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ABSTRACT 

Debris with size less than 2 mm is called sub-millimeter debris. They have enough energy to cause fatal damage on 
a spacecraft, but cannot be tracked from the ground. Kyushu University has initiated the development of the in-situ 
measurement satellite to have a better understanding of the sub-millimeter-size debris environment. In order to 
investigate the natures of orbital planes on which debris may impact with the measurement satellite, the previous 
study has developed a collision flux model, to estimate the collision flux of debris into the measurement satellites, 
assuming both debris and measurement satellites are on circular orbits. This paper generalizes the previous 
assumption to be applicable to elliptical orbits. This paper proposes an environmental estimation model that 
estimates the distribution of sub-millimeter-size debris by using in-situ measurements by applying the nature to the 
algorithm of the particle filter. Finally, the proposed model using the particle filter is verified by numerical 
simulation using MASTER-2009.  

1 Introduction 

Currently, debris over 10 cm in length are tracked by optical observations and are cataloged at the Combined Space 
Operations Center (CSpOC). Also, debris over 2 mm in LEO can be observed from the ground by radar observation 
[1]. On the other hand, not enough information about debris with size less than 2 mm have been obtained due to the 
collision traces to the space shuttle. There is no means to observe them from the ground, and they are called sub-
millimeter debris. Even if they are small, they are very fast and have enough energy to cause fatal damage on a 
spacecraft. Therefore,  sub-millimeter debris is a sufficient threat as well as large debris.  

 NASA ORDEM 3.0 [2] and ESA MASTER-2009 [3] are environmental models that estimate debris environment. 
However, Krisko et al. (2015) have reported that space debris fluxes estimated for several test cases by both models 
showed significant differences [4]. Differences in philosophy between ORDEM 3.0 and MASTER-2009 may be a 
major reason but not all. Knowledge on sub-millimeter-size debris was mainly obtained from scanning the surfaces 
of returned spacecraft such as US Space Shuttles. However, returned spacecraft are quite limited in terms of orbital 
regime and not continuously available yet. Therefore, the current modeling of orbital debris environment does not 
include any knowledge on sub-millimeter-size debris from recent major breakups such as the Chinese Anti-satellite 
Test using Fengyun-1C in January 2007 and the US Iridium 33 and Russian Cosmos 2251 accidental collision in 
February 2009. This situation may also account for the differences in the space debris flux between ORDEM 3.0 and 
MASTER-2009. 

In building a model to understand space debris environment, collision probability is very important in measuring 
the collision risk of the debris environment. A collision flux model called Spherical Finite Model (SFM) adopted by 
ESA has successfully created an estimation of collision flux in space debris environment, which can be seen in 
MASTER-2009 Model. This model splits the Earth along its geocentric distance, radius, and declination. As shown 
in Fig.1, SFM takes account of each cell when the both orbits of debris and satellites are passing in the same cell. 
From each cell, the total probability can be calculated and the collision flux can be estimated. Based on of the idea 
of SFM, Furumoto et al. (2017) have developed a new model called torus model [5]. The torus model transforms the 
cells of which both measurement satellites and debris passed into a part of torus, as shown in Fig.1. The advantage 
of this model is owed to the fact that torus model only requires small computational time compared to SFM. 
However, the assumption made by this model, is that both measurement satellites and debris are moving on circular 
orbits. This is not true in the real application of measurement satellites that move on an elliptical orbit. Therefore, a 
new model that can approach the estimation in more realistic way is necessary. 
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Fig. 1. Control volumes of collision flux calculation (Left : Spherical Finite Elements Model, Right : Torus model) 

 

Therefore, this paper investigates natures of sub-millimeter debris that can be detected by measurement satellite on 
an elliptical orbit. Using SFM, the debris that may be detected by a measurement satellite can be estimated. This 
paper also creates two new collision flux models that calculate the collision flux into a measurement satellite. In 
these models, debris is assumed to be on a circular orbit, and satellite is assumed to be on an elliptical orbit. This 
paper also proposes an environmental model that estimates the distribution of sub-millimeter-size debris by using in-
situ measurements by applying the nature to the algorithm of the particle filter. Particle filters require a likelihood, 
which represents a probability that observation data is available in the estimated state of the system. The likelihood 
function is calculated by the collision flux model. Finally, the proposed model using the particle filter is verified by 
numerical simulations using MASTER-2009. 

