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Abstract

This technical note is part of an activity conducted by Airbus Defence & Space and Eutelsat,
supported by astronomers representatives David Galadi Enriquez (NOC / IAU-CPS) & Federico
Di Vruno (SKAO / IAU-CPS) , for European Space Agency.

This note summarises the existing landscape of recommendations, regulations and laws aimed
at preserving the skies dark and quiet for astronomy (Dark and Quiet Skies initiative). Following
discussions with astronomers’ representatives, a refined set of requirements for future satellite
constellation development has been derived to ensure compliance with these guidelines and
obligations. These requirements concern flares and glares definition, uncertainty management,
possibility to temporary be non-compliant to the requirements and how to share the effort between
different constellations.

The study will follow by assessing the technical, operational and financial impacts of
implementing these requirements on a representative satellite telecommunications constellation.
Based on these findings, the requirements may be revisited to identify a balanced compromise
between the feasibility of constellation missions and the preservation of astronomical observations.”
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LIST OF ACRONYMS
2MASS 2 Micron All-Sky Survey
ALMA Atacama Large Mm-submm Array
AMS Aeronautical Mobile Service
ARNS Aeronautical Radionavigation Service
ASI Agenzia Spaziale Italiana
ATU African Telecommunication Union
BRDF Bi-directional Reflectance Distribution Function
BSS Broadcasting Satellite Service
CCD Charge Coupled Device
CCSDS OEM | Consultative Committee for Space Data Systems Orbit Ephemeris Message
CEPT European Conference of Postal and Telecommunication Administrations
CFR Code for Federal Regulations
CISPR International Special Committee on Radio Interference
CMOS Complementary Metal Oxide Semiconductor
CNES Centre National d’Etudes Spatiales
COPUOS Committee on the Peaceful Uses of Outer Space
CPS Centre for the Protection of the Dark and Quiet Sky against Satellite Constellation
Interference
CRAF Committee on Radio Astronomy Frequencies
CSS Catalina Sky Survey
ECC Electronic Communications Committee
ECSS European Cooperation for Space Standardization
EESS Earth Exploration Satellite Service
EMC Electromagnetic Compatibility
ESA European Space Agency
EU European Union
FCC Federal Communication Committee
FOV Field of View
FS Fixed Service
FSS Fixed Satellite Service
GSO Geostationary Satellite Orbit
IAU International Astronomical Union
ISO International Organization for Standardization
ITU International Telecommunication Union
LSST Legacy Survey of Space and Time
MIFR Master International Frequency Register
MMSS Maritime Mobile Satellite Service
MS Mobile Service
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MSS Mobile Satellite Service

NASA National Aeronautics and Space Administration
NEO near-Earth objects

NIR Near Infra-Red

NRAO National Radio Astronomy Observatory
NSF National Science Foundation

OoDS Operational Data Sharing

OEM Orbit Ephemeris Message

0o0oB Out of Band

RAS Radio-astronomy Service

RDSS Radiodetermination Satellite Service
RLS Radiolocation Service

RNS Radionavigation Service

RNSS Radionavigation Satellite Service

RQZ Radio Quiet Zone

RR Radio Regulations

SDM Space Debris Mitigation

SKA Square Kilometre Array

SKAO Square Kilometre Array Observatory
SOS Space Operation Service

SRS Space Research Service

TBA Telescope Boresight Avoidance

TLE Two Line Elements

uv Ultra-Violet

UEMR Unintended Electromagnetic Radiations
uscC US Code

VLBI Verly Long Baseline Interferometry

WP Working Party

WRC World Radiocommunication Conference
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1. DARK SKY

1.1. Compilation of existing frameworks, standards and guidelines

While numerous regulations exist to protect Dark Skies from ground-based interferences, space-
based interferences remain assessed by a limited number of frameworks. This regulatory gap stems
from three main factors:

o Firstly, a disparity in scale of impact. If national governments can often effectively manage
local light pollution near observatories, the impact of space objects is inherently global and
transcends individual jurisdictions.

o Secondly, mitigating space-based interferences is highly complex since satellites are passive
reflectors of sunlight rather than active light emitters. Unlike terrestrial lighting or even certain
radio signals, these interferences cannot be simply “switched off”. Instead, it necessitates
complex mitigation strategies, focusing on design and operational choices.

o Thirdly, these technical solutions are often bespoke — tailored to the specific geometry and
mission requirements of a space mission — and cannot easily be replicated or standardised
for other space objects.

Nonetheless, several proactive states have begun integrating Dark Skies requirements into their
national licensing regimes. Under Article VI of the Outer Space Treaty, states bear international
responsibility for all national space activities. Consequently, space operations are regulated at the
national level, where states implement laws to ensure that missions are properly authorised,
licensed, and supervised (1.1.1.).

In parallel, some international bodies such as ESA, ISO or IAU CPS increasingly develop guidelines
and standards — whether for their internal use or not — that serve as a blueprint for states when
developing their national space legislation (1.1.2.).

1.1.1. National and regional space laws

Only few countries address Dark Skies as part licensing requirements for space operations. These
countries include France, ltaly the United States, as addressed below. In parallel, the European
Commission has revealed in 2025 a proposal for a regulation that aims to harmonise requirements
applying to space activities authorisations in the Union. Although not yet in force, the current text
includes Dark skies requirements.

This list cannot be considered as exhaustive and has been written based on the expertise of its
authors as well as available reports, such as from the IAU CPS Policy Hub'. Especially, other states
might require as part of space operation authorisations assessments evaluating potential impact of
space activities on the outer space environment, but without formally naming Dark skies.

" IAU CPS, National Approaches to the Protection of Dark and Quiet Skies, December 2, 2024.
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1.1.1.1. France

France has a national space law since June 3, 20082. It applies to all operators launching a space
object from France; all French operators launching a space object from foreign territories; and French
nationals or companies that intend to control a space object. The technical considerations for space
authorisations are specified by an order dated March 31, 20113, On June 28, 2024, this last
regulatory act was modified to incorporate a binding requirement related to Dark skies.

Article Requirement

Article 48-10 mitigation of | Operators of mega-constellations subject to the regulation will
optical interferences  from | have to design, manufacture and operate their satellites with the
mega-constellation satellites aim of reaching an apparent magnitude threshold of 7 or more,
to limit optical interference with astronomical observations from
the ground or from space.

The requirement fixes an objective (“with the aim”) exclusive to mega-constellations (defined as
constellations with more than 100 space objects). It stands as a requirement of reasonable care
rather than strict performance, therefore recognising that glitches may occur, or that current
technologies may not be sufficient to reach the specified threshold.

