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The International Academy of Astronautics (IAA), the International Astronautical Federation (IAF)
and the International Institute of Space Law (IISL),
agreedtojoinin a
Cooperativeinitiative to develop comprehensive approaches and proposals for
Space Traffic Management (STM)
andformalized the initiative with a Memorandum of Understanding during the IAC in Bremen, on
1 October 2018.

The collaborative work resulting from this initiative was to assist the decision-makers on national and
international level, to promote the safe use of outer space. Since then, all three organizations founded
Working Groups dedicated to Space Traffic Management (STM), which worked in parallel and in
liaison with one another, with the goal of creating a joint comprehensive document addressing key
concepts of Space Traffic Management (STM). In 2006, IAA provided the first comprehensive
definition for STM: the set of technical and regulatory provisions for promoting safe access into outer
space, operations in outer space and return from outer space to Earth free from physical or radio-
frequency interference. This joint effort has built upon this initial definition and accounted for the
evolution of the STM domain through experience and global dialogue. The following Executive
Summary provides a concise description of the full report that can be found at
https://iafastro.directory/iac/folder/tc/spacetraffi

The next logical step will be to have discussions as to the appropriate organizations to implement
follow-on activities to this joint document.

IAA, IAF and IISL note with great satisfaction that action set forward in 2018 has been successfully
achieved and hope that this joint document, which will continue to evolve, will have a positive impact

and benefit for the safe, sustainable, and secure use of outer space.

Done at IAC in Paris on 17 September 2022

International Astronautical International Institute of International Academy of
Federation Space Law Astronautics

Kai Uwe Schrogl John Schumacher
President President
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COORDINATORS:

IAF: Christophe Bonnal and Darren McKnight
[ISL: Maruska Strah and Tanja Masson-Zwaan
[AA: Moriba Jah and Corinne Jorgenson



EXECUTIVE SUMMARY

The goal is to synthesize concepts and facts; ifgekgy attributes of STM; and recommend actions
to be taken by the global space community. As stinehfocus will be in creating compelling insights
and recommended behaviors over a comprehensiveawvefiall dimensions and nuances of the STM
challenge. The research activities of this compagibup cover essentially all technical topicstezla
to the general STM ecosystem, including:

Space Domain Awareness (SDA), which includes mnjlind national security aspects of
space operations.

STM, Operational Coordination Services, Collisiomofdance (in orbit, at launch and at
reentry), including the link and coordination walirspace users during launch and re-entry

operations and frequency management & coordination.

* SEP (Space Environment Preservation) which incladésities such as Debris Mitigation,
Debris Remediation (Active Debris Removal, ADR)AJQust in time Collision Avoidance),

LDTM (Long-term Debris Traffic Management), etc.

* SSA (Space Situational Awareness) which includek (§pace Surveillance & Tracking) and

space weather.

» SOA (Space Operations Assurance) which covers SIIA], SEP, and SSA.

The interdependencies between topics covered snréipiort can be categorized as: effective Space
Traffic Management (STM) will be difficult to exemuwithout immediate changes in our SEP
objectives and behavior. These topics were stughéehsively by several working groups across the

three organizations between October 2020 and Sépe2022.

The topical area coverage and current status ¢f @acsummarized in the table below.

Topical Area Started | Completed

1. STM Terminology Oct 2020 | Dec 2021

2. New Technical Means of Space Debris Monitoring 2820 | Dec 2021

3. Improvement of Orbital Data Precision and Accuracy Oct 2020 | Dec 2021

4. Reentry Risks Oct 2020 | Dec 2021

5. Collision Avoidance Processes Oct 2020 Dec 2021

6. Future Operations: In-Orbit Servicing, In-Orbit Mdacturing, and 0ct 2020 | Dec 2021
Space Tugs

7. Impact of Constellations on Astronomical Observadio Oct 2020| Dec 2021

8. Effective Compliance with Technical Regulations @820 | Dec 2021

9. Technical Regulations - New Activities Oct 2020 2821

10.Improving Trackability and Identification of Smalbjects Oct 2021] Sep 2022

11.Data Fusion and Shared Catalog Oct 2021 Sep 2022

12.Large Constellations Oct 2021 | Sep 2022

13.Space Capacity Management Oct 2021 Sep 2022

14.Outreach Oct 2021 | Sep 2022
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Each of the topical areas are summarized below antlemphasis on status, terms, and actionable
recommendations.

STM Terminology

The purpose of these terms and definitions is stefocooperation and encourage their use of these
terms and definitions in international guidelinsgndards, and agreements. The terms defined are
foundational and specific but not exhaustive. S8&/Adles foundational positional, electro-magnetic,
and situational information on objects as a functd time. It also summarizes the overall state of
the space environment, including debris and sp&agher conditions, upon which STM, STC, SDA,
and SEP actions are based.

The figure below shows the relationships betweesdldisciplines, which taken together constitute
SOA which addresses the three critical space dpagaissues of security, safety, and sustainability
These issues are dependent upon an underlyingdtionebf SSA capabilities, data, and information.
Furthermore, safety, sustainability, and securigrtap in each of the SDA, STM/C, and SEP
domains.

- Security issues previously have fallen primarilgenSDA. However, with the ever-blurring
lines between commercial space systems and sufgpodtional security, this dynamic is
becoming increasingly complicated. Space secig$tyes can exist between any number of
active spacecraft and ground systems, where extentides may intentionally pose a threat
to the operational health, stability, and capabgitof other spacecraft. The results of space
security events are starting to affect orbital 5a{8TM) and space operations; over time it
may also start to affect space sustainability (SEP)

SECURITY SAFETY
Intentional Threats Accident — Short Term

DEFENSE CIVIL/ICOMMERCIAL/DEFENSE

SPACE TRAFFIC
SPACE DOMAIN MANAGEMENT (STM)

AWARENESS (SDA) Regulation & Licensing

Space Traffic Coordination
(STC): Coordination,
Synchronization, Data Sharing

Mitigation Standards & Rules
Debris Assessments
Remediation

SPACE SITUATIONAL AWARENESS (SSA)

Space Surveillance and Tracking (SST)
Space Weather
Near Earth Objects (NEQ)

CIVIL/ICOMMERCIAL/DEFENSE
National & Sovereignty Stakes 3 nternational Stakes
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Safety issues primarily fall under STM and exigihe®en the many operational spacecraft as
well as in their interaction with the current spackebris and space security
environments. Safety issues exist even if spabagland intentional security threats are not
present. Safety concerns are exacerbated by trease in commercial space traffic
associated with large constellations. Collisioskri the product of the likelihood and
consequence of space object collisions — can keshibgated through a combination of
licensing, aspirational best practices, internaioguidelines and standards, national
regulations, responsive onboard collision avoidancapability, and operational
synchronization via data and information shari@gfety issues also fall under STC because
no operator acts in isolation. STC provides thetical collective communications,
information exchange, and coordinated actions takerspace actors to ensure the safe
movement of spacecraft in orbit. To ensure compBamnd accountability with the
overarching goals of safety and sustainability,rafmes must also satisfy the regulatory and
licensing conditions established by their goverranghority.

