ARTICLE https://nhsjs.com/

A Simulation-Based Framework for Gauging Space Debris Collision
Risk for Small Satellites in Low Earth Orbit

Divish Urvish Shah!

Received March 31, 2026
Accepted July 7, 2026
Electronic access September 15, 2026

The population of Cube Satellites in Low Earth Orbit (LEO) has been steadily increasing since 2016, and is expected to in-
crease even more in 2026, prompting concerns of potential orbital debris damage. This study presents an easy-to-implement
computational system to calculate collision risks for small satellites with various shapes and altitudes. In the system, the debris
flux is estimated by the altitude, the collision probability is modelled using the Poisson distribution, the yearly collision rate is
calculated, the probability that at least one impact occurs in a year is calculated, the energy distribution caused by the impact is
calculated, and the fraction of the impact energy that could be catastrophic to 1U, 3U and 6U CubeSats at the altitudes of 400
km, 550 km and 800 km is calculated. Debris sizes are assumed to follow a power-law distribution and the energy caused by
the impact is assumed to scale with the typical collision speed in LEO is calculated. The results in turn are shown to be that the
collision probability is highest at the highest altitude and highest with the largest area of the satellite exposed. The number of
impacts with high energy causes a strong skewing of the distribution, and thus a few high-energy impacts can significantly affect
mission risk. This model is a simplified version that is not intended to be used in place of more detailed models such as ORDEM

or MASTER but is a reproducible and convenient tool to use as an aid to early CubeSat mission planning.

Introduction

The background state of the environment of orbital debris
has been the subject of several studies that have introduced
complementary methods of describing that environment. The
long-term evolutionary models that were developed, like
LEGEND and other population models, simulate processes of
source/sink populations, fragmentation events, orbital degra-
dation, and future collision activity -6 Studies for individ-
ual fragmentation events have also shown that fragmenta-
tion events, such as the Fengyun-1C breakup and the Cos-
mos/Iridium collision, can significantly alter debris distribu-
tions in significant altitude bands 3.

When it comes to providing high fidelity estimates of
debris-flux, operational models like NASA’s ORDEM family
or ESA’s MASTER related modelling tradition are helpful for
mission design, shielding analysis and risk assessment”~!. At
the same time, research into hypervelocity impact and ballis-
tic limit equations has demonstrated that the susceptibility of
satellite modules is also influenced by impacts’ velocity, an-
gle, size, material, and shield architecture 12-16

New challenges arise from the rapid advances of cube satel-
lite, small-satellite and NewSpace missions. CubeSats are
frequently deployed in congested regions of LEO, have con-
strained propulsion/manoeuvring capabilities, and are typ-
ically constrained by small mass limits for shielding and
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backup systems 720, Other recent research on satellite con-
stellations and sustainability demonstrates that many satellites
can raise collision risk and impact the long-term debris en-
vironment if post mission disposal is not robust enough and
reliability is not sufficiently high '8-21-24,

Research gap

Advanced debris-environment tools give a higher level of reli-
ability, but may be difficult to use and adapt to simple mission
comparisons. The tools don’t always provide a convenient or
obvious method for linking the debris estimates at altitude, the
area of the spacecraft, collision probabilities and impact sever-
ity into a single flow. This means that the early-stage CubeSat
designer might not be able to use it to make a comparison of
risks without further detailed analysis.

Objectives

This study aims to fill this void by developing a simple and re-
peatable computational procedure to estimate collision prob-
ability for 1U, 3U, and 6U CubeSats at common LEO alti-
tudes, the sensitivity of annual collision frequencies to debris
flux and satellite area, simulated debris impact-energy distri-
butions using a power-law size model and a typical collision
speed, and comparing the results with published work on de-
bris environments, hypervelocity impacts, CubeSats, constel-
lations and mission design.
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Background Information

Orbital Debris Environment

Orbital debris consists of inactive spacecraft, rocket bodies,
items left behind from spacecraft missions, spacecraft break-
up, and fragments resulting from spacecraft collisions in LEA.
The debris density at each altitude varies depending on previ-
ous launches, breakups, atmospheric drag, and launch angles
and completion of missions*7-818:19,

The results of fragmentation studies suggest that there
is typically approximate power-law behaviour: small frag-
ments are much more common than large fragments %2,
This is significant for CubeSats, as particles as small as
sub-centimetres and millimetres can have hypervelocity im-
pacts 2714 that can still damage the satellite.