The requirement seeks to mitigate the impact on both ground-based and space-based astronomical
infrastructures. However, the impact on space-based astronomical infrastructures remains
insufficiently assessed, and such a requirement is uncommon.

Finally, the requirement will be applicable to satellite constellation operators subject to the regulation
from 1 January 2029. Until then, satellite operators are simply required “to minimise optical
interferences”, with no specific threshold mentioned. When submitting space operation applications,
space operators will have to demonstrate compliance with it, with an assessment carried out by the
CNES, the French Space Agency.

In parallel, CNES produced a best practices handbook* to help satellite operators reach compliance
with the French space operations act. Guidelines to ensure compliance with the magnitude
requirement of Article 48-10 acknowledge that there is no standardised method for estimating
satellite illumination. Therefore, it is left to the operator to choose or develop the method that is most
appropriate for their situation. The satellite operator must describe methodologies employed and
may specify the measures implemented to mitigate reflectivity. Several strategies are also
introduced. It is interesting to note that the guidelines focus on ground astronomy — excluding
astronomy from space — while the requirement of Article 48-10 addresses both astronomical
observations from ground and space. This appears to create a loophole, introducing additional
ambiguity regarding how the impacts of satellite constellations on space-based astronomical
infrastructures should be addressed.

2 Loi n°2008-518 du 3 juin 2008 relative aux opérations spatiales.

3 Arrété du 31 mars 2011 relatif a la réglementation technique en application du décret n° 2009-643 du 9 juin
2009 relatif aux autorisations délivrées en application de la loi n° 2008-518 du 3 juin 2008 relative aux
opérations spatiales.

4 CNES, guide des bonnes pratiques LOS pour les systémes orbitaux, 2025 Guide des bonnes
pratiques — LOS
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1.1.1.2. The United States

In the United States, Title 47 (telecommunications) of the US Code (USC), Chapter 5 §301 poses
that no person shall use or operate any apparatus for the transmission of energy or communications
or signals by radio in the United States without a license granted under the provision of the chapter.
This serves as the legal basis to license US satellite operators, but also to grant market access to
non-US satellite operators. In addition, the Code for Federal Regulations (CFR) provides the specific
technical and administrative regulations, notably within Part 25, that define the mandatory
procedures, safety standards, and filing requirements satellite operators must follow. While neither
the USC nor the CFR specifically address optical astronomy, the Federal Communications
Commission (FCC), in charge of granting authorisation, has started to include requirements to
protect radio astronomy within licenses and market access authorisations. According to the
Commission, this is part of its obligation to ensure that the “public convenience, interest, or necessity
will be served™. On this basis, the Commission has required SpaceX in an order dated November
29, 2022:

o to coordinate and collaborate with NASA to minimise impacts to NASA’s science missions
involving astronomy,

o to achieve with the US National Science Foundation (NSF) a mutually acceptable agreement to
mitigate the impact on optical ground-based astronomy,

e to submit an annual report to the Commission by January 15t each year covering the preceding
year containing the following information: (1) whether it has reached a coordination agreement
with NSF addressing optical astronomy; and (2) any steps SpaceX has taken to reduce the
impact of its satellites on optical astronomy, including but not limited to darkening, deflecting
light away from the Earth, attitude manoeuvring, and provision of orbital information to
astronomers for scheduling observations around satellites’ locations.

Similar requirements have been included in other FCC orders, such as for Planet Labs on May 10,
20245, or Globalstar on August 16, 2024’. However, they remain applied on a case-by-case basis
rather than through a standardised rule. The requirements do not concern all satellite operators in
the US and specific threshold for imposing them — such as a minimum number of satellites in a
constellation — remains unknown.

1.1.1.3. ltaly

Italy enacted its first comprehensive framework for space activities through Law No. 89 of June 13,
2025 (the "Space Economy Law"), which entered into force on June 25, 2025. This law applies to
space activities conducted by any operator on ltalian territory, as well as activities conducted abroad
by Italian operators. Under this new regime, prior authorisation is mandatory and is granted by the
Presidency of the Council of Ministers following a technical assessment by ASI (the Italian Space
Agency).

5 SpaceX Gen2 First Partial Grant. November 29, 2022.
6 Planet Labs Modification of License. May 10, 2024.
7 Globalsar Partial Grant. August 16, 2024.
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Article Requirement
Article 5 1. The authorisation referred to in Article 4 is subject to the possession of the
Objective objective requirements of technical suitability defined in accordance with Article

requirements for | 13, in compliance with the following principles and criteria:

the exercise of | a) safety of space activities in all their phases and aspects, from the design of
space activities | the space object and its components to the management of space activities,
with provision for a specific analysis of the impacts on safety as well as an
assessment of the light and radio-electric pollution produced by space objects
and the mitigation of the effects of space debris, including methods to ensure
its safe and, where possible, controlled re-entry into the atmosphere;

[.]

As such, according to Article 5, operators must provide “an assessment of the light and radio-electric
pollution produced by their space objects”. While no additional specifications are provided,
compliance with this requirement is a prerequisite for authorisation.

1.1.1.4. European Union

The European Commission has published a proposal for a regulation on the safety, resilience and
sustainability of space activities in the Union. Also called EU Space Act, it is a legislative proposal
that aims to create a single market for space services and space-based data in the European Union.
As such, requirements are set to apply to all space operators seeking access to the Union market,
whether they are established in the Union or not. The current version, dated 25 June 2025, includes
several related to Dark skies, with a gradual approach tailored to the size of the space operator’s
fleet:

o Firstly, Article 72 sets a 7-magnitude threshold as well as a “dark and quiet skies mitigation
plan” requirement applicable to all spacecrafts. It is specified that the plan must include a
description of the technical and operational measures implemented.

o Secondly, Annex VI establishes additional reporting requirements. It states that
constellations must take “specific’ measures to limit light and radio pollution. These measures
are set to be specified by means of a future Implementing Act of the Commission.

e Thirdly, the same Annex VI establishes a reporting requirement for mega and giga-
constellations after one year of operation, as well as a requirement to initiate the development
of technical solutions if the measures in place are not effective.

In parallel, the Commission is seeking to develop voluntary measures through a Union Space Label
Framework (Article 111) set to promote adherence to high standards of protection of space activities.
A Union Space Labelling Scheme concerns Dark Skies and shall establish the detailed requirements
to reduce the light pollution of spacecraft.

It should be noted that this project remains a proposal from the Commission and will be subject to
modifications when undergoing the legislative process. On December 5, 2025, the Danish
presidency of the European Council disclosed a compromise text amending comprehensively the
proposal. Especially, dark skies requirements were revised and the 7-magnitude requirement of
Article 72 removed. Other requirements remain at this stage.

