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ABSTRACT

The growing Micrometeoroid and Orbital Debris 
(MMOD) environment in Earth orbit poses an increasing 
risk not only to active satellites but also to the general 
public. Of particular concern are the objects in low earth 
orbit (LEO) which have the potential for catastrophic 
consequence upon entry and collision with vulnerable 
terrestrial targets including airborne planes. There are 
limitations to the ability to predict uncontrolled object 
re-entry with sufficient precision to give timely or action-
able warnings to threatened air traffic zones or surface 
locations. A system called R-DBAS (Re-entry Direct 
Broadcasting Alert System) invented by the co-author of 
this paper, T. Sgobba former head of the European Space 
Agency Independent Safety Office, has the potential to 
avoid catastrophic impacts by generating timely surface 
or air traffic impact warnings. The system includes a self-
contained housing with on-board geolocation receiver, 
processing, memory with debris breakup models, and 
direct warning broadcast capability.

1. ORBITAL DEBRIS IN CONTEXT

The increased utilization of near-Earth space has resulted 
in a growing accumulated MMOD environment [1]. To 
mitigate risk from space debris, all spacecraft need to ad-
dress the risk associated with potential impact through 
design and operational controls. For human space explo-
ration and many unmanned programs, the risk to MMOD 
can be a significant risk driver [2]. The public has be-
come more aware of this growing threat as evidenced by 
the 2013 feature film Gravity [3].

Broadly, there are three size categories of MMOD ob-
jects in near-Earth space. The smallest particles are those 
smaller than a few millimetres (<1 cm) in diameter that are 
too small to be individually tracked by optical, infrared, or 
radar methods [4]. Generally, these articles do not contain 
sufficient mass and energy to pose collision damage. Cu-
mulative impact can create a hazard depending upon the 
respective location and application on a space vehicle.

Intermediate size MMOD objects (~1-10 cm) can pose 
a catastrophic hazard for on-orbit collisions but are too 
small to be tracked by remote sensing methods. As such, 
a space vehicle cannot rely on orbital conjunction avoid-
ance manoeuvres to mitigate the hazard. Risk is mitigated 
by shielding particularly vulnerable spacecraft locations. 

Analysts model risk using tools such as the National 
Aeronautics and Space Administration (NASA) Orbital 
Debris Engineering Model (ORDEM) [5] and the Euro-
pean Space Agency (ESA) Meteoroid and Space Debris 
Terrestrial Environment Reference (MASTER) [6] which 
quantify the particle density as a function of particle size 
for the corresponding orbit (altitude, inclination, etc.). 

The largest MMOD objects are those which can be 
tracked and include complete spacecraft or spent upper 
stages (>10 cm). A collision with one these large objects 
would be catastrophic and avoiding impact is the only 
option. These objects can be tracked by optical, infrared, 
or radar techniques and their orbital locations propagated 
forward in time. Potential orbit conjunctions with space-
craft that are still under active control can be prevented 
through notifying spacecraft operators. 

2. POST MISSION SAFETY THREAT

Mitigating the effect of orbital debris has strictly been the 
domain of space vehicle operators. Space debris in Low 
Earth Orbit (LEO) has been considered essentially an or-
bital environmental issue critical for maintaining the ben-
efits afforded by space access. However, in recent years, 
awareness of dangers arising upon random re-entry has 
started to emerge. With the projected proliferation of sat-
ellites, it is necessary to consider and protect against the 
risk to the general public. 

About one hundred large space systems (satellites or 
rocket upper stages) re-enter the Earth’s atmosphere 
annually. In the coming years, the number of operating 
satellites in Low Earth Orbits (i.e. between 160 km and 
2000 km) may increase exponentially and, in addition, 
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they will have shorter operational lifetime, thus requir-
ing frequent replacements. As of January 2015 there are 
669 satellites operating in Low Earth Orbit, but there are 
recent applications filed with ITU (International Tele-
communication Union) in Geneva for launching about 
11,000 satellites (the so-called space-based internet gold-
rush) including mega constellations of 4,000 satellites 
each or more like those planned by SpaceX (USA) and 
STEAM-1 (Norway). Including the additional rocket up-
per stages that will be left in orbit after launching these 
satellites, atmospheric re-entries will become in future a 
multiple daily occurrence. 