Sustainability issues primarily fall under SEP. iWkafety and sustainability are interrelated,
even in the absence of new space launches or spagsty threats, the debris population will
continue to increase due to orbital explosiongrfrantation events; and collisions between
debris fragments, derelict spacecraft, and/or ugtagyes. This pollution issue, stemming from
past space traffic and previous end-of-life dispgsactices, jeopardizes current and future
space activities. Sustainability can be addressexiggh (1) remediation (removal of space
debris) and (2) mitigation (prevention of futurdde growth). Key mitigation actions include
(1) improvements to spacecraft and launch systesigaematerials, and reliability, and (2)
increased capacity-building and operational adopid launch, on-orbit, and disposal
guidelines, standards, and commercial best practi&&P draws on SSA to characterize the
space environment and its evolution; based onuhierstanding, new mitigation standards
and STM regulations can be developed to stabiliwerainimize collision risk.

These three functional areas are distinct, spanratignal/sovereign interests, international irdese
defense community needs, and civil community cameget are still interdependent in many ways.
STM garners high international interest becausexists at the confluence of national and
international stakes and defense and civil commyuaghcerns.

From this discussion of key STM concepts, the foitg simple definition of STM is provided:

Space Traffic Management (STM) is the assuranceevahain that contributes to a safe,
secure, and sustainable space operations envirehneemposed of Space Traffic
Coordination (STC) and Regulation & Licensing, aebendent upon a foundation of
continuous Space Situational Awareness (SSA).

New Technical Means of Space DebrisMonitoring

Space objects monitoring data represents the falmdaf any STM system. In the first place,
monitoring activities are required for the build-apd maintenance of the catalogues containing
orbital information of objects in space. This canused for operational activities in space, such as
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collision avoidance, and to assess the statugafebris environment, not only in terms of the namb
of objects in orbit, but also to monitor behavieush as the application of mitigation guidelines. |
addition, space debris monitoring also plays aer@ss role in deriving statistical information alio
the size and spatial distribution of smaller péescof space debris and deriving the associated
mission-terminating collision risk.

The Long-Term Sustainability (LTS) Guidelines oetdN Committee on Peaceful Use of Outer
Space (COPUOS) explicitly mention the relevandiefcollection and accuracy of orbital data (B.2)
and the development of related technologies (Bogjether with the importance of promoting and
supporting research and novel approaches to essstainable operations in space (D.1, D.2).

The primary means of space object monitoring ineltatlar observations; passive RF observations;
passive and active optical observations; and infaibnitoring. Key on-going developments include
optical surveys in LEO; laser ranging of non-coagige targets to maintain a catalogue of LEO
objects with high accuracy orbits; a European Urgonsolidated SST system (EU-SST); a new
commercial global radar network; development ohtegues (such as light curve analysis) for
attitude determination; and the adoption of acti#D systems to support identification of small
satellites and attitude characterization for amtfprm.

While this report focuses on Earth orbit, the dvadles related to cis-lunar applications are idieatif
as daunting due to various new international aawiand the vast distance to cis-lunar objects.

It is recommended that technology developmentkerfield of space debris monitoring are needed,
with the objective of increasing not only the dadéume, but also the dimensions of data qualigy (.
accuracy, timeliness, uniqueness, validity, comas, and completeness) of observations. An
example in this direction is the adoption of grodnaded laser tracking as a complementary
technology, with the potential to reach sub-meggrging accuracy, and thereby reducing by one
order of magnitude the number of conjunction ald?tssive optical LEO surveillance systems may
complement the visibility zones of radars for vl altitudes, e.g., during re-entry. On the other
hand, radar monitoring can complement the existifrgstructure by improving data timeliness and
enable later decisions in the collision avoidanoeess. Finally, additional data is required foam
size objects (e.g., mm- and cm-range), for whidtrdipancies in environment models are observed
and validation means are still lacking. For suchagplication, space-based measurements may
contribute to improve the knowledge of the enviremtn New terrestrial S-band radars being
deployed globally are aiding to catalogue the Xxt0debris population in Low Earth Orbit (LEO).

Besides the development of new sensors, improvenoant be made also in the tasking, collection,
processing, exploitation, and dissemination of &@PED). For example, the emergence of active
debris removal missions and on-orbit servicing epte would benefit from the definition of
standards to describe (long-term) attitude mot®dexived from observations.
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I mprovement of Orbital Data Precison and Accuracy

STM is highly reliant on our capability to detecharacterize, and model the short- and long-term
evolution of the manmade orbital population, aslwelon our ability to predict and evaluate the
consequences of the physical (e.g., collisions) aodphysical (e.g., electromagnetic, EM)

interferences among the on-orbit population.

Acting upon a given analysis to act in the evena @btential physical or nonphysical interferences
among space objects, access is needed to informtktad allows a given operator or a service
provider to act. Such information, which is usuatlgntified as actionable information, need to be
precise and accurate. As an example, currentlyasiyall percentage of the collision data messages
processed by operators or service providers leadsritigation action (e.g., collision avoidance
maneuver). This situation can be improved througienfrequent high-quality observations and/or
more responsive onboard collision avoidance cajiasil

Improving orbital data precision and accuracy Iseréfore, of paramount importance in the
framework of an STM system, where interactions agnanbiting objects need to be anticipated and
close approaches mitigated efficiently.

