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As more spacecraft are launched into the Geostationary Earth Orbit (GEO) belt, the possibility of fatal collisions or unnecessary
interference between spacecraft increases. In this paper, a new location-awareness method that uses CubeSats is proposed to assist
with radiofrequency (RF) domain verification by means of awareness and identification of the positions of the spot beam emitters
of communications satellites in geostationary orbit. By flying a CubeSat (or a constellation of CubeSats) through the coverage area
of a spot beam, the spot beam emitter’s position is identified and the spot beam’s pattern knowledge is characterized.The geometry,
the equations of motion of the spacecraft, the measurement process, and the filtering equations in a location system are addressed
with respect to the location methods investigated in this study. A realistic scenario in which a CubeSat receives signals from GEO
communications satellites is simulated using the Systems Tool Kit (STK). The results of the simulation and the analysis presented
in this study provide a thorough verification of the performance of the location-awareness method.

1. Introduction

As space becomes an increasingly congested, contested, and
competitive environment, the need for enhanced space-based
capabilities only increases over time [1]. As more spacecraft
are launched into the Geostationary Earth Orbit (GEO) belt,
the possibility of fatal collisions or unnecessary interference
between spacecraft increases [2]. This interference and addi-
tional congestion include the radiofrequency (RF) domain,
with global satellite communications taking advantage of
numerous and ever-increasing number of spot beam emitters
with varying frequencies and pointing locations [3]. There-
fore, building a global RF beam pattern database should
help mitigate global RF interference by offering the best
knowledge of the positions of spacecraft source emitters and
mapping the pattern knowledge of the spot beams of commu-
nications satellites in or near geostationary orbit. An aware-
ness and identification method can provide reasonable esti-
mates of beam location, gain, frequency, and emitter position

that are useful for verifying or monitoring a spot beam’s
pattern. The ability of this method to identify the location of
spot beam emitters through the use of nanosatellite-class (i.e.,
CubeSat) spacecraft is analyzed.

To verify and monitor the global RF signal usage of
satellites in the GEO belt, the traditional approach takes
advantage of a wideband spectrum receiver at a fixed ground
station terminal [4]. Although satellite signals can be mea-
sured in this manner, the ground data obtained via the above
measurements represent a single ground point in a region and
are applicable only in particular area. To circumvent these
difficulties, a CubeSat mission was recently proposed as an
effective method of verifying the spot beams of geostationary
communications satellites. The CubeSat mission would carry
out this verification by mapping GEO spot beams from low
Earth orbit (LEO), making it possible to establish a moni-
toring station with no territorial limitation and to generate
a beam pattern database with higher resolution than one
based on fixed ground site measurements of GEO signals [5].
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Unfortunately, this mission did not provide an appropriate
method for identifying the location of a spot beam emitter,
resulting in the database containing incomplete RF knowl-
edge. Based on the above, it is necessary to put forward
a location-awareness method to identify the positions of
spot beam emitters and obtain complete RF knowledge with
respect to geostationary communications satellites.

In another study, Bentley investigated RF signal geolo-
cation techniques applied to geostationary satellites. This
technique focused on the use of time difference of arrival
(TDOA) and frequency difference of arrival (FDOA) to
locate interference [6]. Small studied multiple methods of
locating source transmitters on the ground and simulated
different methods with various sensor configurations and
signal properties [7]. However, the aforementioned methods
are useful only for locating ground emitters. Moreover, mul-
tiple monitoring satellites are required to extract meaningful
geolocation information at the same time. It is difficult
to determine the locations of the spot beam emitters of
geostationary communications satellites because the spot
beam is very narrow. In this case, the spot beam cannot cover
multiple monitoring satellites at the same time. Research on
methods of determining a transmitter’s position with a single
moving sensor has also recently gained interest. The bearing-
onlymethod is an effective solution for determining the angle
of arrival (AOA) from a signal source to a moving sensor to
estimate the position of a signal emitter [8–12]. Unfortunately,
earlier location-based methods for measuring bearings using
a single observer were applicable only to ground and air
targets. Since the target and observer are both satellites, with
kinetic characteristics that are different from those of ground
and air objects, the above methods do not work in the spot
beam emitter location-awarenessmethod that uses a CubeSat
[13, 14].