Designing Satcom missions to ensure dark and quiet skies
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1.1.2. European Space Agency

ESA published on October 30, 2023, Space Debris Mitigation (SDM) Requirements applicable to
ESA programmes and projects. Three concern Dark Skies:

Category Requirement

Requirement 5.6.a: Visual | Visual brightness assessment. The developer of a spacecraft

brightness assessment or launch vehicle orbital element in near Earth orbit shall
quantify the visual brightness of the design.

Requirement 5.6.b: Visual | Visual brightness reduction for constellations. The developer

brightness reduction for | and operator of a constellation in near Earth orbit shall

constellations propose and implement design and operational mitigation

actions to reduce the visual brightness of the spacecraft.

Requirement 5.6.d Data sharing The developer and operator of a spacecraft or launch vehicle
orbital element operating in near Earth orbit shall make
available data on demand to support mitigation of impacts on
astronomy, including brightness data, antenna diagrams,
orbital profiles, and predicted and real-time orbital elements.

In addition, these requirements must be read in light of the ESA Space Debris Mitigation Compliance
Verification Guidelines®, a handbook providing comprehensive guidance on verification methods and
possible implementation of mitigation measures to comply with the requirements. Last version was
issued on June 27, 2025. For each requirement, it gives (1) rationale for the requirement, (2) methods
to assess compliance, (3) mitigation measures.

1.1.3. International Standardisation Organisation

ISO published in January 2024 technical specification 6434 entitled “space systems — design, testing
and operation of a large constellation of spacecraft”. It provides a set of standard practices
throughout the large constellation life cycle to promote safety on the ground from re-entry hazard
and long-term sustainability of space operations. In the document, a large constellation is defined as
a “system of a hundred or more spacecraft working together”. 2 standards address Dark skies:

o 5.2.7 Large constellation minimization of disruptive visual brightness. Large constellation
designers shall seek to control the apparent magnitude of their spacecraft, during both the
checkout and operations phases, to limit disruptions to the astronomy and naked-eye
observing communities.

NOTE 1 Objects up to about apparent magnitude 6 are visible to the naked eye. An existing
constellation owner strives to achieve an apparent magnitude of 7 or dimmer.

NOTE 2 The impact on astronomy can be minimized by design, using mechanisms (e.qg.
deployable visors), vehicle orientations, shutters, and/or operating characteristics to reduce
the overall reflectivity of the spacecraft. The necessity of such techniques depends on orbit
altitude, reflectance of surface components, overall surface area, and flight attitude rules.

e 544 lLarge constellation operation to minimise disruptive visual brightness. Large
constellation operators shall seek to minimise visual brightness of their spacecraft, both
during the checkout and operations phases, to limit disruptions to the astronomy and naked-
eye observing communities (see 5.2.7, NOTEs 1 and 2).

These minimal ISO standards underscore the current absence of robust, internationally recognised
requirements and methodologies.

8 ESA Space Debris Mitigation Compliance Verification Guidelines

Designing Satcom missions to ensure dark and quiet skies
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1.1.4. IAU CPS Technical Recommendations

The IAU CPS consolidated technical requirements provide guidance for satellite operators,
manufacturers, and related industry professionals to minimise the impact of satellite constellations
on astronomy. They were released in February 2024 and are complemented by the IAU CPS
Position Paper, released in March 2024, which describes IAU CPS policy position. The full document
can be found in Annex B: IAU CPS Recommendations.

Notably, it includes nine recommendations on Dark skies, which can be separated in 3 categories:
design mitigations; operational mitigations; ephemerides sharing.

Design mitigations

Category Astronomical need
Limit on reflected sunlight from | Reflected sunlight shall be slowly varying with orbital phase as
satellites recorded by high etendue, large-aperture ground-based

telescopes to be fainter than 7.0 V_mag +2.5 x log(r_orbit / 550
km), equivalent to 44 x (550 km / r_orbit) watts/steradian, for r >
550 km; V=7.0 mag for lower orbits.

Flares & Glints Minimise the occurrence of high-amplitude flares projected onto
the ground; design for as little fluctuation in detected visible
brightness as possible for small changes in sun/viewing angle;
share modelling predictions as part of coordination process.
Short and long-term optical/IR | Support an immediate coordinated effort for multiple spectral
monitoring bands in optical and infrared observations of LEOsat
constellation members. In the longer term, support a
comprehensive satellite constellation multispectral observing
network with uniform observing and data reduction protocols.
BRDF In an effort to minimize the brightness of satellite surfaces during
the satellite design and development phase, LEOsat operators
possibly in collaboration with astronomers should do one of the
following: 1) Perform adequate laboratory Bi-directional
Reflectance Distribution Function (BRDF) measurements; 2)
Base their reported model (for reflectance simulation analysis)
on the best available such measurements for the materials that
they used; 3) Convince governments to share their libraries of
such materials with the operators for that purpose. In each of the
three cases, the BRDF values used for the various surface
materials should be made available to other stakeholders like
astronomers. If public disclosure of BRDF values for specific
materials is not possible, LEOsat operators could provide a
global BRDF model for the satellite as a whole.

The first recommendation of a limit of reflected sunlight had a significant resonance among the
astronomical community and the industry. The below formula is suggested:
SatAltitude
Vmag > 7.0+ 25x%logqg (W)
Where V refers to the Johnson V bandpass. This formula stems from a paper produced
collaboratively between the Vera C. Rubin Observatory, SpaceX and other academics in 2020°. It
acknowledged that above a 7-magnitude threshold, the loss of sky-limited image area is confined to
the illuminated satellite track. Based on this paper, they then worked on defining a limit on reflected
sunlight in the optical/infrared as a function of the operational altitude of satellite constellation. This

9 Tyson, J. A, et al. (2020). Mitigation of LEO Satellite Brightness and Trail Effects on the Rubin Observatory
LSST. The Astronomical Journal, Volume 160, Number 5, 17p. doi: 10.3847/1538-3881/abba3e
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task was conducted as part of the Metrics Working Group of the SATCON1 workshop in mid-2020°
and the established metric was subsequently used in several key reports produced by NSF’s
NOIRLab, the International Astronomical Union (IAU), and various astronomical organizations".

The rationale of the formula is detailed in a 2025 paper. It states that satellites and space debris
appear brighter to ground-based observers when they are at lower altitudes. However, as the altitude
of a space object increases, the speed of its sky motion decreases. From the point of view of a
detector, these two factors work against each other such that a bright space object moving quickly
could induce a detector response similar to that of a dim space object moving slowly. This is the
rationale behind the concept of effective magnitude used in Sec. 1.2 of this report. Therefore, based
on the detector response to the number of photons, the formula was established.