Several building blocks contribute to the finalg@sgon and accuracy of an orbital solution computed
for a given orbital object, which will be used teatiate to what extent such object suffers from or
generates collision risk or EM interference to othlejects. The ability to improve the orbital data
precision and accuracy of a given object which umtenables predicting, characterizing, and
mitigating risks between objects will vary depergdon the following:

» The geometry, maneuverability, and attitude stghdf an object;

* The orbital regime at which the object performsmission (e.g., LEO, Geostationary Orbit,

Medium Earth Orbit, etc.);

* The solar activity;

* The time horizon considered (e.g., hours, dayska)ee

* The number of objects in a constellation; and

* The quantity, quality and diversity of availablesebvational data.

It is important to focus not only on the improvernehthe orbital data precision and accuracy, but
also on the development of practical approachestégrate the inherent uncertainty of the orbital
states of orbiting objects within any STM systend & couple this with responsive ground and
onboard command & control of spacecratft.

Reentry Risks

Based on what has been observed between 2010 a6diP@as found that:
* On average, approximately 100 metric tons of aréifispace objects reenter without control
in the Earth’s atmosphere every year. About 80%hisfmass consists of orbital stages, while
the remaining 20% comprise spacecratft;
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* Objects with a mass exceeding 500 kg reenter uralted almost every eight days;
* Objects with a mass greater than five metric teester once or twice, per year.

Considering that, in most cases, a returning drgsneetween 500 kg and 700 kg might correspond
to a casualty expectancy of the order of lncontrolled reentries potentially at risk cobk very
frequent, likely representing more than 70% ofttital number of reentering intact objects.

Since approximately the 1990s, there has been wimggoconsensus at the international level in
considering a casualty expectancy of &8 the risk threshold for an uncontrolled reerttigwever,
the risk evaluation is left to the object’'s own@eaator, and only in a very few cases is therep@amo
disclosure of the expected casualty expectancyrédfee uncontrolled reentry of a spacecraft or
upper stage. Moreover, if this were the case, sedrequent violation of the risk threshold should
probably be expected, maybe once a week, or at tgae a month. This situation is clearly
unsatisfactory.

It should be noted that the risk to aircraft imgffif is a large concern as they are more vulnetable
small debris and global flight corridors are dynawnd steadily growing.

On one side, intact objects frequently reentereuttan open disclosure of the expected casuaky ris
Conversely, the accepted threshold might be vidlat® often as to produce a situation of near
permanent reentry alert, if openly disclosed.

The reentry risk assessment process consistsedfanation of the survivability of the reentry offje
and an evaluation of the risk that the survivingeobposes to persons or property on the ground or
to aircraft in flight. It should also take into aemt the risk of collision during deorbit (betwettie
initial orbit and the terminal entry phase), eithiera nominal scenario, or in case of a deorbit
malfunction.

A status of permanent reentry alert, with the cqnsat and heavy involvement of human and facility
resources, would not be justified given the veny losk currently associated with uncontrolled
reentries. On the other hand, the reentry risk aabe neglected since it will likely increase wiie
intensification of space activities and the growtlithe world population density.

A possible reasonable compromise is:

« To maintain, for security reasons, the*litazard threshold as a design and mitigation
guideline for space systems;

» To make the 1®alert threshold requirement much stricter for systeomprising hundreds
or thousands of satellites; and

» To increase the current talert threshold by at least one order of magnitude,to 16° or
more, for triggering a reentry prediction campaigncivil protection purposes.

Future activities include, but are not limitedttee following:1) studying examples of debris that has

survived & lessons learned; 2) careful considenatibhazards associated with disposal of satellites
from large constellations; 3) verifying accuracy sjfacecraft-oriented reentry risk assessment

Page7 of 21



models; 4) increasing focus on design for demise; %) increasing focus on limiting hazards to
persons and property on the ground and aircrdhigint.

Collision Avoidance Processes

Collision Avoidance (COLA) is the process of plampiand possibly executing a maneuver to
mitigate the risk of collision between two spacgeots. The three parts of the collision avoidance
process are Conjunction Assessment (CA) screed@ogjunction Analysis and Risk Assessment
(CARA); and collision mitigation planning.

Effective COLA processes require sufficiently aatarand timely information on the orbits of the
two objects involved in a conjunction to determiihat a collision risk is high enough to warrant the
expenditure of resources required to take a mitigaaction like maneuvering the satellite. The
COLA process needs to be performed over the eattige lifetime of a satellite and so is a part of
regular spacecraft operations. A COLA process catept a satellite from mission failure due to
collisions with trackable objects but can also gdte the generation of orbital debris if collisi@ne
prevented. The need to perform COLA as a sustgagdf operations makes it different from many
other debris mitigation measures.

COLA processes can be improved through severailteffo

* Improved coordination is necessary to improve spafety. This includes both bilateral
sharing of orbital data and international coordovabf STM principles.

» Sharing of data and information with respect toitpws of spacecraft and their movement
between several stakeholders is important and sapeto understand what is happening in
the orbital environment and is a key step to eiffecETM.

* One potential solution to the ever-increasing numloé conjunction warnings and potential
CAMs is through the use of automation, to improwsadanalysis and support in-orbit
operations.

» Space traffic rules to minimize the degree of imt&ion between operational satellites have
been suggested. One best practice endorsed Bptoe Safety Coalition (SSG3 to design
constellations that do not intersect, for examipjemplementing altitude separation for near-
circular orbits.

* Increased capabilities to include process improvendata fusion, and better (more, more
accurate, and better size resolution) measurements.

! The Space Safety Coalition (SS&, ) is anad hoc coalition of companies,
organizations, and other government and indusakestolders that actively promotes responsible
space safety through the adoption of relevantmnatignal standards, guidelines and practices, and
the development of more effective space safetyajuiels and best practices.
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Future Operations. 10S, |OM, and Space Tugs

The term In-Orbit Servicing (IOS) refers to a largeiety of in-orbit operations involving physical
contact or very close proximity operations betwé&n or more space vehicles. Based on this
definition, they include not only the supply of @ees (e.g., re-fueling and repairing) to already
existing space assets, but also the assembly ofilargglarts into functional aggregate structures (In
Orbit Assembly, IOA) and the fabrication of compotge(In Orbit Manufacturing, IOM) in space.
Activities which foresee the use of space tugsassportation means to perform orbit correction of
mal-deployed satellites, orbit relocation (e.g.,Q.B0 GEO transfers), or even removal of dead
satellites from their orbit are also considered .IG8nce, the execution of IOS missions has the
potential to provide several benefits to customenging from increased volumes and reduced launch
costs; preservation or improvement of satellitdgrerance; and helping to ensure a sustainable use
of outer space. For these reasons, several reagkétstudies have highlighted that 10S is progcte
to become a multi-billion-dollar market driven bket continuous growth of LEO and GEO
commercial activity.