The shortcomings of the above processes, which are
currently used to identify the emitter locations of GEO
communications satellites, call for a more active and robust
GEO spot beam emitter location-awareness method. In this
paper, we propose a new location-awarenessmethod that uses
a CubeSat to locate the spot beam emitters of geostationary
communications satellites. Section 2 presents the problem
formulation. Section 3 focuses on simulations of the CubeSat
location-awareness process. In Section 4, the differentmetrics
used to evaluate the performances of algorithms are dis-
cussed. Finally, concluding remarks are provided in Section 5.

2. Problem Formulation

In this section, first, the geometry used in the spot beam
emitter location awareness is described. Then, the spacecraft
dynamics and the measurement process associated with the
onboard sensor are discussed. Finally, the extended Kalman
filter (EKF) estimation algorithm is applied to estimate the
position and velocity of a GEO communications satellite’s
emitter.

2.1. Geometry for Spot Beam Emitter Location Awareness. In
this paper, a novel approach that involves flying a CubeSat
through spot beams of an emitter at the altitude of an LEO
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Figure 1: Awareness method of locating a GEO signal emitter.

Comm-
satelliteCubeSat

x

y

z

O

Figure 2: Geometry of the location-awareness system.

is adopted to identify the location of a spot beam emitter.
Figure 1 depicts the awareness method of locating a GEO
signal emitter.

The model for the location-awareness system is set up in
the standard J2000 Earth centered inertial (ECI) reference
frame. The communications satellite and the CubeSat are
regarded as two particles that move in response to Earth’s
gravity. The details are given in Figure 2.

In the J2000 ECI reference frame’s coordinates, the
position and velocity vectors for the communications satellite
are expressed as 𝑟com = (𝑥com, 𝑦com, 𝑧com) and Vcom =(V𝑥com, V𝑦com, V𝑧com), respectively. The corresponding vectors
for the CubeSat are expressed as 𝑟cub = (𝑥cub, 𝑦cub, 𝑧cub) and
Vcub = (V𝑥cub, V𝑦cub, V𝑧cub).
2.2. Equations of Motion for the Spacecraft. Normally, we
assume that Earth and a satellite can be considered a sphere
and a particle, respectively, and that they constitute a two-
body system. In the two-body system, the satellite is affected
by Earth’s gravity. The gravity (𝐹) can be written as

𝐹 = −𝐺𝑀𝑚𝑟2 ⋅ r𝑟 , (1)

where 𝐺 is the gravitational constant, 𝑀 and 𝑚 denote the
masses of Earth and the satellite, respectively, r = (𝑥, 𝑦, 𝑧) is
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the satellite’s position vector, and 𝑟 is a scalar that denotes the
distance between the satellite and the center of Earth.

According to Newton’s second law, the satellite’s motion
is expressed as follows:

a = 𝐹𝑚 = − 𝜇𝑟2 ⋅ r𝑟 , (2)

where a = (𝑎𝑥, 𝑎𝑦, 𝑎𝑧) is the three-dimensional acceleration
vector of the satellite and 𝜇 = 𝐺𝑀 is the geocentric gravi-
tational constant, the value of which is approximately equal
to 3.986004415 × 1014m3/s2, according the International
Astronomical Union (IAU).

The parameters of the spacecraft’s motion at time 𝑡 =𝑖𝑇, 𝑖 = 1, 2, 3, . . . (𝑇 denotes the sampling interval) can be
calculated using the following iterative method:

r𝑖 = r𝑖−1 + v𝑖−1 ⋅ 𝑇 + a𝑖−1 ⋅ 𝑇22
v𝑖 = v𝑖−1 + a𝑖−1 ⋅ 𝑇
a𝑖 = − 𝜇𝑟2 ⋅ r𝑖𝑟 .