Figure 1: Comparison between (1) the IAU CPS recommendation based on
the altitude ratio approximation and (2) the full expression using rates. The
approximation is favoured for the recommendation due to its simplicity.

IAU CPS Brightess Limit Recommendation for LEO Satellites
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Additionally, the recommendation on BRDF clashes with thermal management requirements.
Indeed, dark coatings required for light mitigation may be thermally incompatible with the materials
needed to maintain the satellite’s structural and operational integrity.

One of the difficulties for establishing technical specifications to limit the apparent brightness of
spacecraft arises from the need to define the spectral band for which those specifications are given.
The IAU CPS limit on apparent brightness is specified for the traditional astronomical visual band,
V. The situation may be compared to that found in metrology of illumination with the candela and
related units (lux, lumen and their derivations), in the sense that the candela relies on a strict
definition of the sensitivity curve of the human eye. While there exists an international agreement on
the definition of this sensitivity curve for lighting engineering, the same cannot be said about the
shape of the astronomical V band: its effective wavelength is around 550 nm and its equivalent width
is some 90 nm, but many versions are in use, with slight differences among them. Thus, the

0 See the SATCON1 Metrics Working Group Report of 30 June 2020.

1 See the 2020 Dark and Quiet Skies for Science and Society (D&QS1) report, the 2021 D&QS2 report, and
the 2021 SATCON2 Working Group report.

2. A. Boley, R. Green, M. Rawls, S. Eggl, CPS Satellite Brightness Recommendation: Rationale, March 14,
2025.
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translation of a V magnitude limit to radiant intensity in W/sr depends on the details of the specific
definition of the V band. Also, the IAU CPS definition establishes limits only on the emission in this
band, and not on spectral regions outside it. But fulfilling this limit should also restrict the emissions
outside that band, because the satellite reflects the solar spectral energy distribution. Thus, also UV
and NIR emissions are loosely limited this way, although it is evident that the results will depend
upon the spectral reflectivity of the spacecraft (its “colour”).

Finally, regarding the recommendation about flares and glints, the CPS definition'® establishes that
a glint is a satellite trail that doubles its brightness (that is, a decrease of 0.75 mag) with respect to
its baseline level in the span of time it takes the satellite to cross at least a 0.5 arcsec field of view.
This definition is incomplete, since the way to determine the baseline level is not described and the
upper bound for the interval to consider the brightness increase is missing. Besides, in the LEO
regime (altitudes between 350 km and 2000 km), a satellite as seen from the Earth surface will move
between 1.3 °/s (fastest case, a satellite at an orbital altitude of 350 km passing at zenith) and 0.2
°ls (slowest case, a satellite at an orbital altitude of 2000 km and passing at 30° elevation). As a
result, the time to cross a 0.5 arcsec field of view would vary between 0.1 ms and 0.8 ms. Although
glints within such durations have been reported in literature', they do not represent typical behaviour
of controlled LEO broadband-communication satellites which maintain stable attitude and do not
rotate at the rates needed to produce such short-period glints. Indeed, this kind of glints are typically
associated with fast-rotating debris and rocket bodies, not with stable satellites. On the other hand,
the FOV of 3.5° from Vera C. Rubin Observatory, one of the worst cases in terms of interference
identified by the astronomical community, would be traversed in 2.8 s and 20.6 s, respectively, for
the fastest and slowest cases identified above. To be in line with these orders of magnitude, it is
proposed to define a glint as an increase and then decrease of at least 0.75 mag in a time span of
one second.

Operational mitigations

Category Astronomical need

Orbital altitude Operate in orbits with altitudes below about 600 km, if
practicable, when consistent with operational and safety
objectives and constraints. If the constellation cannot be planned
for altitudes below ~600 km, choose the lowest practicable
operational altitude.

Number  of  constellation | Minimise the number of satellites required to fulfil their missions.
satellites
Minimizing visibility throughout | Minimize the time satellites spend in orbit when not in service.
mission lifetime Conducting orbit raising and deorbiting as soon and as quickly
as practicable, taking due account of relevant protocols for such
operations and space sustainability practices, while also taking
into account brightness mitigations, where practicable.

The rationale behind the recommendation to lower orbital altitude is that satellites in constellations
with higher orbital shells are illuminated by the Sun for longer during the night and appear more ‘in
focus’ to telescopes. As such, the impact on astronomy increases with constellation altitude.
Scientific analysis shows that orbits approximately 600 kilometres or below offer a compromise
between brightness and the length of time satellites are illuminated during the night. This choice
minimizes the rate of sunlight streaks in the dark hours between evening and morning twilight for the
largest-aperture telescopes, which are located in the range of |latitude| < 35 deg.

B JAU CPS Consolidated Recommendations: https://cps.iau.org/documents/44/Consolidated-CPS-

Recommendations.pdf
4 Karpov, S., Peloton, J.: The rate of satellite glints in ZTF and LSST sky surveys. 2023, Contributions of the
Astronomical Observatory Skalnaté Pleso, 53, 4, 69-80, DOI: 10.31577/caosp.2023.53.4.69
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However, several objections can be raised:

— Orbital altitude allocation is primarily driven by frequency coordination (ITU regulations) and
mission-specific performance requirements. Lowering altitude may not be possible.

— Whilst the recommendation can effectively mitigate the impact of satellite’s reflectivity on
astronomy for a single satellite, it should be carefully considered for a system of satellites
such as a constellation. Indeed, as the orbital altitude of a broadband constellation
decreases, its number of satellites increase to ensure global coverage. This relation is shown
by a JASON report entitled The Impacts of Large Constellations of Satellites.
Consequently, if at 35,786 km (geostationary orbit) a single satellite can cover 1/3 of the
Earth surface, many thousands of satellites are required at 500 km. These satellites would
still be visible during twilights, causing an impact in scientific cases observing during these
periods (see 1.2.4.2).

— Lowering altitude of a satellite constellation may imply trade-offs such as a reduced life
duration for the satellites due to atmospheric drag, an increased collision risk, as well as more
satellite launches and re-entries.

Therefore, for a constellation, the first recommendation to lower altitude implies several trade-offs
and is in contradiction with the second recommendation to minimise the number of satellites. In that
sense, acknowledging this close relation between number of satellites and orbital altitude, the Group
of Friends of Dark and Quiet Skies suggested in its 2025 Conference Room Paper to the Scientific
and Technical Sub-Committee to the United Nations COPUOS'® to “support research to model the
scientific impact of sunlight streaks and to examine the impacts on a distribution of high-priority
scientific programs for different constellation configurations in terms of number of satellites and
orbital altitude”.