Throughout the space age, plenty of missions haea lbarried out showing capabilities to perform
robotic operations in orbit including rendezvousl atocking maneuvers, Northrup Grumman’s
MEV-1 and MEV-2 vehicles successfully serviced iBe901 and 1S-10-02 satellites, respectively in
early 2020 and 2021, completing the first comme&d€Xxs missions. In addition, many technology
demonstration missions are under development aadlyrér launch by the late 2020’s. This is
motivated by the fact that many technical challengest still be overcome to improve the reliabjlity
efficiency, and autonomy of 10S activities so thhey can become routine operations. Key
technological aspects to be addressed include cpdicemodularity; autonomous guidance,
navigation, & control (GNC); and propulsion systerodular architectures require the definition
of standard payloads and interconnectors. A caddgign must be foreseen to ensure that they do
not introduce additional structural mass which oagatively impact the total life-cycle cost of a
spacecraft and its scientific return. Navigatiorusohs, typically relying on electro-optical sernsor
must become more robust in terms of illuminationdibons and fast relative rotational dynamics
(e.g., in case the target is tumbling). GNC funwdionust ensure capability to design and accurately
control safe trajectory (for both approaching aatlision avoidance maneuvers) of complex multi-
body systems typically composed of a servicer ‘ehia robotic manipulator (which may be
characterized by redundant degrees of freedom) potentially, the captured object. Other
challenges of the use of space tugs are relatéloetoeed to carefully select the most convenient
propulsion system since not all types of propulsidhsatisfy mission requirements.

Aside from technical aspects, additional effortstrne aimed to address regulatory issues, since I0S
operations must be correctly framed in the largevi®ontext.

I mpact of Constellations on Astronomical Observations

The launch of large constellations of satellitekamv Earth Orbit (LEO) poses significant challenges
for observational astronomy at all wavelengths magpdgrom the radio to the ultraviolet, and to

instruments ranging from the unaided human eyerteeter class and larger telescopes. These new
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satellites can be very bright at all wavelengthscimbrighter than most of the objects currently
tracked in LEO. For optical ground-based obseowvatiin the 300 nm to 2/6m range, the satellite
is visible when the observer has a dark sky, aedstiellite is still in sunlight. Once the satelli
enters the shadow of the Earth, it is no longeblas The length of time during which the satellit
is visible depends on the latitude of the obsertyer time of year, and the particular orbit. Olgec
in higher orbits (e.g., above 1,200 km) can beblésall night long in summer. However, an object
in lower orbit (e.g., below 600 km) might be brighbut would be in Earth shadow and thus would
not leave detectable artifacts in optical astrormainilata for several hours in the middle of thénhig
during the summer. The number of such visiblellgat® above the horizon can range up to 10
percent of the total constellation, with up to savéhousand in sunlight at any one time.

There is no Earth shadow for observations in tleentlal infrared (10 microns for example, where
the satellite emits thermal radiation or ‘glowshe dark’) nor at radio wavelengths where the Begel
is an active radio transmitter.

Space-based telescopes in LEO (such as the HulplaleeSTelescope) are not immune from the
streaks caused by satellites crossing their fiekdew.

The exact amount of data lost or compromised fratelltes depends on the aperture of the telescope,
and its field of view. Large telescopes with lafgeds of view are most affected. Several studies

have quantified the impact of satellites' trailscaumrent and incoming astronomical observatories'

data.

Recommendations on how to partially mitigate thight satellite problem have been discussed in
several conferences, including steps in space slefitigation which benefit astronomy, in
developing tools to predict passage of satellitesaptimize planning of astronomy observations. To
keep the night sky pristine for human observers recommended to make satellites fainter than a
Visual magnitude of 7 at all times. Further recoenatations are discussed in the main text of this
report and the cited references.

There is no law or regulation at international ational level that prescribes a limit on the brigggs

of satellites. There are principles of internatispace law that oblige States to exercise dugatitie
and to refrain from harmfully interfering with tlaetivities of other States. Discussions are ongoing
at UN COPUOS about possible legal solutions togaig the effect of large constellations on
astronomical observations.

A Special Session on this topic was held at thel2@Z in Impact of Satellite Constellations on
Astronomy and Society: a Multi-disciplinary Apprdagafastro.org)

Effective Compliance with Technical Regulations

Since the 1990s, space debris mitigation guidelmesassociated rules have been studied in various

international technical committees, such as ther&gfency Space Debris Coordination Committee

(IADC). Despite this fundamental work, the initiss from groups of private companies and the
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technical work within the International Organizatifor Standardization (ISO), there is no unique
and undisputed, technically precise reference eplple to all space missions of all countries.
Empowered by the 1967 Treaty on Principles Govertive Activities of States in the Exploration
and Use of Outer Space, including the Moon and IOffedestial Bodies (i.e., Outer Space Treaty,
OST), each State is free to select its own natiateddris mitigation standards, policies, and
regulations. Thus, differences may exist in thénmézal references that need to be complied with
when entities apply for licenses to launch to aperate in space.

Compliance with technical regulation is of paramauomportance for the long-term sustainability of
space activities, primarily to reduce and contha generation of debris in space, especially in the
context of privatization and commercialization @ase activities. The most important technical
factor is the success rate of post-mission dispegath is far from the perfect goal of 100% (i.e.,
near 40%). The capacity to avoid collisions is also a sfraiiver, and with the increase in the
number of large constellations and derelict haréwapme regions of space are approaching a
precarious level of collision hazard. This situatghould ideally be managed by governments or
international bodies rather than by organizatidvag tevelop standards or private consortia.