(3)

Furthermore, the state vector of the spacecraft’s motion
can be derived as follows:

X𝑖 = X𝑖−1 + Ẋ𝑖−1 ⋅ 𝑇 + 𝐵 ⋅ Ẋ𝑖−1 ⋅ 𝑇22 , (4)

where X = [𝑟𝑥 𝑟𝑦 𝑟𝑧 V𝑥 V𝑦 V𝑧] is a six-dimensional
state vector that describes the position and velocity of the
spacecraft, with the “prime” symbol (  ) denoting matrix
transposition, Ẋ = [V𝑥 V𝑦 V𝑧 𝑎𝑥 𝑎𝑦 𝑎𝑧] is the derivative
of X, and

𝐵 = [𝑂 𝐼𝑂 𝑂] , (5)

where I is a 3 × 3 identity matrix and O is a 3 × 3 null matrix.
In the two-body problem, substituting (2) into (4) yields

the expression for the state model of the spacecraft:

X𝑖

=

[[[[[[[[[[[[[[[[[[[[[

1 − 𝜇𝑟3 ⋅ 𝑇22 0 0 𝑇 0 0
0 1 − 𝜇𝑟3 ⋅ 𝑇22 0 0 𝑇 0
0 0 1 − 𝜇𝑟3 ⋅ 𝑇22 0 0 𝑇

− 𝜇𝑟3 ⋅ 𝑇 0 0 1 0 0
0 − 𝜇𝑟3 ⋅ 𝑇 0 0 1 0
0 0 − 𝜇𝑟3 ⋅ 𝑇 0 0 1

]]]]]]]]]]]]]]]]]]]]]

X𝑖−1

= 𝐴 𝑖−1X𝑖−1.

(6)

It should be noted that (6) is derived with the assumption
that the spacecraft’s acceleration is constant between the two
samplings. This assumption is discussed in Section 4.
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Figure 3: Overall emitter and CubeSat geometry showing azimuth
and elevation angles.

2.3. Measurement Process. To obtain a measurement for
the spot beam emitter of a geostationary communications
satellite, it is necessary to have a bearing sensor onboard
the CubeSat and to obtain the position information of the
CubeSat. The location-aware CubeSat, during a notional
orbit, is expected to physically fly through a large number
of spot beams with coverage areas of various sizes. Once the
emitter signal is detected, the CubeSat with a bearing sensor
measures azimuth and elevation angles of the incoming
signals and outputs position information at the same time.
The position of the CubeSat can be obtained from the GPS
receiver mounted on it [15]. Figure 3 shows the overall
azimuth and elevation angles of the CubeSat with respect to
the target emitter. The angles are given by

𝛽 = tan−1 (𝑥com − 𝑥cub𝑦com − 𝑦cub )
𝜀 = tan−1( 𝑧com − 𝑧cub√(𝑥com − 𝑥cub)2 + (𝑦com − 𝑦cub)2). (7)

It should be noted that (7) are defined in the CubeSat
frame. The CubeSat frame’s axes are parallel to Earth Cen-
tered Inertial (ECI) frame.

Furthermore, the measurement matrix defined by (8) is a
nonlinear problem:

𝑍 = [𝛽𝜀] = 𝑓 (X) (8)

2.4. Description of the Extended Kalman Filter Equations. The
state transition vector is given by

X̂ (𝑖) = 𝐴 (𝑖 − 1)X (𝑖 − 1) +W (𝑖) , (9)

where X̂(𝑖) represents a filter estimate of the true state vector
X(𝑖) based on 𝑖 measurements and the error sequences
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described by W(𝑖) with variance 𝑄 = 10−2m2/s4. It should
be noted thatW(𝑖) is introduced to model the disturbance on
satellite movement.

The corresponding filter estimate of the state error covari-
ance is given by�̂� (𝑖) = 𝐴 (𝑖 − 1) 𝑃 (𝑖 − 1) 𝐴 (𝑖 − 1) + 𝑄. (10)

The nonlinear measurement equations are rewritten with
additive measurement noise as

𝛽 = tan−1 (𝑥com − 𝑥cub𝑦com − 𝑦cub ) + 𝛿𝛽
𝜀 = tan−1( 𝑧com − 𝑧cub√(𝑥com − 𝑥cub)2 + (𝑦com − 𝑦cub)2)+ 𝛿𝜀,

(11)

where 𝛿𝛽 and 𝛿𝜀 are assumed to be mutually independent
zero-mean Gaussian white noise with variances 𝑅.