For many years, man-made objects re-entering the 
Earth’s atmosphere have not been viewed as a hazard be-
cause the heat generated during re-entry was expected to 
completely destroy them and the statistical likelihood of 
a collision was considered small. Only very large space 
structures like Skylab and MIR station or satellites con-
taining radioactive or other toxic materials were deemed 
significant threats. Many satellites and rocket upper 
stages re-enter the Earth’s atmosphere, but only a limited 
number of pieces have been reported and actually recov-
ered [7, 8, 9, 10].

This may be a consequence of the low probability of im-
pacting a populated area on the Earth’s surface and then 
found. When detailed searches for debris were done on 
a large scale, as was the case following the Space Shut-
tle Columbia accident, the amount of recovered debris 
greatly exceeded expectations.

It is commonly assumed that 10 to 40% of the pre-reen-
try dry mass of the space system survives as fragments 
that are large enough to be hazardous to the public on 
ground. Some limited studies conducted in the USA 
have quantified the annual risk for aviation due to ran-
dom re-entry in the order of 3 x 10

-4
 that “… is above the 

long term acceptable risk for a flight exposed to such a 
risk, but below the short term acceptable risk based on 
risk acceptability guidelines used by the FAA for other 
types of threats” [11]. Surviving small fragments are not 
considered in this estimation. 

Small fragments that are non-hazardous for people on 
the ground because of low kinetic energy at impact and/
or because of sheltering provided by buildings, hous-
es, cars, etc., are potentially hazardous for aircraft due 
to relative velocity at impact, and because of aircraft 
structures and systems vulnerability. A fragment of 300 
grams is considered by USAF norms catastrophic for an 
airliner [12]. 

3. UNCONTROLLED DEBRIS RE-ENTRY

Controlled re-entries of large orbital objects are not sig-
nificant risks to potential air or ground targets when those 
objects are brought down over uninhabited and unused 
portions of the Earth. Areas of the South Pacific Ocean 
are often used as final deorbit targets [13]. 

Uncontrolled re-entry is particularly complex and diffi-
cult to predict. The breakup and trajectory are stochas-
tic and depend on the object’s physical characteristics, 
orbital elements and environment including the perturb-
ing gravitational influences, exosphere state, and space 
weather characteristics. During the final stages of a debris 
object’s orbital life, the perturbations from atmospheric 
drag may equal or exceed any gravitational perturbations 
[14]. Uncertainty in the dominant perturbing force induc-
es significant uncertainties in any re-entry path prediction.

There is a finite number of operational debris tracking 
systems [4]. The utility of each system is constrained by 
its location and respective field of view, and (for optical 
or near infrared systems) lighting constraints. There is 
substantial error in developing any given object’s state 
vector given the limited ability to track an object at sta-
tions around the globe.

The uncertainties in determining these parameters pre-
clude determination of re-entry in a manner to notify the 
public to take corrective action. As an example, consider 
the launch failure of the Progress-M 27M mission to re-
supply the ISS on April 28, 2015. The Center for Orbital 
and Re-entry Debris Studies predicted the subsequent re-
entry several days later with a ±2 hour window [15]. The 
corresponding predicted re-entry location spanned nearly 
three orbits. This uncertainty precludes generating and is-
suing actionable warning to air traffic or ground locations.

Predictions for the Mir space station re-entry were simi-
larly broad when it was actively de-orbited in March, 
2001 [16]. The final predicted area of impact was ±2500 
km by ±100 km. A new approach to re-entry tracking 
is needed in order to improve impact time and location 
predictions to the level of being such that the advanced 
warning is actionable by aviators and ground persons.

4. SELF-MONITORED DEBRIS RE-ENTRY

In this paper, a new approach to protecting the public 
from re-entry objects is proposed [17]. This system sig-
nificantly reduces the inherent uncertainties in remote 
sensor-based re-entry prediction and warnings. The re-
entering object can be considered self-monitoring under 
this proposed method. 
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Figure 1 [17]. A housing (10) containing a heatshield 
(11), spacecraft mounting (12 & 120), satellite location 
receiver (15), computer processor (16), memory (160), 

and radio transmitter (17) mounted on spacecraft (100).