It is possible that commercial satellite operatetd pursue regulation shopping to achieve the
cheapest and easiest means to secure their ngcéissases to launch and operate, though no
documented cases have been reported yet. The UiNeQiff Outer Space Affairs maintains an

international register of objects launched intoeowgpace, but this is not suitable for operational
aspects of space safety. Indeed, there is a laaktle monitoring of both the licensing parameters
and the register updates of most licensing countrie

The post-mission disposal (PMD) success rate isagaithing the requested levels. PMD has a cost
for the satellite operator/owner and brings no fignghile there is no penalty for noncompliance.
The licensing authority often does not requestlangtbeyond best effort, liability insurance is not
always requested, and there are no major consegsiérecdeviation from the original license occurs.
Space radio frequency (RF) interference is govelnedational and ITU processes, but there is no
sanction in case of interference across countfiigs. bottom line is that there is no international
consensus on systemic risk in space, no interratimionitoring organization (similar to, e.g., the
International Atomic Energy Agency, IAEA), and maernational consensus on approaches to space
security.

Harmonization of basic measures across multiplesdigtions to discourage regulatory shopping
should be encouraged. To do this, national polisiesuld align with the COPUOS Long-Term
Sustainability (LTS) Guidelines. The second stefo isave technical requirements consistent across
the community (developed by organizations suchS&3).I Third, a common and unique licensing
process with a living register and systemic impatalysis needs to be developed. A basic “no
compliance, no launch” rule should be acceptedlbstakeholders together with transparency and
data sharing as much as possible. The collisiordanoe process can be improved by increasing the

2 Ruch, V., “Analysis of EOL Lifetime in LEO and GE@000-2018", 3% IADC, Rome, ltaly, 6-
10 May 20109.
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accuracy of tracking, reducing the timeline for is®uance of conjunction data messages, and using
a just-in-time systems. While it is unlikely thaetpost mission disposal success rate will evethrea
100%, the general aim must be to reach this gaalvé Debris Removal will be needed, especially
for massive spacecraft, and an ‘ADR-ready’ standaetface could be developed and proposed for
implementation. An “ecotax” (Pigouvian tax) to prot@ environmentally responsible behavior
should also be explored along with encouragingahgoing develop of the Space Sustainability
Rating (SSR).

Technical Regulations - New Activities

All these goals may be easier to achieve with th@emharmonization of national licensing
frameworks to ensure homogeneous licensing practceund the world. This report examines
emerging New Technologies and Activities in terrhexasting technical regulations. Specific New
Technology and Activities were grouped into foutumal, distinct, categories:

* In-Orbit Servicing, In-Orbit Manufacturing and Spedags

» Sub-orbital Activities and Spaceports

» Active Debris Removal, Just-in-time Collision Avaitce, and Large Debris Traffic

Management
* Lunar and Mars Extension

These categories may broadly be considered ag €itheross-cutting technologies that are logical
extensions of current or near-term technical cdipaisi or (2) are “vertically oriented” with resgec

to our shared home planet, and seek to providgiedh integrated and seamless extension of current
regulatory paradigms from the surface and atmosgpioecis-lunar and planetary spaces.

Technical Regulations were examined in terms ofusiay regulatory authority at the national,
supranational, and international levels, so-calléafd Law enacted via statue or treaty and
characterized by formal regulation, compliance, la&hsing, to Soft Law regulation via guidelines,
best practices, etc. Specialized regulations &ecs activities as well as international domain
governance were also examined for applicabilityh® space domain. The task team looked at
existing general regulations and their coveragil@fs Technologies and Activities, observed gaps
in regulatory coverage and category-unique risksnd a made recommendations.

Key developments recommended in the near-termy@aks from present) include, but are not limited
to:

* Promoting existing space debris mitigation guidedimnd best practices, relevant to all
aspects of Space Operations Assurance (SOA), imgjuehcouraging compliance with
these guidelines, particularly in the area of po&sion disposal,

* Encouraging technology developers/deployers tagmate their use cases with existing
and proposed guidelines and regulations in a teaesp fashion and thereby move from
minimal metadata (UN registration, national laurdensing) to enhanced metadata
(unigue identifiers, transponders) and practicesmf@on space data formats and
transmission/sharing/notification) while recogniziegitimate national security interests.
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» Facilitating further industry standards via, etlge, ISO, including the in-development ISO
Standard 24330 “Space systems — Rendezvous anghiftgo®operations (RPO) and On
Orbit Servicing (OOS) — Programmatic principles g@nactices” and logical follow-ons.

* Fostering the formal development of ADR guidelin@sd supporting documents.
Relevant to Space Environment Management (SEM)camsks-cutting technologies and
activities.

» Fostering and enhancing dialog between existing,I@BGO, commercial, and other
organizations and stakeholdezg. the IISL and other legal bodies, relevant to S5l
with particular focus on SEM and STM; relevant panty to the vertically-oriented
technologies and activities.

» Foster the continuation of best practice developgnimrnt allocate resources to the
establishment, within existing commercial associaiequivalent to the International Air
Transportation Authority (IATA), of global commeati standards and professional
support to industry stakeholders;

* Founding an UN-level mandated organization equivale the IMO and ICAO. This
“International Spacefaring Organization” is fundanta to SOA, STM, and the vertically-
oriented technologies and activities.

These goals and recommendations are realistic em@zhable. The IAF, IAA, and IISL provide a
unique ensemble of guiding bodies, and have atdiesponsibility in providing guidance to realize
these goals and their manifest benefits to humanity

I mproving Trackability and I dentification of Small Objects

Small orbital debris objects pose challenges tamggebased surveillance efforts, in terms of small
signal-to-noise ratios and shorter detection ramigspite their ability to create mission-termingtin
effects on operational spacecraft. The resultaaneiguous correlations and large orbit covariances
generating operational burdens and, ultimatelyfetyg&sue to spacecraft operations. Onboard means
to improve the trackability of space objects, hertoeimprove the quality of the resulting orbit
information are stipulated by international guides.

In addition, small satellites are often releasetldianeously in a single launch with almost ideatic
initial orbital states. This prevents surveillargystems from discriminating orbital parameters in
reasonable timespans, often leading to missiomr&sl where the absence of orbit information
prevents timely commanding.