Computing the partial derivative of nonlinear equations
(11) yields𝜕𝛽𝜕𝑥com

= (𝑦com − 𝑦cub)2(𝑥com − 𝑥cub)2 + (𝑦com − 𝑦cub)2 ⋅ 1𝑦com − 𝑦cub𝜕𝛽𝜕𝑦com = 𝑥cub − 𝑥com(𝑥com − 𝑥cub)2 + (𝑦com − 𝑦cub)2𝜕𝛽𝜕𝑧com = 0
𝜕𝜀𝜕𝑦com
= (𝑧com − 𝑧cub) ⋅ (𝑥cub − 𝑥com)(𝑥com − 𝑥cub)2 + (𝑦com − 𝑦cub)2 + (𝑧com − 𝑧cub)2
⋅ 1√(𝑥com − 𝑥cub)2 + (𝑦com − 𝑦cub)2𝜕𝜀𝜕𝑦com

= (𝑧com − 𝑧cub) ⋅ (𝑦cub − 𝑦com)(𝑥com − 𝑥cub)2 + (𝑦com − 𝑦cub)2 + (𝑧com − 𝑧cub)2
⋅ 1√(𝑥com − 𝑥cub)2 + (𝑦com − 𝑦cub)2𝜕𝜀𝜕𝑧com

= √(𝑥com − 𝑥cub)2 + (𝑦com − 𝑦cub)2(𝑥com − 𝑥cub)2 + (𝑦com − 𝑦cub)2 + (𝑧com − 𝑧cub)2 .

(12)

The linearized formof the nonlinearmeasurementmatrix
becomes

𝐻(𝑖) = 𝜕𝑓𝜕X X=X̂(i)
= [[[[

𝜕𝛽𝜕𝑥com 𝜕𝛽𝜕𝑦com 𝜕𝛽𝜕𝑧com 0 0 0𝜕𝜀𝜕𝑥com 𝜕𝜀𝜕𝑦com 𝜕𝜀𝜕𝑧com 0 0 0
]]]]
. (13)

The Kalman gain can be calculated as follows:

𝐾 (𝑖) = 𝑃 (𝑖)𝐻 (𝑖) [𝐻 (𝑖) 𝑃 (𝑖)𝐻 (𝑖) + 𝑅 (𝑖)]−1 . (14)

The state estimate and error covariance are updated using
(15), respectively.

X (𝑖) = X̂ (𝑖) + 𝐾 (𝑖) [𝑧 (𝑖) − 𝑓 (X̂ (𝑖))]
𝑃 (𝑖) = [𝐼 − 𝐾 (𝑖)𝐻 (𝑖)] �̂� (𝑖) . (15)

3. Model Simulation

The CubeSat location-awareness process was modeled using
the Systems Tool Kit (STK) to simulate a scene in which a
CubeSat receives signals from GEO communications satel-
lites, and bearing data and the CubeSat’s position can be
obtained from it. The Intelsat Galaxy 28 (G-28) GEO satellite
was chosen for modeling in the Ku-band. The G-28 satellite
maintains spot beams within the Ku-band and the C-band
[16], but these were not jointly modeled since the Ku-band
beams, being smaller, provided a better means for capability
assessment. It was determined that if the CubeSat could
reliably locate the Ku-band beam emitter, then the C-band
beam emitter for larger coverage could also be located.

Since most companies do not publish exact antenna and
transmission power levels due to their proprietary nature,
typical antenna sizes for the simulated K-band beams were
assumed in this paper [17–19].The simulated Ku-band anten-
nas were assumed to be 1m in diameter and beamswere set to
approximately 12GHz [20]. To model the beams accurately,
half-power sensors were combined to notionally match the
conical shape of the half-power beam width (HPBW) of the
patterns. Figure 4 shows an Earth view of the modeled G-28
emitter of beams in the Ku-band.