Across the reviewed literature, there is no community-endorsed numerical threshold defining how
much data loss is acceptable. Astronomer recommendations emphasize minimisation, without
providing a threshold. One of the main difficulties to find a value per constellation is how to consider
the aggregate of multiple constellations.

A proxy commonly used to estimate data loss is the number of pixels lost due to satellite trails. The
estimated pixel loss for the Vera C. Rubin Observatory'’, one of the scientific programmes identified
as a worst-case scenario in terms of satellite constellation interference, and under the assumption
of 48000 satellites at 550 km, amounts to 0.3% of the pixels if the whole astronomical night is
considered, and to 1% of the pixels if only twilight periods are analysed. These figures extremely
depend on number of satellites considered, constellation geometry and magnitude per satellite. For
instance, a different simulation' which assumes 26750 satellites distributed in 18 different shells
with altitudes ranging from 340 km to 2000 km, and with a different way of estimating the magnitude
per satellite, finds that for the Rubin Observatory, 30% of the exposures will be lost and 50% of the
twilight exposures will be contaminated. Based on the variability of the figures reported and on the
fact that they represent estimated values under certain hypothesis instead of levels of acceptable

5 JASON, The Impacts of Large Constellations of Satellites, November 2020, JSR-20-2H.
6 Conference Room Paper on Dark and Quiet Skies for Science and Society, UN COPUOS STSC, 3-14
February 2025.

7 Tyson J. A. et al., Mitigation of LEO Satellite Brightness and Trail Effects on the Rubin Observatory
LSST, 2020, The Astronomical Journal, http://dx.doi.org/10.3847/1538-3881/abba3e

8 Hainaut O. R., Williams P. A., Impact of satellite constellations on astronomical observations with
ESO telescopes in the visible and infrared domains, A&A 636 A121 (2020), DOI: 10.1051/0004-
6361/202037501
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values, establishing a threshold of data loss from previous results seems complex and would
probably lead to unrepresentative targets.

Another approach could be to use as reference the limits proposed by the ITU-RR to protect radio
astronomy, which establish that a single constellation shall not interfere in frequency bands allocated
to radio astronomy more than 2% of the time. With this value per constellation, the aggregate data
loss from all constellations is estimated to be 5%, since only a certain number of constellations can
operate in the same frequency bands. However, for optical astronomy, no matter the frequency
bands in which the constellation operates, the interference produced by satellite trails cumulates.
Therefore, using these values as reference does not seem to be a good approach either.

Finally, a third approach could be to establish the threshold based on real values of data losses
caused by technical issues registered in professional telescopes. Using as reference an existing
level of experienced losses ensures that the impact from satellite constellations on scientific results
remains bounded with respect to the existing situation.

Being one of the largest observatories in the world and identified by astronomers as a relevant case
for satellite constellations interference, the European Southern Observatory suits the purpose of
being used to compute a target value. The statistics of operations presented in the annual reports’®,
comprising the telescopes in Cerro Paranal and in La Silla, for the last ten years available (from 2014
until 2024) lead to an average value of percentage of nights lost due to technical issues of 3.2%.

From this reference value, one margin factor shall be applied to obtain the acceptable level per
constellation, that is, to account for the fact that multiple constellations will fly in parallel. Even if
several filings with huge number of satellites have been registered to date, it is known that they are
used speculatively and therefore they do not reflect the real number of satellites that will be launched.
On the contrary, to date, only 6 constellations have launched at least 100 satellites (Starlink,
OneWeb, Amazon Leo, Starshield, China SatNet and Qianfan)?°. Therefore, it is proposed to impose
the consideration that 10 constellations like the one being designed could be launched in parallel,
that is, to apply another one tenth to obtain the acceptable value per constellation. Consequently,
the acceptable value of data loss proposed is 0.32%.

Ephemerides sharing

Category Astronomical need

TLE / Ephemerides accuracy | Satellite ephemeris data with covariances shall be provided in a
standardised format (e.g. CCSDS OEM) and make planned
manoeuvres known in advance with every ephemeris update.
Ephemeris data shall be sufficiently detailed and accurate so that
they can be used for astronomy observation planning up to 8
hours in advance.

Cadence sufficient for | Operators shall provide data on satellite attitude and
ephemeris prediction ephemerides with covariances every 8 hours or at intervals that
are commensurate with staying below the ephemeris prediction
accuracy requirements, particularly when manoeuvres are
executed.

This reveals that, while this large set of requirements suggested by IAU is set to influence positively
states and international organisations in the development of their frameworks, the said requirements
require cautious assessment by technical bodies before implementation. Indeed, some requirements
may clash with technical or operational requirements critical to satellite missions; clash with
proprietary information or trade secrets requirements; or oppose to each other.

9 ESO Annual Reports archive: https://www.eso.org/public/products/annualreports/list/1/
20 Jonathan Macdowell Space Report website: https://planet4589.org/space/con/conlist.html
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1.2. List of observational programs and relevance of the requirements

1.2.1. Context

Modern optical astronomical observation from the ground comprises a set of devices and techniques
that can be classified attending to the extent of the impact they suffer due to large satellite
constellations.

Reasoning from first principles, the affection level to each observational program may be evaluated
in a three-dimensional space whose axis would be telescope étendue, angle between pointing
direction and anti-solar direction, and zenith distance.

1.

The étendue is the telescope collecting area multiplied by the solid angle covered by the
field of view. This is a property of the instrumental equipment. The impact tends to zero for
programs of very small étendue, and it grows with this parameter for obvious reasons: a
larger collecting area intensifies the satellite signal caught on the detector, and a larger field
of view increases the probability of satellite crossing, leading to a higher number of traces on
the detector.

The angle between the observing direction and the anti-solar point may be called umbral
angle, {. This is relevant because satellite effects on optical astronomy are due reflected
sunlight. Thus, every night, around mid-night, the anti-solar point culminates and there is a
time interval in which the impact is close to negligible if the observations are performed at
intermediate or large elevations above the horizon. The larger the umbral angle, the larger
the number of illuminated satellites that may affect the observation. Umbral angle is only a
general proxy for this effect because satellites may be inside or outside the Earth’s shadow
depending, also, on their specific orbital parameters such as inclination and orbit radius. Also,
culmination altitude of the anti-solar point follows a seasonal cycle directly linked to Sun
declination. For a given observing direction, solar elongation es is the angle Sun-target, and
{+es =180°.

Figure 2: Depiction of Umbral angle.
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3. Zenith distance zis a relevant parameter because, for any orbital shell, the apparent density
of satellites increases very fast as we observe closer to the horizon, due to simple perspective
effects.