This chapter identifies design measures that cdaksa for space systems before launch to improve
the quality of orbit information generated on thémough independent surveillance and tracking
systems using radar or optical techniques. Thiptehdurthermore addresses onboard techniques
that allow to identify a space system and assodi#ea launch and an owner.
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The following design measures are discussed:

Improving Trackability

Optical tracking

Corner-cube reflectors (CCR), apmecial mirrors designed
reflect laser light back in the direction from whiit arrived (to be

detected by a fast camera). Varying configuratibseveral CCR$
on board can help to differentiate between spastes)s. Cost

effective variants to this are reflector arrayscf{sas Mt Fuji) and
the light-weight retro-reflective foils (RRF).

Radar Tracking

[0

Efforts concentrate on design meéanscrease the Radar Cross-

Section of a space objects, by adding panels oimang
configuration features. Van Atta array, a passigeiae which re-
radiates RF energy back towards the source oktieigy.

Identification

Passive Systems

RFID (radio frequency identifiegtitags, can be energized
gueried) via ground-based RF beams, in additidghd¢asual range
range-rate measurement, they also return a uniQuéo lallow
identification of the object. Light-curve signatarean also be use
for identification and characterization purposes.

Active Systems (RF)

independent PNT receiver andependent radio capable |of
transmitting ID and positional data to an independe

communications provider (e.g. space-based. Thetiposdata
would come from combine a low-power GPS receiver.

Active Systems
(Optical)

An independent and powered source of coded oftsal pulses

(e.g., ELRIO), allowing to also transmit data meses
Alternatively, single or multi-colored LED signatdso provide
identification through their blinking (Morse) codes

Data Fusion and Shared Catalog

The COPUOS Guidelines for the Long-Term Sustaiitgbdf Outer Space Activities contain
effective guidance on how to achieve safe and susike operations in space. Broadly speaking these
guidelines state that the sharing and disseminatia@pace data should be promoted, and accuracy

of data should be improved to support space safety.

Data fusion has been shown to be an important Wwamroving the accuracy and timeliness of
orbital data when astrometric observations of spdipects are not plentiful or are not of exquisite
qguality. And sharing of a space object cataloghesen a critical element of current and futurentiig
safety approaches, providing transparency, caphaitding, and a shared understanding of the space
environment and operational risks. However, foalkf sharing to be effective, it will be important
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to develop and utilize open-access space data egetsandards, methodologies, best practices, and
potentially even open-source tools at the inteomaii level.

The chapter discusses the concept of one or mbeged catalogs” of space data and information.

The concept of “data levels” is introduced, withrp&TM-relevant data types characterized by data
level. This chapter also examines the techniqueigihg space data from multiple sensors, sensor
types, SSA organizations, and space operatorstinoimore accurate positional knowledge using

technically-mature and operationally-mature datdin methodologies, tools, and analytics.

Data fusion is the process of integrating multigid¢a sources to produce more consistent, accurate,
and useful information than that provided by angividual data source. It is insufficient to merely
aggregate data sets (called Data Integration). fDatan is the process that not only merges tha dat
but additionally applies a reduction technique. (iogbit determination) to the combined data set of
diverse observations to yield a unified (fusedusoh having improved confidence (i.e., reduced
positional errors). Publicly shared catalogs ailakile through some organizations, but much detail
(e.g., as to how the contained data was genenatagbe omitted for national security or proprietary
reasons, leaving recipients unable to leverage, (aaprporate and fuse) the data to its full ekten

To provide the most utility, and enable data fusB8A data should be archived in an accessible data
repository. Required characteristics of a dataiaectas defined for large international and nationa
weather and climate data sets include; establisldag quality requirements for archiving,
maintaining consistency in metadata, ensuring datgssibility, and maintaining data integrity.
Space catalog sharing by itself is necessary lsuifficient. To be useful, particularly in data fsi
processes, supplied space information must alsxt@mpanied by compatible propagator methods
or force model settings, an assessment of the saoigeariability or standard deviation(s) for the
attribute’s estimated solution, and specificatidranalysis technique(s) employed to generate the
information. Error estimates (for example, covacmformation for the orbit solution) must be
demonstrated to be realistic characterizationscotifisgh system error as shown using established
covariance realism methods. The figure below isprasentation of how data could flow through an
integrated shared catalog with data processingfasidn outputting SSA and STC services thus
facilitating STM.

Overseeing Entity %5 :‘:::;f:..:t::s

entities for deconfliction
purposes

Space Operators

Space Traffic Coordination Center

|
== =
’ ' *As authorized
i H Space Weather
- Comprehensive Comprehensive space Earth Orientation

SSA crowd-sourced phonebook

space DB
tracking H P

networks
v

Orbit Determination engine

¥ o

SSA and STC analysis products
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Large Constellations

Predominantly located in LEO, large constellatifoSs) are real new systems, enabled by the rise
of commercial space, mass production of small lga®l and lower launch costs using mass
deployment techniques. This will not stop. The sind scale of LCs is well beyond any previous
space systems which can create challenges in dareeewthey did not previously exist, and little
regulation, recommendation or legal rules apply#jally to LCs or account for the scale on which
they operate.

Technical Considerations:

LCs arise when continuous service is needed. Imgesf traffic management, a global view is
required, this is not N satellites but one systamspecific orbital shells. Collective effects ond.C
should be considered versus traditional per seelhanagement. Mass production allows a
continuous versioning and improvement of modeksylteng in fixed lifetimes, leading to a very low
failure rate. Nevertheless, the end of mission algpis of paramount importance, post mission
disposal success rate must be as close as possitd®%. The disposal itself is an important phase
when controlled reentry is often not feasible. Seomtrolled reentry, control of the satellites unti
just before reentry, and design for demise are ndes that must apply. Continuous collision
awareness requires their operators to continueet@ldp new processes, including large-scale
automation, which creates new challenges, and b@haues. National regulators will need to set
rules to solve problems that have not yet occurkftective occupation of an orbital layer by
thousands of identical satellites operated by glsioperator may lead to a new cooperative way of
handling the conjunction assessment, with a stropgg for the main operator, maybe taking into
account all satellites in this shell, and the one{ened.