A special case beam used the same antenna size as
that of the Ku-band beams but had a frequency that was
increased from the base Ku-band (12GHz) to the Ka-band
(30GHz). Increasing the transmission frequency reduced
the HPBW and thus reduced the beam’s coverage area [20].
The increased-frequency emitter, therefore, became harder
to locate since it required a much shorter time than lower-
frequency emitter.Themodel of the Ka-band beams is shown
in Figure 5.

UsingG-28 as the basicGEOcommunications satellite for
the CubeSat location-awareness scenario, a CubeSat was then
added to the scenario as themonitoring satellite. Note that the
CubeSat location-awarenessmodelwas built based on the fact
that GEO satellite beams can be detected and mapped under
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Figure 4: Modeled G-28 emitter of beams in the Ku-band.

Figure 5: Modeled G-28 emitter of beams in the Ka-band.

Table 1: Constraints for the CubeSat constellations and orbits.

Constellation altitude: 350 km–500 km
Constellation inclination: 68 degrees
Payload sampling rate: 1 s per data point
CubeSat planes: 2 planes
Number of CubeSats: 3 satellites
Duration: 3 days

the best monitoring conditions.This is because the best beam
pattern knowledge can be gained. Therefore, it is necessary
to satisfy the basic constraints on CubeSat constellations and
orbits mentioned in another paper [5]. These constraints
are summarized in Table 1. It must be noted that multiple
CubeSats were modeled to increase the responsiveness and
shorten the necessary data collection duration of the project.
However, in the location-awareness process, any CubeSat can
locate a GEO emitter alone. Furthermore, further research is
still a matter of concern for the CubeSat constellations and
orbits. A heuristic design technique was recommended in
paper [21].

After modeling the CubeSat location awareness, the
positions of the CubeSat and the GEO satellite were collected
whenever the CubeSat received a signal from the GEO
emitter. Finally, this position information was converted into
bearing measurement data and then exported to MATLAB
for verification of the location algorithm.

4. Simulation Results and Analysis

4.1. Simulation of the CubeSat Location-Awareness Geometry.
The CubeSat location-awareness model was run for three

0 5 10 15

012345

GEO trajectory
CubeSat trajectory

x (m)y (m) −5
×106

×106

×107

−5

0

5

z
(m

)

Figure 6: CubeSat and GEO satellite geometry.
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days using the STK.The simulation results indicated that the
CubeSat received a signal from the GEO satellite many times
and that the duration of each signal reception was less than
1200 s. A set of data for the CubeSat and the GEO satellite
geometry was chosen for the analysis of the final positioning
results, shown in Figure 6.

As discussed in the previous section, the satellite’s motion
is complex and nonlinear. As an approximation method,
we considered the two-body problem with constant accel-
eration between two samplings. However, this approxima-
tion method could produce position errors in the location-
awareness process. The errors were calculated by comparing
the state model established by (4) with the GEO satellite’s
real trajectory simulated by STK. In Figure 7, the position
error is graphed against the time of measurement.The largest
position error with respect to the simulation result was 98m.

4.2. Simulation of the Ku-Band Beam Emitter. To check the
performance of the EKF, the algorithm was tested in three
different cases for the Ku-band beam model. The simulation
time was set to 1200 s, and the filtering cycle was 1 s long.
The initial position error was fixed at 106m in the first case.
To simulate the data measurement errors, the raw bearings
were corrupted by additive zero-meanGaussian noise prior to
processing. Three different noise levels were used to analyze
the position and velocity errors. Figure 8 depicts the root
mean square error (RMSE) in the position and the velocity
obtained with a root mean square (RMS) noise level of 0.01∘.
Figures 9 and 10 correspond to RMS noise levels of 0.05∘ and
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Figure 8: RMSEs of the position and velocity for a measurement noise level of 0.01∘.
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Figure 9: RMSEs of the position and velocity for a measurement noise level of 0.05∘.
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Figure 10: RMSEs of the position and velocity for a measurement noise level of 0.1∘.