Collision Hazard Modelling

If the flux of debris is not too high, and impact events are
uncorrelated, spacecraft-debris collisions may be considered
random events. The anticipated number of impacts per year
in this instance is A = FA where the debris flux, F, is im-
pacts per square meter per year and A is the effective cross-
sectional area of the spacecraft in square meters. P(N > 1) =
1 —exp(—A) is the probability that at least one collision occurs
in one year. This approach is meant to be simple, and is not
a substitute for more detailed analysis such as conjunction as-
sessment, orbit tracking, shielding studies or advanced debris
modelling. The model does provide a clear method for com-
paring the risk due to elevation and exposed area, however, at
an early design stage.

Methodology

Overview of the Simulation Framework

The main steps of the simulation are: (1) defining the shape
and size of the CubeSat, (2) assigning typical debris flux for
each altitude, (3) applying Monte Carlo procedures, sampling
debris sizes and masses, (4) calculating impact energies, (5)
estimating collision probability using the Poisson method, and
(6) comparing results for different altitudes and satellite sizes.
The analysis of each CubeSat/altitude configuration was done
independently.

Satellite Configurations

There are three different types of CubeSat studied. The cross-
sectional areas are approximate and do not account for solar
panels, antennae, changes in orientation or other attachments.

Configuration Assumed effective cross-sectional area
1U CubeSat 0.01 m?
3U CubeSat 0.03 m?
6U CubeSat 0.06 m?

Orbital Altitudes and Debris-Flux Assumptions

Altitude Assumption based relative debris flux
400 km 5.0 x 107 impacts m™2 yr'!
550 km 1.2 x 10~* impacts m™? yr!
800 km 3.5 x 10~ impacts m™ yr!

Debris Size, Mass, and Impact-Energy Model

The sizes of the debris were distributed following a power law
with a range of particle diameters between 3.0 x 10~* m and
1.0 x 1072 m, and each debris was assumed to be a solid alu-
minium sphere with a density of 2700 kg/m?, and its mass
was calculated as m = p7d? /6. Using 10,000 m/s as a typical
collision speed in LEO and the formula E = %mvz, collision
energy was calculated. A threshold of 1000 J was adopted
for small satellites, corresponding to a loss of a mission. This
number is only an estimation because factors like shielding,
impact angle, location, materials and back-up systems can af-
fect the chances of survival of a spacecraft 1>-16.

Computational Deployment

The random seed of 42 was used in all simulations, which
were performed in Python 3.11 with NumPy for numerical
calculations and Matplotlib for plotting figures. In addition,
100,000 debris samples were used for each of the 100 Cube-
Sat/altitudes. It was then used to choose debris sizes by ran-
dom sampling, after setting the values of the inputs. From
the data produced, additional calculations can be performed
as follows: compute the mass (m) and the energy (E) for each
case; determine the fraction of impacts exceeding the catas-
trophic threshold (E > Ecat); compute the value of A = FA
for each case; and convert A to P(N > 1) = 1 —exp(—A). To
assess the sensitivity of the catastrophic-impact fraction to the
random seed, the tests were repeated 30 times using different
random seeds. The standard deviation was much smaller than
the average, showing that the sample size was large enough
for this comparison.
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Parameter Symbol Adopted value Rationale

Relative collision velocity v 10,000 m s™! Representative LEO debris-collision velocity
Debris density p 2700 kg m Aluminium-like fragment approximation
Power-law exponent o 2.8 Fragmentation-inspired size distribution
Minimum debris diameter Amin 3.0x107*m Lower sampling boundary