Figure 3: Increase in the apparent density of satellites with zenith distance, taking as
reference the apparent density at the zenith.
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There is some degeneracy among both angular parameters (z and {) due to the fact that many
observations are performed during the deepest part of the night (i.e., with the anti-solar point high
on the sky) and, normally, at intermediate zenith angles, what tends to favour intermediate or small
umbral angles but, as we will see, the details may significantly differ depending on the observational
program.

1.2.2. Integration time and effective magnitude

For a given instrument and observation program, the impact always grows larger as integration
time increases, because the probability of having satellite traces on the detector increases linearly
with time.

Satellites are moving objects, while astronomical observations of any kind are always done tracking
on the sky to compensate for the apparent motion of the astronomical target, due mainly to the
Earth’s rotation. This means that the astrophysical targets accumulate signal on the same portion
of the detector during all the integration time (or exposure time), the time interval during which the
shutter is open: texp. In contrast, satellites leave a trace that accumulates light only during the time
needed to cross each pixel. Following Bassa et al. (2022)?' (BHG22 from now on), if r is the angular
size of a resolution element or pixel as projected onto the sky, and being w the apparent angular
speed of the satellite, the relevant parameter to assess the impact of a satellite trace in terms of
brightness is the effective magnitude. If a satellite, considered as a point-like object, shows an

21 Bassa C.G., Hainaut O.R and Galadi-Enriquez D. (2022), A&A 657, A75 (BHG22),
https://doi.org/10.1051/0004-6361/202142101
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apparent magnitude msat, its effective magnitude mer will always be fainter and, thus, numerically
larger (remember that larger magnitude values mean fainter objects), as given by the expression:

_ r
meff_msat_ 2.5 lOglo

exp

Effective magnitude is always fainter (numerically larger) because the logarithm yields negative
values, given that the crossing time (time to cross one resolution element of size r at angular speed
w) has to be shorter than the integration time.

The effective magnitude is the magnitude that a fixed (tracked, point like) object would have to have
in order to produce, on one pixel, the same signal left there by the satellite. Comparing the effective
magnitude of satellites with the limiting magnitude of the observational system provides some insight
on the impact of the trace in terms of brightness.

It is important to keep in mind the huge variability of the situation. Both apparent magnitude msa: and
apparent angular speed depend on the satellite’s orbital details, on the distance to the observatory
and on the geometry of the observation. The potential dispersion of the values for the effective
magnitude is somewhat reduced by the fact that the two effects of distance partly compensate each
other: larger distances increase the value of apparent magnitude (the satellite gets fainter), but
reduce the apparent angular speed, what increases the crossing time for one pixel. For our reference
case, and based on Fig. 5 of BHG22, we adopt msat = 5.

1.2.3. Observation modes in modern optical astronomy

Usually, the optical realm in observational astronomy covers from the very near ultraviolet
(wavelengths larger than some 300 nm) to the near infrared (up to 1.5-2 ym). The first part of this
interval relies on silicon-based CCD and CMOS detectors, while the (infra)redder extreme, from
1 um on, has other materials of choice such as HgCdTe.

For observations in the thermal infrared (wavelengths larger than 3-5 ym) the effect of the Earth’s
shadow starts to lose importance, because spacecraft emit certain amounts of radiation in this
spectral band even being in shadow. For these programs, the main relevant parameters are
telescope étendue and zenith distance and they are affected all the night long.

There are two main realms in optical observational astronomy: direct imaging and spectroscopy.

Direct imaging relies on two-dimensional detectors that use narrow, intermediate or wide filters to
select the sensitivity band. This technique is close to what the general public would understand as
“taking photographs”, and their scientific application may rely on astrometry, photometry, or both.
We may distinguish among wide field and narrow field direct imaging, with a diffuse frontier around
20 arcmin diameter.

Spectroscopic instruments are classified according to the technique used to define the entrance
diaphragm: slits or optical fibres. A special kind of spectrographs are those using many fibres, that
may be either positioned at specific points of the field of view to sample many objects (fibre fed multi-
object spectrographs), or packed in a bundle to constitute an integral field spectrograph in which
every point of a specific continuous field produces one spectrum.

Also, both categories, slit and fibre-fed spectrographs, may work in low resolution, medium
resolution or high-resolution mode. If AA is the size of the resolution element in the spectral
direction and A is the wavelength being observed, the resolution is defined as R= A/ AA. Keeping
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in mind that the limits are diffuse, low-resolution spectrographs work at R values around the
hundreds, medium-resolution in the thousands, and high-resolution in the tens of thousands.

Apart from the technique used (direct imaging or spectroscopy), the observational strategy may
depend on the astrophysical targets being studied. Often, the targets are scattered all around the
sky and, then, it is possible to select the optimum geometry for their observation, waiting for the
objects to be high in a dark sky. Moon phase and angular distance to the Moon may be also key
parameters to plan the observations. But wide field surveys do not point to specific targets, but are
interested in covering sky areas as wide as possible with a strong accent on an efficient use of
telescope time. Also, wide field surveys oriented towards the observation of Solar System objects,
especially near-Earth objects (NEOs), have their optimum observation times and directions at large
zenith distances and at large umbral angles (small solar elongations, i.e., they point as close to the
Sun as possible, what implies also small elevations above the horizon after sunset, or before
sunrise).

1.2.4. A classification of observational programs according to their affection due to large satellite

constellations

The impact of large satellite constellations on optical astronomical observation programs cannot be
exactly assessed using one single number because, even for specific telescopes and some fixed
integration time, the effects vary with the factors already mentioned but, also, there is a complex
dependency on the constellation design: satellite altitude above sea level; orbit inclination; number
of shells, planes and satellites; and reflective properties of the spacecraft. Deriving quantitative
results has been a subject of significant efforts and for this study we adopt the analytic approach of
BHG22. The numbers we provide have been obtained applying the methods described in Galadi-
Enriquez (2026)?2 and adopting as base case the Starlink Generation 1 constellation, with a total
number of 11 926 satellites in 8 shells, with altitudes above sea level ranging from 335.9 km to
560 km and inclinations from 53 to 97.6 degrees, as described in Table 1 of BHG22.

In what follows we will discuss six categories of observational programs, that we analyse according
to the concepts explained above and with the aid of numerical results obtained for the Starlink Gen1
base case. For an easier comparison of the results, we keep the observatory location fixed (we
elected the coordinates of Cerro Pachon, Chile), the season is also fixed to the date of the local
autumn equinox (March 20" 2026) and the observation azimuth is set due West (equal to 90° if
measured the traditional way, from the South, or equal to 270° if measured from the North). Other
parameters may change.