2 Natures of sub-millimeter debris that can be detected 

The knowledge of the orbital parameters is important to understand the nature of the debris that may be detected by 
a measurement satellite on an elliptical orbit. If detectable debris has some certain natural orbital features, it will be 
possible to create a necessary adjustment for calculating a simpler collision flux model. This section describes the 
nature of an orbit on which a piece of debris that may be detected by the measurement satellite on an elliptical orbit.  

2.1 Spherical Finite Model 

In measuring the collision risk in the space environment that might be encountered by the measurement satellite on 
an elliptical orbit, SFM can be used. In SFM, the Earth is divided by its geocentric right ascension, declination, and 
radius from the center of the Earth into cells. The dimension of the cell is defined and fitted into a dimension of a 
sphere. The geocentric right ascension and declination of the cell are set to 1 °, while each geocentric radius for the 
cell is set to 20 km. The SFM is illustrated in Fig. 2. 

 

 
Fig. 2. SFM (Left : Spherical Finite Elements Model, Right : Cell). 

 

In this method, when there is a cell in which the orbits of measurement satellite and debris pass by, the collision flux 
that represents the collision probability in that cell is calculated as.  
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ϕ = 
pp'∆v
Vcell

(1) 

 

where p and p' represent the probabilities that the measurement satellite and the debris will be in the cell, 
respectively, ∆v represents the relative velocity between the measurement satellite and the pieces of debris, and Vcell 
represents the volume of the cell in which both the measurements satellite and the pieces of debris are. The collision 
flux along the orbit can be calculated by summing up individual collision flux contributions evaluated in all cells 
through which the measurement satellite passes. 

2.2 New collision flux model : Torus model in elliptical orbit  

Torus model used in Furumoto et al. (2017) has splendidly evaluated the collision flux for the estimation of debris 
and the measurement satellite on circular orbits. In order to apply this model to the measurement satellite on an 
elliptical orbit, this paper defines the inspection volume as shown in Fig.3.  

 

 
Fig. 3. Torus model. 

 

This inspection volume Vcell can be calculated by 

 

Vcell = 2π2R2rnodal (2) 

 

where R = 30 km in this paper. rnodal represents the position where the orbit of debris and that of measurement 
satellite intersect. Because a torus rotates a circle with radius R along the orbit of debris, the orbit of debris is always 
inside the inspection volume (p'	=	1). The existence probability p of the measurement satellite can be calculated with 
the true anomaly fin and  fout	 where the measurement satellite enters and exits a torus. 

2.3 New collision flux model : Ring model  

Ring model considers a ring as shown in Fig 4. The cross-section of the ring is created by taking an angle, δ, part of 
an annulus. From that cross-section, the integration along the orbit of the debris creates a ring described in Fig 5. 
The tolerance radius, R, for this cell is set to match with the volume of the torus model. 

 

 

         Fig. 4. Torus model.                                 Fig. 5. Cross section. 
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The inspection volume Vcell can be calculated as 

 

Vcell = 4π2Rδ (3) 

 

where R	=	45 [km],	δ	=	1 [°]. Like torus model, the orbit of debris is always inside the inspection volume (p'	=	1). 
The existence probability p of the measurement satellite can be analytically obtained with the true anomaly fin and 
fout	where measurement satellite enters and exits the ring. 

2.4 Obtained data  

Through the approach of SFM, the nature of debris that may be detected by the measurement satellite on an 
elliptical orbit is investigated. Table 1 summarizes the conditions of the orbit of the measurement satellite. The 
simulation was conducted by propagating the measurement satellite and debris in LEO over 725 days, which 
provides debris distributions that the measurement satellite on the elliptical orbit would detect. Figure 6 represents 
the distribution of debris by its eccentricity. The range of the eccentricity is from 0 to 1. It is confirmed that more 
than 95% of the detectable debris have their orbital eccentricities between 0 to 0.1.  It is also important to take a 
remark that around 70% of the debris is in the range of 0 – 0.01. From these results, this paper concludes that the 
debris that may be detected by measurement satellite on an elliptical orbit is moving on orbits close to circular 
orbits.  