Policy & Legal Aspects:

Very little international agreement on specificipplexists for LCs today and existing policies were
not designed for the scale of LCs It is up to e@tional regulating body to specify what is regedst
The concept of fault is not defined, hence thei@ripmanagement of in-orbit liability is not proper
regulated by international common law. Effectiveweation of an orbital shell, thus preventing other
operators from easily using this orbital altitudeundefined, although several interesting proposals
have been made. An international dialogue, andilplgssonsensus, is needed. A neutral global
process may aid in encouraging more effective spaffec management governance and operations.

Synthesis:

LCs have changed the paradigm of LEO space uiizathe orbit itself has now a value (as is the
case for GEO). The intensive business develop#tbse orbital shells should be persistent, it is no
the interest of a LC operator to see the operadtiantal shells polluted by dead satellites or rieb
Because of the number of individual satellites lagd and the sustainability of their business mgedel
LCs methods of operation might significantly infhoe the evolution of space standards, in a good
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way. There are a number of technical and policgliegsues that need to evolve in a timely fashion;
this requires swift actions as some LCs are alreadyperation. An international action under the
ISO normative body, backed by technical insightenfflADC and the political and diplomatic level
in the UN, coherent with LTS needs should be styopgshed.

Space Capacity Management

In recent years we have witnessed an exponenti@ase in the number of active satellites in Earth
orbit, which is being driven by a growing numbed aliversity of space actors on Earth. The growing
congestion in orbit due to active satellites anatcepdebris has led to the conclusion that the Earth
orbital space environment constitutes a finite uese that must be managed rationally and equitably
for the benefit of current as well as future getiers. The management of the finite capacity of
near-Earth orbital space requires both scientifid gechnical as well as policy and regulatory
approaches to deal with all the aspects of thesidsuthis chapter we examine these various aspects

The first step toward space capacity managemento isievelop a scientific and technical
understanding of precisely what is meant by thigtéd capacity, how to quantify it, and how to
measure its use. Measuring the available capafkcihespace environment, to drive debris mitigation
guidelines to a desired environment trend. Theitaklbapacity” can be understood as the number of
objects compatible with a sustainable utilizatiérthe environment. However, a consensus has not
yet been reached on what a definition for sustdénabvironment is, in terms of population growth
rate (i.e., zero-growth rate or an acceptable dgrawate). The difficulty is that prediction relies o
long-term simulations of the environment that dejseon the definition of several parameters (e.g.,
launch traffic, break-up rates, disposal behavitich are difficult to predict. Other domains can
provide a good inspiration for definitions of odlitapacity and related management mechanisms.
These include examples of nature from closed et&sgs management of climate change, fisheries,
and frequency management through the Internatibel@icommunication Union.

Several metrics have been proposed such as thedrdgyears that are available for consumption by
human space activity in Low Earth Orbit for the n2R0 years or a risk metric (also indicated as
space debris index) that can be aggregated adtasgexts in orbit to quantify which share of the
environment capacity is already in use and whiahnlccdve used by future missions. On the other
hand, space sustainability analyses have focusdtieowhole debris population, or active objects
only, or the impact of large constellations. Howeapplying different space capacity definitions, o
different aggregated space debris indices, andréift hypotheses in evolutionary models or differen
models for in-orbit explosions and launch traffates can lead to widely varying results. This
highlights the importance of a concerted frameworkhe definition, computation, monitoring, and
allocation of the space environment capacity.

Life cycle assessment approaches have been deddlmpeasure the space debris index considering
not only the risk for in orbit collisions and expions, but also other contributions as the casuigky

on ground during re-entry, or the use of an orlut and the revenue it may generate. A recent
initiative proposed a score representing the suadlity of a mission looking at the alignment with
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international guidelines. The approach combine@, imique indicator, different modules to capture
different aspects of sustainability in space, abe&sng both the impact on other operators and en th
environment globally, looking both at short- anddeterm effects. In general, such metrics can be
defined at the environmental level (e.g., populaggoowth) or at a single object level (e.g., number
of objects, number of performed collision avoidamaneuvers, flux, fragmentation risk) and
aggregated to provide a single score representafittee global environment status. In all cases, a
methodology should be defined to allow for monigrii.e., ideally, independent assessments are
possible with inputs mostly coming from availabéatogues and models) and, potentially, for traffic
management (e.g. having the possibility of derivaggionable measures to be applied to space
missions).

While a capacity measure is needed, the resultniadjenge is to define indicators and thresholds.
From an operational point of view, the number oihfdaction Data Messages could be used to
guantify the risk in each orbit slot. Additionaltine number of Collision Avoidance Maneuvers gives
information on the threshold of collision probatyilaccepted by the satellite operator, even if ighis
highly operator dependent as different operatonshave different reaction thresholds. Most of the
metrics proposed rely on common parameters in #esessments, such as the size (i.e., mass or
cross-sectional area) of spacecraft and its orbitalde. Some formulations consider the activity
status of spacecraft and their ability to perfoiwiision avoidance maneuvers. Further aspects that
can be considered include data sharing, spacetgsifgn (e.g., robustness to failure), and concept o
operations (e.g., station keeping strategy, didpggaroach).

In conclusion, a transparent methodology needstddveloped to seek for global consensus and
implementation in countries’ regulatory approachorbver, it may be necessary to distinguish
between global and local capacity. The former waoldespond to the capacity of all the Earth orbits
while the latter would define the capacity of sfiecorbital regimes, shells, or inclinations, which
could be related to space traffic management proesd The local and global threshold not to be
exceeded should be defined by international estifie it has been done with Space Debris Mitigation
guidelines and requirements, by entities such @& Agency Space Debris Coordination Committee
and the United Nation (UN) COPUOQOS. To this end,ribed for mechanisms to ensure the review
and approval of the proposed capacity use wouseari