1.2.4.1. Generic direct imaging survey with large étendue: very large impact

Large étendue and large extent general surveys are being scientifically very important in modern
astrophysics. Surveys such as 2MASS or Sloan Digital Sky Survey count among the most successful
astronomical projects in history. But, at the same time, this kind of observations are strongly affected
by large satellite constellations.

The most outstanding example is the project Legacy Survey of Space and Time (LSST), being
performed at the Vera C. Rubin Observatory (Cerro Pachén) with the Simony Survey Telescope, of

22 Galadi-Enriquez D. (2026), “Analytic vs. Montecarlo simulations of satellite visibility”, in Grimley
ey al. (Eds.) Astronomy and Satellite Constellations: Pathways Forward, Proceedings IAU
Symposium No. 385, pp. 132-139, https://doi.org/10.1017/S1743921324000632
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extremely large étendue, with a diameter of 7 metres and a field of view width of 210 arcminutes.
The observational strategy uses integration times of 15 seconds and they observe from the times
around the end of nautical twilight, with the Sun at 12 degrees below the horizon. More than 10 % of
the observations are affected under these conditions, although the impact is reduced as the antisolar
point rises, dropping to 1.5 % of expositions affected if the sun is 30 degrees below the horizon.

The limiting magnitude for this project is 24.6 and a typical value of effective magnitude for it would
be around 13.5, what means that all traces will harm the observations to some amount. Also, for this
specific project, satellites with apparent magnitude brighter (numerically smaller) than 7 will affect
not only the pixels touched by the trace, but also wide areas of the detectors, due to cross-talk
effects.

1.2.4.2. Large étendue survey for near-Earth objects: very large impact

Vera C. Rubin Observatory, FOV diam 3.5 deg, 15 sec

Equinox at Cerro Pachén, observing due West, elev. +45 deg
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Space defense is a field of astronomical research aiming to discover and follow-up potentially
hazardous near-Earth objects. Leading space agencies, ESA among them, are devoting efforts to
this line of work that may be key for the future of life on our planet. The specific requirements of this
kind of observational program imply observing large fields of view with telescopes of intermediate
aperture, very often pointing at large zenith distances (close to the horizon) and at large umbral
angles (close to the direction of the Sun). This is the kind of astronomical program most affected by
large satellite constellations. We take as reference case the Catalina Sky Survey, specifically its
68 cm Schmidt telescope, covering a field of view of 270 arcminutes diameter. Typical integration
times for this program are of 30 seconds.

Their habitual pointing directions at the beginning and at the end of the night imply that more than
20 % of their shots are affected by at least one trace under our reference case conditions. The typical
effective magnitude for this observational system is around 13.2. Being their limiting magnitude 19.8,
all traces will affect the images.
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Figure 4: Trace probability in a single observation with the Schmidt telescope of the Catalina Sky
Survey under the reference conditions. Vertical lines indicate sunset and the end of civil, nautical
and astronomical twilights. The black line has the shape of the previous figure, scaled by a factor
related to the field of view and integration time.
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1.2.4.3. Standard direct imaging: intermediate impact

All observation programs relying on astrometry and/or photometry use direct imaging techniques. It
exists a large diversity of telescopes and cameras but a typical instrumental device would use a
silicon-based CCD or CMOS detector covering a field of view some 10 arcminutes side. Integration
times may also differ, but exposures longer than 300 seconds are not frequent. For generic
programs, whose targets may be scattered anywhere on the sky, the observations are performed at
intermediate or high elevations above the horizon and we take +45° as a representative case. Under
these conditions and in the geometry of our tests, the fraction of images affected by at least one
trace vary from more than 7 % at the end of nautical twilight to some 1 % when the sky is already
completely dark.

A typical value for the effective magnitude of artificial satellites in standard direct imaging programs
with 300 s integration time is around 16, much brighter than the typical limiting magnitude, that for
modern instrumentation is usually well beyond 18, meaning that, again all satellites are detected.

Programs working in the near infrared (using suitable detectors) normally observe well inside the
nautical twilight, increasing the probability of getting satellite traces.

Non-standard direct imaging techniques, such as those oriented towards getting extreme spatial
resolution (lucky imaging and interferometry) always work on tiny fields of view. The numbers we
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give scale linearly with solid angle (quadratically with field of view diameter), what makes these high
spatial resolution techniques essentially immune to satellites.

When operated in image acquisition mode, the FORS1 and FORS2 instruments from ESO Very
Large Telescope in Cerro Paranal represent an example of this observational case. Note that these
instruments’ FOV side is 7.1 arcminutes, instead of the generic value of 10 arcminutes used to
generate percentage of images affected. Therefore, the values provided above represent a
conservative case for FORS1 and FORS2.

1.2.4.4. Long-slit spectroscopy: low to null impact

The dispersion of light in spectroscopic observation modes requires, in average, larger collecting
areas and longer integration times, being tex, = 1200 s a very usual value. However, the étendue of
this observing mode is very small because the field of view is extremely tiny. This, linked to the
resulting faint (high numerical value) effective magnitudes, leads to conclude that long slit-
spectroscopy, in all resolution regimes (low, medium or high) is not strongly affected by large satellite
constellations.

Again in our base configuration, and using a 1200 s integration time, we would get one trace on the
detector in less than 14 % of the shots under the less favourable conditions, but the effective
magnitude of this trace would be easily beyond (fainter than) 17, making them essentially
undetectable except for the largest apertures working with the lower resolution. We have set the field
of view width to 5 arcmin, but normally an astronomical target placed inside the slit occupies only a
few arcseconds and the rest of the slit width is used for sky subtraction. The probability for the target
being hit by a bright enough trace is, thus, even lower than what these results may seem to indicate.

When operated in image LSS (long-slit spectroscopy mode), the FORS1 and FORS2 instruments
from ESO Very Large Telescope in Cerro Paranal represent an example of this observational case.

1.2.4.5. Fibre-fed spectroscopy: close to null impact

Single object fibre-fed spectroscopy is always linked to échelle high-resolution spectrographs, with
large dispersion values and long integration times. The size of the fibre, as projected onto the sky,
is never larger than 2 arcseconds. Under these conditions, the probability of having a satellite trace
inside the field of view is very low even under the worse scenarios. Furthermore, the effective
magnitude of the traces in these cases is some 11 units fainter (larger) than the satellite’s apparent
magnitude, what normally places the trace well below the detectability threshold (set at 12-15 mag,
depending on the instrument).

In this case, a representative observational program is the CARMENES spectrograph, double arm
(VIS + NIR) fiber-fed échelle spectrograph at the Zeiss 3.5 m reflector of Calar Alto Observatory
(Spain).