 

Table 1. Initial condition. 

Parameter Value 

Semi-major axis asc [km] 7050.0 

Eccentricity esc [-] 0.019 

RAAN1 Ωsc [deg] 75.8 

Inclination isc [deg]   97.6 

Argument of perihelion wsc	[deg] 138.9 
                                1 Right ascension of ascending node 

                                                                                                      
Table 2. Cumulative ratio of eccentricity 

Eccentricity Cumulative 
frequency 

Cumulative 
relative frequency 

0 – 0.01  80863 0.704 

0 – 0.1 110610 0.961 

0 – 1 115134 1.0 

 

 

          Fig. 6. Distribution of debris by its eccentricity 

2.5 Simulation using SFM 

This section evaluates collision flux model proposed in this paper by simulation using SFM. Table 3 summarizes 
the conditions of the orbit of the measurement satellite and debris. Figure 7 represents the collision flux distribution 
by debris right ascension of the ascending node at argument of true latitude of 170 °. This result reveals that two 
models match well. This result also reveals that the collision flux model proposed in this paper and simulation 
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results match well. Table 4 shows the computational time of ring model and torus model. From this result, higher 
computational time is required for the torus model. In the ring model, the true anomaly is analytically calculated. On 
the other hand, in torus model, the true anomaly is calculated by the numerical method. This paper thus concludes 
that the ring model is more feasible for the collision flux estimation. 

 

Table 3. Orbital parameter 

Parameter Value 

Semi-major axis asc [km] 7050.0 

Eccentricity esc [-] 0.019 

RAAN Ωsc [deg] 75.8 

Inclination isc [deg] 97.6 

Argument of perihelion wsc	[deg] 138.9 

Eccentricity edb [-] 0.0 

 

 

Table 4. Computational time comparison 

Model n times of 
calculation Time (s) 

Ring 10,000 4.028 

Torus 10,000 89.971 

 

 

Fig. 7. Collision flux (u =170 [deg]) 

3 Dynamic environmental estimation model  

This section describes an environmental model that estimates the distribution of sub-millimeter-size debris by 
using in-situ measurements. To estimate a state of a system using sequential measurement data, a Kalman filter is 
generally used. Although Kalman filter assumes that there is a linear relationship between system states and 
observations, the time and location of impacts cannot be determined from the debris environment. By applying the 
algorithm of the particle filter, this paper proposes a dynamic environmental estimation model. 

3.1 Particle filter  

The Particle filter (PF) proposed by Kitagawa (1996) is one of the non-linear Kalman filters [6]. PF requires a 
likelihood, which represents a probability that the observation data is available in the estimated state of the system. 
Thus PF suits theories of environmental model proposed in this paper. In PF, the state of the system to be estimated 
is expressed as the ensemble of state vector x(k).  The estimated state is propagated and modified as following. First, 
x(k) is propagated by following Eq. (4).  

 

xt = ft(xt-1, vt) (4) 
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where ft represents a mapping from xt-1 to xt, and vt represents system noise. This equation is called system model. 
Then, likelihood l(k) = P(y|x(k))	is calculated by Eq. (5) to evaluate how each particle fits into a measurement data, 
y = (t,	r)	where t and r represent the time and position of each detection.  

 

yt = ht(xt, wt) (5) 

 

where ht represents a mapping from xt to yt, and wt represents observation noise. This equation is called observation 
model. After that, L = ∑ l(k)Np

k	=	1  is calculated where Np represent the total number of state vector x(k). Finally, state 
vector x(k) are resampled with probability of l(k)/L. By repeating these operations, x(k) is always predicted based on 
the latest data. 

3.2 Modeling of the sub-millimeter-size debris environment 

This section defines state vector, system model and observation model to apply the algorithm of the PF to the 
environmental estimation model.  

First, in the environmental estimation model, a state vector represents the distribution of debris. From results of 
2.4, the target debris are assumed to be on a circular orbit at the same altitude as the measurement satellite.  In the 
collision method, the position on the orbit is represented as the existence probability, so the phase is not considered. 
Hence, the state vector x(k) is defined as  

 

x(k) = (Nd, Ω1, i1, Ω2, i2, … , Ωn, in) (6) 

 

where Nd, Ω, i and n represent the number of debris in each orbit, the right ascension of the ascending node, the 
inclination and the number of debris, respectively.  