Regarding the policy and regulatory aspects of epaapacity management, under the existing
international legal framework for space activiti8tates bear international responsibility and ligbi

for the space activities of entities under themnigdiction and/or control. These obligations derive
from legally binding international treaties, as Wwa$ legally non-binding (although politically
binding) soft law instruments such as UN Generaefsbly resolutions, and other internationally
accepted standards, principles, and guideline® tiHaty obligations of States are normally codifie
in national legislation that is implemented by tekevant national regulatory authorities. In aidait

to such legally binding treaty obligations, Statesy also choose to codify non-binding principles or
guidelines, such as space debris guidelines orLtmg-Term Sustainability guidelines in their
national regulatory practices.
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The dramatic increase in the number and natioeslitif non-State actors raises challenges for
national regulators regarding chain-of-custody essand phenomena such as regulation shopping.
This raises the possibility of a fragmented goveaessystem, with different standards of behavior in

one common, shared domain, which can only be addigi®ugh cooperative governance of space

activities and improved inter-regulator coordinatio

Reaching a shared understanding on how space amert capacity should be uniquely defined will
be the first step towards the management of thimaty. The next step would be to reach an
international consensus about the metrics thatldhmei used. In doing so, it may be necessary to
distinguish between global (i.e. all the Earth tapand local capacity (i.e., specific orbit reggne
These are important considerations because wheata lieenses a space system, it is essentially
allocating a fraction of the limited, globally skdrorbital carrying capacity to one of its national
space actors, and it is also accepting interndticatality for that system on behalf of that natie
taxpayers.

The licensing process should include regulatorysim@rations such as: (i) what fraction of capacity
is allocated and whether this can be justified eatianal and equitable allocation of such capacity
(i) whether conditions should be imposed on algs® to ensure that the allocated capacity is @dcat
after the end of licensed operations, or soondghénevent that the mission fails, and how such
conditions would be enforced; (iii) whether theipdrof validity of a license should be limited, or
whether it should remain in force as long as thecated capacity is “used” in some way, and
specifying what constitutes “use”; and (iv) whetheroperating license should be transferable from
the licensed operator to another operator.

Outreach

This report addresses the need for communicatmas/ariety of stakeholder communities to enable
global progress in the area of Space Traffic Mansgg. The vision of safely coordinating the
operations of satellite missions and constellati@ugiires awareness and actions by organizations
from government, commercial, academic, nonprofit anultilateral sectors.

This work adapts a Systems Architecture method ddress specific questions related to
communications for Space Traffic Management. Thae3ys Architecture approach asks several key
guestions, including the following:

1) Who are Primary, Secondary and Tertiary Stalddslfor Space Traffic Management?

2) What are Stakeholders Needs and Desired Outciorties area of Space Traffic Management?
3) What Messages are relevant to each type of Soédker?

4) What Channels are available to send these Mes2ag

5) What timeline can be proposed to apply thesen@éla and Messages.

The Systems Architecture definitions guide the €ath Approach by highlighting the positions of
three categories of Stakeholders. Primary Stakensldre decision makers who actively influence
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the design or policy for Space Traffic Managem&aicondary Stakeholders are not direct decision
makers, but they have influence via funding, owgsior political interaction with Primary
Stakeholders. Tertiary Stakeholders are defineth@se who experience the results of the Space
Traffic Management system design. Tertiary Staksérsl experience the outcomes of the Space
Traffic Management system, which they may interpsebenefit or challenges.

The report identifies the following categories ainfary Stakeholders: National, Regional and
Supranational Space Agencies; Space Situationalréveas and Space Surveillance & Tracking
service providers; international governance bodaes} standardization bodies. The discussion on
Channels highlights existing options for sharinfgimation about technical, policy and legal aspects
that can inform the design of future Space Trad#fanagement efforts. The report identifies a variety
of settings for information about STM to be sharesdpecially in the categories of conferences,
academic publications, Multilateral forums, spaekxted events, space related press and the general
press. The analysis of Channels finds that martiie@gxisting sources of information about Space
Traffic Management are written in a format whiclswases that the audience is generally interested
and aware of Space Traffic Management. Communitaimong the Primary Stakeholders is the
highest priority during the development of new daliizes in Space Traffic Management. Thus, there
is alignment between the Primary Stakeholder agdieand the active Channels. The report also
finds, however, that additional effort can be agglior Primary Stakeholders to have two-way dialog
with Secondary and Tertiary Stakeholders in ord@ewunderstand what the Needs and Desired
Outcomes are for those groups.

There is an opportunity for Primary Stakeholders ni@ke greater use of non-traditional
communication Channels to supplement the existgggai well-established Channels. Some of the
high priority messages that the report identifredude reminding Stakeholders that space is a key
enabler of technology to meet needs on Earth apdostiattainment of Sustainable Development
Goals. Further, the Messages emphasize the curegals in space activity, showing the urgency to
act. Additionally, the Messages note that respalitgiand role of public and private actors to appl
technical and non-technical approaches to addnesSTM challenges that are not yet resolved. The
section on Timelines shows that there are reguiadaws of opportunity to communicate based on
the annual schedule of publications, conferencgste and institutional meetings.

The report recommends harnessing these existitgigagd that bring together many of the Primary
Stakeholders routinely to repeat the key Messa@jesaddition, the analysis shows several
opportunities to communicate responsively whenagevents or changes occur. Overall, the report
finds that ample knowledge and opportunities efastenhancing communication among Primary,
Secondary and Tertiary Stakeholders on Space @ fdfinagement.
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Conclusion

The contributions from over 130 IAA, IAF, and IISL committee members in 14 topical areas over the
last four years provides a sound foundation for further technical research, operational cooperation,
regulatory discussions, and policy formulation. The breadth of the topics covered in this report
accentuates the diverse nature of STM and amplifies the necessity for aggressive efforts by the
community to minimize deleterious effects on current operational space systems but more importantly
to create the environment for sustainable space operations for decades to come. There are likely other
technical, operational, regulatory, and policy efforts that will be catalyzed by this joint report; that is
the true measure of a good report, it lays the foundation for an acceleration in relevant activities in its
wake.

Indeed, this current document closes formally the action taken during the opening ceremony of IAC
2018 in Bremen, but it clearly does not end the work on the vastly rich topic of STM. Numerous
members have expressed the will to continue working together on some of the most pressing subjects,
such as related to large constellations or space capacity management. Several subjects were alsc
identified and not started in the frame of this document, but definitely deserve some work, leading to
associated recommendations, such as the management of RF interferences or the improvement of UN
registration. Last, the scope of the work shall be extended also to sub-orbital activities, transits
through airspace, traffic from orbit to Moon and Mars).

No doubt IAA, IAF, and IISL will remain coordinated in near future, to tackle efficiently all the open
points that deserve additional work.
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