perform significantly better on its own due to the decreased
distance to target as compared to an SSO, however, the change in right ascension and declination measurements over
time are much less than those made by an SSO. This decreased change over time is caused by the GTO sensor following



the GEO object, thus maintaining a similar viewing geometry over time. If the GTO observes the GEO object nearly
along the GEO object’s orbit (which happens when the GTO is near apogee and the GEO object is a few hours ahead),
angles measurements result in an improved knowledge of the target’s radial direction and a deterioration of in-track
knowledge. This is evidenced by the radial and in-track standard deviations in Table 3. By combining measurements
from both platforms, estimation of position and velocity is significantly improved over either standalone system. Even
when cutting down the number of total observations to 2 passes each, the target state is estimated to a much higher
fidelity than either standalone system with more observations. These results highlight the beneficial nature of including
a GTO-based optical sensor into the current system monitoring the GEO belt.

3.2. SIMULATION 2: ASTROMETRIC AND PHOTOMETRIC MEASUREMENTS OF SPHERICAL DEBRIS

Simulation 2 consists of a target trajectory and observation schedule similar to that of Simulation 1, but with a fictitious
spherical object as the GEO target and an additional 4th pass of observations. Measurements of apparent visual magni-
tude are now added to the right ascension and declination measurements to estimate position, velocity, cross-sectional
area, and mass. All photometric measurements include zero mean Gaussian noise with standard deviations computed
using Eq. (4). The dynamic model used in the UKF, reference trajectory generation, and observation generation as-
sumes the target is a diffuse sphere. This is intended to be a test case to analyze the relative abilities of GTO and SSO
sensors to estimate area and mass under ideal conditions. Table 4 lists the true value, initial error, and a priori 1-σ
covariance values for mass and area.

Photometric measurements allow the filter to observe cross-sectional area as seen in Eq. (2). Mass, however, is
not directly observed by either astrometric or photometric measurements. For objects in GEO, area and mass are only
present in the acceleration due to solar radiation pressure, and to a much lesser extent Earth radiation pressure, in the
term CrA/m. We assume a constant value for Cr of 1.2 and observe area, leaving mass to be “estimated”. In reality,
mass will only be approximated because this term soaks up some error in the coefficient of reflectivity, area, attitude,
shape, chosen bidirectional reflectance distribution function (BRDF), and other dynamic mis-modeling errors.

Dynamical systems sometimes include one or more state parameters that are limited in the values they can take
on, possibly due to physical characteristics or the laws of physics. Cross-sectional area of a spacecraft is one example,
with the constraint A > 0. The UKF (as well as the CKF, EKF, and batch) does not inherently contain a way of
enforcing constraints. However, [40] presents a simple method for incorporating state constraints into the UKF. If a
sigma point has a value for cross-sectional area, for example, that is less than zero, the area is forced to be slightly
above zero before the next covariance is computed. The sigma points should be checked for these constraints each
time new sigma points are generated. The final state parameter estimate must also be checked. This type of constraint
is implemented in Simulation 2 for both mass and cross-sectional area.

Table 4. True and a priori values of mass and area for Simulation 2.

Property True Value Initial Value Initial Std. Dev. (σ)
Mass 20 kg 500 kg 200 kg
Area 1.77 m2 20 m2 7 m2

As mentioned previously, the uncertainty of each photometric measurement is determined by the signal-to-noise
ratio of the target on the CCD. Fig. 4 illustrates the benefit of using a GTO for observing GEO. GTO-based photometric
measurements will have a smaller uncertainty due to the higher signal-to-noise values.
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Fig. 4. Standard deviations of apparent magnitude mea-
surements from GTO and SSO platforms.
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Fig. 5. Cross-sectional area estimation error and covari-
ance from SSO observations.

Fig. 5 and 6 in addition to Table 5 display the mass and area estimation performance of GTO and SSO sensors.
Both observation platforms estimate the cross-sectional area quickly and accurately. In part, this is due to the fact
that both the truth trajectory and filter model utilize a spherical object. In reality, the estimation of area is difficult
without also estimating attitude and shape. This is acceptable for this study, because Simulation 2 is meant to compare
the relative estimation abilities of the two sensor platforms, not evaluate absolute estimation accuracy in a real world
setting. Reference [41] discusses the difficulties of estimating area in greater detail.

For mass, the SSO platform has more difficulty as compared to the GTO. While the GTO nearly estimates the
true mass by itself, the SSO sensor makes little progress in reducing the covariance. Note that in combination, the
system reduces an initial 1-σ covariance of 200 kg down to almost 20 kg. This is a significant improvement over either
standalone system performance.
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(b) SSO + GTO

Fig. 6. Mass estimation results for SSO only and SSO plus GTO.

Table 5. Final 1-σ covariance values for area and mass.

Component Units SSO GTO SSO + GTO
Area (σ) m2 0.016 0.001 0.001
Mass (σ) kg 198.6 61.8 22.6



4. CONCLUSION AND DISCUSSION

In this paper, we present improved orbit determination of GEO objects through the use of a simulated optical sensor
placed in a GTO, recording both astrometric and photometric measurements. Two simulated sparse tracking scenarios,
using precise WAAS ephemerides and a fictitious spherical object, demonstrate that the combination of GTO and
SSO-based measurements yields faster estimation and uncertainty reduction of states and physical properties than
SSO alone.

By using precise WAAS ephemerides for Galaxy 15 during its uncontrolled state in 2010, we gain insight into
achievable uncertainties with each SBSS platform and their combination. The difference in geometry of observing
GEO from a GTO results in more radial information and improved velocity estimation compared to the traditional
SSO. The combination of the two platforms yields a significant improvement to orbit determination, even in a sparse
tracking scenario.

The second simulation consists of a small spherical object with photometric measurements being used in addition
to angles measurements. This combination of measurement types allows the mass and area to be separately estimated
in the filter. Photometric measurements allow for the cross-sectional area to be approximated. By assuming a fixed
value for the coefficient of reflectivity, the object’s mass can be approximated over time. While the GTO on its own
is shown to reduce the target’s mass uncertainty much faster than an SSO, the combination of the two surpass any
standalone system, as might be expected.

Beyond the orbit determination results of this paper, previous research has demonstrated that these alternative
SBSS orbits, such as GTO and sub-GEO, offer the capability of detecting GEO debris down to a couple of centimeters
in diameter. Furthermore, a small GTO SBSS satellite could be launched as a secondary payload on a GEO launch,
making the cost more attractive. While this brief study focused on using a GTO in concert with an SSO, future work
will include the use of sub-GEO orbits for orbit determination in similar simulations. Future work will also include
analyzing the estimation error of area and mass in the presence of attitude and shape mis-modeling for several SBSS
platforms.
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