  Second, orbital debris are propagated according to the system model. Since each orbit changes over time due to 
perturbation, the system model is defined with perturbation. The model proposed in this paper considers the nodal 
regression due to the Earth’s oblateness, which is the most dominant perturbation force in the low earth orbital 
region. In addition. a random noise is added to propagation to express the uncertainly of estimation. Therefore, the 
propagations from an epoch t to a next step of t + Δt are defined as 

 

Nd(t + ∆t) = Nd(t)	+	∆tvN (7) 

Ω(t + ∆t) = Ω(t) + ∆t&−
3
2

J2ae
2

p2 ncosi+vΩ( (8) 

i(t + ∆t) = i(t) + ∆tvi (9) 

 

where v represents the noise that follows a normal distribution.  

Third, the likelihood is calculated according to the observation model as the probability that the observed impact 
data is available in the estimated debris distribution expressed each state vectors. Impacts of a piece of debris may 
be assumed an inhomogeneous Poisson process, a point process of which the probability changes depending a time 
or location. Daley and Verejones (2003) [7] described that a likelihood of an inhomogeneous Poisson process is 
determined by 
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log l )y1, . . . , yn* = + log λ )yi* 	− , λ(t)dt    
t + ∆t

t

n

j = 1

(10) 

 

where λ and n represents the expected number of impacts and the number of the impact data that were measured 
from t + ∆t. The expected number of impacts is calculated as the collision flux by using the ring model. The first 
term on the right side in Eq. (10) expresses the logarithm of the collision rate onto the satellite at the location of the 
measurement data. That is determined by calculating the collision flux between the satellite and the debris in the 
orbital plane found by the constraint equation with the measured location of the impact [8].  The second term on the 
right side in Eq. (10) expresses the total collision rate during a calculation step.   

4 Verification by simulation  

This section evaluates the proposed environmental estimation model. Since the true sub-millimeter debris 
distribution is unknown, this paper verifies the environmental estimation model by using MASTER-2009. The flow 
of verification in this section is as follows. First, it is possible to predict a collision with the satellite using 
MASTER-2009. Second, the environment is estimated by using the predicted collision as measurement data in the 
environment estimation model proposed in this paper. Finally, this section compares the environment estimation 
model proposed in this paper with the environment constructed in MASTER-2009.                                  

4.1 Impact simulation using MASTER-2009  

This subsection simulates impacts that an in-situ measurements satellite experience through an in-situ measurement 
based upon a prediction using MASTER-2009.  Table 5 summarizes conditions of simulation. 

MASTER-2009 provides a “Cell Passage Event (CPE)” dump file that defines the positions at which debris may 
contribute to the collision flux onto the satellite.  The CPE dump file also provides the calculated collision flux of 
each position.  Locations and times of impacts with the satellite were predicted by random sampling from the CPE 
depending on the collision flux.  As a simulation result, 99 pieces of debris impacted with the satellite within two 
years of mission. Figure 8 depicts the arguments of latitude of the satellite when the impacts.  These arguments of 
latitude and times of the impacts are considered as the simulated mission data of the in-situ measurements.  Figure 8 
demonstrates that the impacts occur often at higher declinations.  The possible reason of this distribution is that 
many spacecraft and debris are on orbits with high inclinations which pass through the polar regions to intersect one 
another.   

 

Table. 5.  Conditions of the simulation 

Initial epoch [yyyy/mm/dd] 2007/04/01  

Final epoch [yyyy/mm/dd] 2009/04/01 

Orbital elements of the measurement satellite  

  Semi-major axis [km] 7050.056  

  Eccentricity [-] 0.019 

  Right ascension of ascending node [deg] 75.809 

  Inclination [deg] 97.598  

Measurement area [m2] 0.225  
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Fig. 8. Collision flux (u =170 [deg]) 

4.2 Estimation result 

This subsection describes the debris distribution estimated by the proposed model from the simulated measurement 
data shown in Fig. 8. In the estimation, the prediction was updated every 5 days.  Since the estimation model with 
the PF provides the average of the predicted environment as mentioned in Section 3, figures in this subsection depict 
the average of the population of debris in inclination vectors.  