Maximum debris diameter dmax 1.0x 10> m Upper sampling boundary
Catastrophic-impact threshold  E, 1000 J Conceptual mission-ending threshold
Samples per configuration N 100,000 Convergence-tested sample size

Random seed - 42 Reproducibility

Summary of Adopted Parameters
Limitations of the Framework

This method includes several approximations. Debris flux
only depends on altitude, no consideration is made for the
orbit’s inclination, collision speed is assumed, spacecraft ori-
entation is not taken into account, not detailed modelling of
shielding effects, no use of real debris catalogues. Thus, the
results should be regarded as approximate comparisons, and
not as official risk values for missions.

Data analysis

Expected Annual Collision Rate

The expected collision rate for 1U, 3U, and 6U CubeSats for
each year is shown in Figure 1. Under this model, the rate
of collision would increase with increasing altitude and area
exposed, because A is proportional to debris flux and area.

—8— 1U CubeSat
—®— 3U CubeSat
—8— 6U CubeSat

Expected annual collision rate, A (yr-1)

460 45;0 560 55‘0 G(IJO 65‘30 760 75‘)0 8(I)0
Orbital altitude (km)

Figure. 1 Expected annual debris-collision frequency as a function
of orbital altitude for 1U, 3U, and 6U CubeSat configurations.

While the probabilities here in this simple one-year model
are low, the trend is unmistakable. The 6U CubeSat at 800km
will have the greatest collision probability annually due to the

largest area and greatest debris flux, while the 1U CubeSat at
400km will have the least collision probability annually, hav-
ing the smallest area and debris flux.

Catastrophic-Impact Fraction

The percentage of impacts having an impact energy greater
than 1000 J is shown in Figure 2. Since for all the cases the de-
bris size, debris speed and energy threshold remain the same,
catastrophic-impact fraction remains almost constant. This is
because it is constructed, not because the actual catastrophic
impact risk is equal at all heights.
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0.0216 0.0216 0.0220

0.020 4

0.015 4

0.010 -

0.005 -

Fraction of simulated impacts = threshold

0.000 -
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Figure. 2 Fraction of simulated impacts exceeding the adopted

catastrophic-impact threshold for representative CubeSat-altitude
cases.

Impact-Energy Distribution
Statistical Variability and Convergence Across

The average catastrophic impact fraction was 0.0216 with a
standard deviation of 0.0005 in 30 different Monte-Carlo runs
of 100,000 samples each. This illustrates that uncertainty due
to random sampling is not a major source of uncertainty com-
pared to the large uncertainty due to the simple assumptions
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Altitude CubeSat Debris flux (m2 yr'l) Area (m?) Expected rate 4 (yr'l) P(>1 collision per year)
400 km 1u 5.0e-05 0.01 5.00e-07 5.00e-07
400 km 3U 5.0e-05 0.03 1.50e-06 1.50e-06
400 km 6U 5.0e-05 0.06 3.00e-06 3.00e-06
550 km 11U 1.2e-04 0.01 1.20e-06 1.20e-06
550 km 3U 1.2e-04 0.03 3.60e-06 3.60e-06
550 km 6U 1.2e-04 0.06 7.20e-06 7.20e-06
800 km 1u 3.5e-04 0.01 3.50e-06 3.50e-06
800 km 3U 3.5e-04 0.03 1.05e-05 1.05e-05
800 km 6U 3.5e-04 0.06 2.10e-05 2.10e-05
Altitude CubeSat configuration Catastrophic-impact fraction Statistical quantity Simulated value
400 km U 0.0216
550 km 3U 0.0216 Median impact energy 6.1]
800 km U 0.0220 Mean impact energy 190.7J
95th percentile energy 269.21]
o000 Maximum simulated energy 70281.6J
Y Catastrophic threshold 1000 J
Fraction > threshold 0.0216
é 6000
@ 40007 Quantity Value
20001 Number of independent runs 30
o - - - - - Samples per run 100,000
Impact kinetic energy (). logarithmic scale Mean catastrophic-impact fraction  0.0216
Standard deviation 0.0005

Figure. 3 Logarithmic distribution of simulated debris-impact ki-
netic energies generated using the adopted power-law debris-size
model.

used in the model.