Fig. 1 shows the general concept for a self-powered 
housing mounted on a space object of concern or inter-
est. In [17], the housing computer memory would be pre-
populated with details of how the object would break up 
during re-entry.

Simulations have shown to be effective in predicting 
spacecraft break up geometry and could be used to cre-
ate the prepopulated data for the computer memory. Such 
prepopulated data should reduce the processing load on 
the computer processor. This will better enable real-time 
re-entry debris calculations/predictions for ground or air 
regions and associated timespans at most impact risk.

Figure 2 [17]. Operational Scheme for Reentry Warning. The object (100) with housing (1) descends, fragmenting into 
pieces (101, 102 & 103). Final location update is received (40). Housing transmits alert (50) that is received by radio 

receiver (20) on board aircraft (20). Final impact(s) are on Earth surface (200).

This method bypasses the currently used technique of 
ground observations and thus avoids the systems indi-
vidual measurement uncertainties and sensor-specific 
limitations. Instead, the on-board electronics would per-
form real-time predictions of high-risk locations as the 
space object enters its terminal descent into the atmo-
sphere. The system would take in satellite geo-location 
data (e.g., Global Positioning System or Galileo) to 
determine the state vector of the attached space object, 
providing increasing precision to existing remote sens-
ing strategies.

The state vector of the object can be updated by satellite 
location services every few seconds during its final orbits 
and early re-entry into the atmosphere. This increases the 
accuracy of position and velocity inputs into prediction 
of final impact time and location.

The connectors could be made to release at a desired 
point along the final trajectory. Release during breakup is 
one option proposed in the patent application description 
(Fig. 2 [17]). In Fig. 2, the housing with its heat shield 

could detach as the large object begins its final re-entry 
break up. The housing’s processor would generate a final 
impact prediction based on the latest intact object state 
vector, time of breakup, and the a priori estimated frag-
ment characteristics preloaded into memory.
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After separation, the newly detached unit would broad-
cast a specific location and time warning that could be re-
ceived by any appropriate radio receiver in an aircraft or 
on the ground. The warning receiver system referenced 
in Fig. 2 is schematically shown in Fig. 3.

The proposed warning system/method is a significant 
improvement over the previously proposed system [18] 
which consists of a placing “one or more re-entry break-
up recorders” on-board a large space object that is ex-
pected to make an eventual atmospheric re-entry. 

Figure 3 [17]. Re-entry alert receiving device 
schematic. Item 2 from Fig. 2 is composed of antenna 
(21), receiver (22) for warning signal (50) form Fig. 

2. The receiver and the satellite location receiver (26) 
are inputs to the warning processor (23). The warning 
is displayed on (24) with a geographical map (240), 
predicted warning area (250), and current receiver 

device location superimposed (255).

The newly proposed system [17] would be able to pre-
dict and broadcast, with sufficient accuracy, actionable 
ground or airspace warnings. This new capability would 
be critically enabled by preloading detailed breakup 
models for use in a robust on-board processor. 

There are two methods proposed to prepopulate the 
housing memory. One method is to use a breakup com-
puter modelling code such as SCARAB [19] to deter-
mine the expected physical, aerothermodynamic, and 
structural parameters for detailed trajectory analysis of 
each major predicted fragment. The other method, and 
likely preferred in processor constrained implementa-
tions, would use a code such as SCARAB to generate 
ballistic coefficient estimates for each predicted frag-
ment. Then a stochastic method would be used to form a 
warning area based on impact probability rules.

To implant the warning systems, ground or aircraft 
warning receivers would be developed to notify air traf-
fic controllers or pilots in order for them to process ac-
tionable warnings. 

5. OPERATIONAL ADVANTAGES

Operational advantages of re-entry debris object being 
self-monitoring and self-broadcasting of warnings are 
two-fold. Separate problems in the prediction and public 
warning chains are effectively side stepped. 

From an operational perspective, the on-board predic-
tions for impact area and time are done at the very mo-
ment of object breakup. The state vector of the object 
at breakup is known from satellite data and the likely 
fragment characteristics are preloaded into the proces-
sor memory for detailed prediction flight path and Earth 
locations at risk. Object motion immediately prior to the 
breakup can be included in the prediction algorithms. 
With the most current state information as well as motion 
just prior to breakup, the on-board processor has the best 
chance of providing precise, accurate, and actionable 
warning data to the most-affected public.