First, the initial distribution is set. This paper validates the proposed model by using the existing models, thus the 
model does not use the existing models for the estimation. Hence, regarding state vectors Ωn is determined by a 
uniform random number between 0 and 360, and in is determined by adding noise according to a normal distribution 
to a value randomly selected from the orbit of the tracked object.  Fig. 9. represents the initial debris environment 
before estimation starts. 

Finally, Fig. 10. present the final result of the environmental estimation.  It is demonstrated that the estimated 
distribution has larger dependency on inclination than right ascension of the ascending node and the polar orbital 
region has the largest population.   

    
          Fig. 9. Distribution at initial condition                                     Fig. 10. Estimated distribution at final epoch      
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This section compares the predictions of the estimation model and MASTER-2009 in collision flux. The estimated 
collision flux shown in this section is the collision flux for the orbit of the measurement satellite based on the result 
of the final estimation distribution as shown in section 4.2. 

First, Fig. 11 represents the distribution of collision flux to collision azimuth for the initial state, estimation results, 
and MASTER-2009. In the initial state, high values are shown near 7.5° and 40°, and the shape is quite different 
from the true value, whereas the estimation result is quite close to the true distribution. However, in the vicinity of 
the collision azimuth angle of 0, which is the highest flux, it is about 50% of the true value. This is probably due to 
the fact that number of collisions is below the average.  

Then, First, Fig. 12 represents the distribution of collision flux to inclination for the initial state, estimation results, 
and MASTER-2009. Compared with the impact distribution due to the initial distribution, the flux in the polar 
orbital region has increased.  

Fig. 11. Impact Azimuth distribution                                     Fig. 12. Inclination distribution      

5 Conclusion 

This paper has shown the natures of sub-millimeter debris that can be detected by a measurement satellite on an 
elliptical orbit. Most of the debris have the orbital eccentricity of around 0-0.01, which are very close to a circular 
orbit. This result gave the advantage for considering the assumption of orbital eccentricity of debris in new model 
approach. This paper also established two new approach for collision flux approximation considering a measurement 
satellite on an elliptical orbit, torus model in elliptical orbit and ring model. The collision flux approximation 
through these two approaches agree with the collision flux simulation performed by using Spherical Finite Model. In 
terms of computational burden, this paper concluded the ring model is more feasible for the collision flux 
estimation. Finally, this paper proposed an environmental model that estimates the distribution of sub-millimeter-
size debris by using in-situ measurements and evaluated the proposed model with simulated in-situ measurement 
data. As a result of comparison with MASTER-2009, it was found that the proposed estimation model can 
reconstruct the predicted distribution of MASTER-2009 from the in-situ measurement data simulated by MASTER-
2009. 

References 

[1] Space Track, https://www.space-track.org/ 

[2] Krisko, P.H., 2014. The new NASA orbital debris engineering model ORDEM 3.0. In: AIAA/AAS 
Astrodynamics Specialist Conference, SPACE Conference and Exposition, (AIAA 2014-4277), 2014. 

[3] Gelhaus, J., et al., 2010. Validation of the ESA-MASTER-2009 space debris population. In: International 
Astronautical Congress 61st, vol. 4, p. 2996. 

[4] Krisko, P.H., Flegel, S., Matney, M.J., Jarkey, D.R., Brau, V. ORDEM 3.0 and MASTER-2009 modeled debris  
population comparison. Acta astronautica 113, 204-211, 2015. 

6092.pdfFirst Int'l. Orbital Debris Conf. (2019)



[5] Furumoto, M., Hanada, T. (2018). An environmental estimation model for in-situ measurements small space 
debris. Advances Space Research, 533–541. 

[6] G. Kitagawa Monte Carlo filter and smoother for non-Gaussian nonlinear state space models J. Comp. Graph. 
Statist., 5 (1) (1996), pp. 1-25 

[7] D.J. Daley, D. Vere-Jones An Introduction to the Theory of Point Processes Springer (2003)  

[8] Furumoto, M., Hanada, T. (2017). Orbital plane constraint applicable for in-situ measurement of sub-millimeter-
size debris. Advances Space Research, 1599–1606. 

6092.pdfFirst Int'l. Orbital Debris Conf. (2019)