Discussion

Comparative Review with Published Work

This study’s trends with respect to altitude and area are com-
parable to that of other debris-risk studies. Kessler and Cour-
Palais demonstrated that the more orbiting objects there are
and the larger their cross-section, the more collisions there
will be. This model demonstrates this with the dependence
of A on debris flux and satellite area. Total collision activity
is also found to be affected by the objects in space and their
populations evolution over time by Liou’s studies ™.

This is a typical model that matches the results of more
detailed debris-environment tools, but it is considerably eas-

ier. More sophisticated models, such as ORDEM, MASTER,
LEGEND and DELTA, are based on actual data, follow orbits
and incorporate changes with time, breakup events etc.*>%11,
However, this system is more useful for early comparisons
than for the official mission approval; it only requires three
flux values for different altitudes. The simulated energy dis-
tribution agrees with the results of hypervelocity impact simu-
lations, which shows that the size, speed and protection of the
spacecraft play a significant role in the risk from hypervelocity
impacts 12716,

The simulation shows that the high-energy end of the tail is
quite large, which means that even though the yearly probabil-
ity of a high energy impact is small, any such impact can have
a significant effect on mission outcome. The limited protec-
tion, propulsion and fault tolerance of small spacecraft could
render them more susceptible if deployed in dense altitude
bands for extended missions !7-18:24.26,
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Practical Mission Design Implications

Results demonstrate several practical CubeSat mission design
tips. Coverage and performance should not be the only con-
siderations when selecting altitude; risk should be considered.
This model assumes greater annual exposure at higher eleva-
tions due to increased debris flux. Additionally, exposed sur-
face area is important: increased exposed surface area, solar
panel areas, and certain orientations can all increase collision
risk. The designer also needs to consider the protection of
subsystems and where to locate critical subsystems for multi-
year missions, particularly on high exposure surfaces. Finally,
when spacecraft have propulsion or drag-augmentation capa-
bility, then conjunction monitoring, a reliable deorbit strategy,
and compliance with post mission disposal should also be in-
cluded in the operational planning. Sometimes, simple models
such as this can be used to help identify when a more complex
analysis is required. If an early study indicates a large risk
at a particular altitude, area, or mission duration, further use
of sophisticated tools and particular mission aspects should be
considered prior to final decisions.

This approach is done step-by-step, following recommen-
dations in space-debris and mission analysis research?’-?8,
This catastrophic-impact fraction remains nearly constant
across the altitudes shown in this model, but this is not the
case in LEO because the size of the debris and speed of the
collision are assumed constant in the model. In fact, sever-
ity of impact would vary depending on other factors such as
orbit, angle of encounter, type of object, materials, and pro-
tection. What is important to remember is that impact energy
is as important as collision frequency in determining risk.

Conclusion

In this study, a simple simulation-based framework is pre-
sented to compare risks of debris collisions for CubeSat class
spacecraft in LEO. The model allows for clear estimates of
the annual collision rate, probability of at least one impact,
catastrophic impact fraction, and impact energy distribution
by using a combination of altitude-based flux estimates, Pois-
son collision probability and a Monte Carlo approach to im-
pact energy.

The results further showcase that collision probability in-
creases with both altitude and the satellite’s exposed area. This
simulated energy distribution is heavily skewed in the high
energy end and this means that even unusual impacts can be
devastating. The data indicate that this method could be em-
ployed in the early mission planning stages, when all these
parameters must be taken into account, and this system is pur-
posely designed to be simple and not a substitute for a detailed
debris-environment system or official risk certification. Addi-
tional features that would be helpful for future improvements

include direct comparisons to ORDEM or MASTER results,
detailed shielding models, and evolving debris populations,
among others.
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