The system proposed will only activate in its terminal 
trajectory. The final impact prediction is made at the up-
per atmosphere providing an early-warning on the order 
of tens of minutes before the threat arrives. Such advance 
notice to a limited audience provides a timely and action-
able notice to people in potentially affected areas.

There is the process operational advantage of removing 
intermediate parties in the warning process. The proposed 
method and system allow for the direct delivery of the 
timely warning to the target aerial region or surface area. 
No government or international intermediary is needed to 
compute the estimated impact zone and then use estab-
lished communication methods to promulgate the warning.

Moving both the processing and warning broadcast fea-
tures to the re-entry objects themselves while simulta-
neously leveraging the prevalent satellite location sys-
tems allows for a breathtakingly simplified prediction 
and warning process. Accuracy and timeliness are both 
enhanced with real-time (~1000 state updates per orbit) 
self-monitoring by the object and direct warning delivery 
to the at-risk parties.

6. EXTENSIONS & FUTURE WORK

To implement this proposed system, it would be neces-
sary to develop and fit the proposed devices to future 
spacecraft and upper stages that have the potential of re-
entering the Earth’s atmosphere. 

It is recognized that this proposed approach would not 
address the breakup and re-entry of existing large debris  
objects. There are significant obstacles to retrofitting  
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existing objects: on-orbit rendezvous and attachment to a 
potentially on controlled asset. It is important to consider 
the long term use of the space environment. The inability 
to retrofit existing debris objects does not minimize the 
hazards associated with potential future potential space-
craft debris.

7. CONCLUSION

This work describes a novel approach to ground and civil 
aviation re-entry debris warning system. 

Compared to the current state-of-the-art using re-entry 
prediction by remote sensing and best fit estimations, the 
space object self-monitoring and warning method has 
many operational advantages. The primary advantages 
are greatly increased impact prediction accuracy (in both 
time and surface location) and direct communication 
with the stakeholders (aviators and the surface public) 
within the predicted risk area.

The housing for position sensing, impact location calcu-
lating, and public warning broadcast can be fit to both 
future space systems as well as retrofit to existing space 
systems if a party wished to invest the significant re-
sources to deliver the housing to on-orbit assets.

Proposed objects including launch vehicle upper stages 
and satellites in low Earth orbit should consider incorpo-
rating the methods and concepts of the system examined 
in this work.

This method gives space industry participants an impor-
tant new way to mitigate and manage re-entry debris risk 
in the near future.
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change that moves all stakeholders 
toward front-end loaded safety 
concepts. Superb quality information 
for engineers, programme 
managers, suppliers and aerospace 
technologists.

Safety Design for Space 
Systems, Chinese Edition
2011

Progress in space safety lies in the 
acceptance of safety design and 
engineering as an integral part of the 
design and implementation process 
for new space systems. Safety must 
be seen as the principle design 
driver of utmost importance from the 
outset of the design process, which 
is only achieved through a culture 
change that moves all stakeholders 
toward front-end loaded safety 
concepts. Superb quality information 
for engineers, programme 
managers, suppliers and aerospace 
technologists.

Space Safety Regulations 
and Standards
Elsevier 2011

Space Safety Regulations and 
Standards is the definitive book on 
regulatory initiatives involving space 
safety, new space safety standards, 
and safety related to new space 
technologies under development. 
More than 30 world experts come 
together in this book to share their 
detailed knowledge of regulatory and 
standard making processes in the 
area, combining otherwise disparate 
information into one essential 
reference and providing case studies 
to illustrate applications throughout 
space programs internationally.

Safety Design for Space 
Operations
Elsevier 2013

Safety Design for Space Operations 
provides the practical how-to 
guidance and knowledge base 
needed to facilitate safe and 
effective operations safety in line 
with current regulations. 
With information on space 
operations safety design currently 
disparate and difficult to find in one 
place, this unique reference brings 
together essential material on: 
safety design practices, 
advanced analysis methods, and 
implementation procedures.

ALSO AVAILABLE IN BOOKSTORES

http://iaassconference2016.space-safety.org/