0.1∘, respectively. The measurement accuracy can be met by
direction finding algorithm in paper [22].

Figures 8–10 show that, in the location-awareness model,
the EKF is able to successfully estimate the position of the
GEO satellite emitter and subsequently continue to track it.
The increase in the noise level decreases the time required for
convergence and results in a smaller error magnitude when
convergence is achieved. When the measurement noise level
is 0.1∘, the solution does not really converge until the simu-
lation is nearly complete, that is, after 926 samplings. When
the measurement noise level is 0.01∘, the solution converges
when the simulation is approximately halfway complete, that
is, after approximately 650 measurements. The simulation
results for different noise levels are summarized in Table 2. As
a result, the bearing measurement must be accurate to within

Table 2: Simulation results for the different noise levels.

Noise level, ∘ RMSE convergence value, m Convergence time, s
0.01 962 672
0.05 2126 923
0.1 8294 926

0.01∘ to satisfy the performance requirement of the location-
awareness method. Moreover, the RMSE of the velocity is a
relatively stable estimate, as indicated by Figures 8–10.

In the second case, the initial position errorwas simulated
with themaximumvalue (107m), and themeasurement noise
level was set to 0.01∘. Figure 11 depicts the RMSEs of the
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Figure 11: RMSEs of the position and velocity in the second case.
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Figure 13: RMSEs of the position and velocity for the Ka-band beam emitter.

position and velocity with respect to time. It shows that the
performance of the EKF is significantly worse when the initial
condition is poor.

In the third case, an initial error of 100m/s in the velocity
was added to the simulation. The initial position error was
set to 106m, and the simulated measurement noise level was
0.01∘. The RMSEs of the position and velocity are depicted in
Figure 12.

As in the previous results, the RMSEs of the position
and velocity converge to steady-state values as the time of
measurement increases. However, a longer time is required
for convergence, and a greater errormagnitude is foundwhen
the initial error in the velocity is added to the simulation.
Furthermore, the results presented here demonstrate that the
performance of the location-awareness method is affected by

the initial state error. As a result, further improvements to the
algorithms will be made to reduce the influence of the initial
state error and enhance the convergence speed.

4.3. Simulation of Ka-Band Beam Emitter. The time required
for the CubeSat to receive a Ka-band beam emitter signal is
less than 180 s, according to the location-awareness model
result obtained using the STK. The simulation data for the
Ka-band beam emitter were output and then simulated using
MATLAB. In this simulation, the initial position error was
106m. In Figure 13, the RMSEs of the position and velocity as
functions of the measurement time are shown. By the 172nd
computation, the RMSE of the position had settled from
the initial choice of 106m to approximately 5 × 103m. This
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result is worse because the time required to receive a signal
is much shorter for the Ka-band beam emitter. Furthermore,
the RMSE of the velocity fluctuated slightly for the duration.

5. Conclusions

In this paper, a location-awareness method that uses a Cube-
Sat was proposed as a new approach to monitor and identify
the emitters of GEO communications satellites on a global
scale. The proposed work represented a preliminary analysis
of the problem. A realistic scenario in which a CubeSat
receives signals from GEO communications satellites was
simulated using the STK, throughwhich bearing and position
data were collected. The geometry, the spacecraft equations
of motion, the measurement process, and the EKF equations
in a location system were addressed with respect to the
location methods investigated in this study.The results of the
simulation and the analysis presented in this study provide
a thorough verification of the location-awareness method’s
performance.

The bearing measurement accuracy and the initial state
error are two critical parameters that impact the capability
of the location-awareness method significantly. Therefore,
to satisfy the performance requirement of the location-
awareness method, the bearing measurement is required to
be accurate to within 0.01∘, and the initial position error is
required to be less than 106m. As a difficult case, the positon
of a Ka-band beam emitter was estimated successfully to
show that the method is suitable for emitters with various
frequencies. Most importantly, no evidence of instability was
observed in all tests. Therefore, it is concluded that the
location-awarenessmethod offers an active solution formon-
itoring and identifying the emitters of GEO communications
satellites.
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