1.2.4.6. Multi-object fibre-fed spectroscopy: risk of unnoticed contamination

Positionable multi-fibre spectrographs are survey machines that gather many individual spectra
inside a wide field of view, from hundreds to thousands of spectra over an area of several degrees
diameter. The instruments never work in high-resolution mode, in order to reach fainter (larger)
limiting magnitudes, what makes them more sensitive to satellite traces.
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The complete field of view is not the relevant parameter to compute the étendue in these cases,
because what counts is the effective cross-section posed by the whole fibre set to a satellite
trajectory that, in principle, may come from any direction. Just adding up the diameter of all fibres (1
to 3 arcsec wide, depending on the instrument) may provide a good approximation to this effective
section. We adopt a generic case, inspired in the ESO instrument 4MOST-L VISTA in Cerro Paranal,
one of the recent instrumental developments in this field of work. Our instrument has 2500 fibres,
each of them 2 arcsec wide that, randomly scattered over a field of view of several degrees yield a
very significant effective cross-section of 80 arcminutes.

As stated in BHG22, every time a satellite trace crosses the field of view of one of these instruments,
it hits, in average, more than one fibre, although the real situation no doubt displays a large scatter.
Our results, under our reference case conditions, point to more than two (2.4) fibres affected during
nautical twilight, more than one (1.2) at the end of the astronomical twilight and 25 % of the shots
having at least one spectrum affected in later hours.

Limiting magnitude for these low and medium resolution programs is in the interval 18-21 and the
effective magnitude for a satellite of apparent magnitude 5 would be 17.3, meaning that the traces
have a significant probability of contaminating the affected spectra. Since there is no direct image
capable of diagnosing the presence of a trace, this contamination may find its way down to the final
catalogue getting totally unnoticed, thus biasing the final statistic results.

Integral field spectrographs use similar amounts of fibres but packed together into a bundle. This
significantly reduces the cross-section down to a few arcminutes and the impact of satellite traces
on them may be compared to that evaluated for direct imaging, scaled according to the smaller field
of view. The impact of large satellite constellations on integral field spectroscopy is, thus, small.

1.2.4.7. Thermal infrared: no impact

Ground-based thermal infrared instruments have extremely small fields of view, usually below 1
arcminute, and only in exceptional cases reaching 5 arcminutes. This greatly reduces the likelihood
that a satellite will affect observations.

Examples of instruments are MIRSI on the IRTF (Mauna Kea, 3 m) with a FOV of 85x64 arcseconds;
or the future METIS instrument on ESO Extremely Large Telescope (E ELT) with 20x20 arcseconds.

Besides, observations consist of multiple very short integrations, lasting only hundredths or tenths
of a second, which are later combined. Given the small field of view and the typical speed of artificial
satellites, at most one single integration might be affected, and it would be automatically discarded
during standard image processing. Data are typically taken at 10—100 frames per second, alternating
between target and sky, and later grouped into tens or hundreds of frames. Normal quality control
procedures remove any affected images, which are extremely few because of the tiny field of view.

Daytime observations are extremely uncommon and are known more for their novelty than for their
scientific relevance. Among ground based thermal infrared instruments, only MIRSI offers daytime
observing as a standard option, and even then, it is rarely used. With its tiny field of view and the
observing mode previously described, even daytime satellite contamination is negligible. In the case
of E ELT, the thermal infrared instrument METIS (20x20 arcseconds) does not include any daytime
observing mode.

The available data and the analysis of the operational characteristics of thermal infrared instruments
demonstrate that artificial satellites do not pose a threat, either for nighttime or daytime observations.
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1.2.4.8. Summary of impact results for each observational program
Generic direct imaging survey of large étendue: LSST
Sun elevation Telescope elevation | Limiting magnitude Effective magnitude  Shots affected
-12 10.9 %
-18 +45 246 13.5 6.0 %
-30 1.5 %
NEO direct imaging survey of large étendue: CSS
Sun elevation Telescope elevation | Limiting magnitude @ Effective magnitude | Shots affected
-12 +30 26.1%
-18 19.8 13.2 20.0 %
+20
-30 20.9 %
Generic direct imaging (10 arcmin FOV)
Sun elevation Telescope elevation | Limiting magnitude @ Effective magnitude | Shots affected
-12 7.3%
-18 +45 >18 16.1 3.6 %
-30 0.8 %
Long slit spectrograph (5 arcmin FOV, 1200 s)
Sun elevation Telescope elevation | Limiting magnitude @ Effective magnitude | Shots affected
-12 14.6 %
-18 +45 10-15 17.3 71 %
-30 1.6 %
Single object fibre-fed spectrograph (2 arcsec FOV, 1200 s)
Sun elevation Telescope elevation | Limiting magnitude = Effective magnitude ' Shots affected
-12t0-30 +45 12-15 >15 0%
Multi-object fibre-fed spectrograph (2500 fibres of 2 arcsec, 1200
Sun elevation Telescope elevation | Limiting magnitude = Effective magnitude ' Shots affected
-12 2.4 traces/shot
-18 +45 18-21 17.3 1.2 traces/shot
-30 24 %

1.3. Proposed requirements

No singular “best approach” has so far been identified during this research, nor is there an
expectation to find one, as regulatory approaches vary significantly and are based on their unique
national contexts (existence of space operators; existence of astronomical organisations; etc).

On the contrary, the research revealed that states and international organisations have adopted
various requirements related to dark skies. This includes, not exclusively:

— A threshold requirement (France, EU Space Act)

— Arequirement to assess the impact prior to launch (Italy, ESA)

— Arequirement to implement mitigation measures (ESA, EU Space Act)

— Arequirement to coordinate with major astronomical organisations (US)

— Arequirement to report after launch (US, EU Space Act)

— Arequirement to share operational data with astronomers (ESA)
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In addition, some frameworks also provide differentiated requirements based on the number of space
objects part of the system (ISO, French Space Operations Act, EU Space Act, ESA). This
considered, it remains to be determined whether certain practices stand out as sufficiently robust or
effective to warrant consideration as standard measures for adoption by states. Besides, the
research also revealed that only France and ESA provide good practices to assess compliance.
While France's practices address magnitude computation but leave open to the operator the
methodology to compute the flux, ESA’s methodology is from far the most developed, proposing a
complete approach to the problem. This indicates a clear lack of standardised methodologies, as
evidenced by ISO requirements for large constellations, which adhere only to the minimum.

For the following phases of the study, find below the list of design and operational requirements:

REQ-DS-1.  All satellites must be designed and operated with the aim of being above the
following target in visual apparent magnitude (Johnson V bandpass) as seen from
Earth during nighttime and during nominal operations:
Vinag > 7.0 if Sat Altitude < 550 km
SatAltitude)

550
Note I: the Johnson V filter corresponds to A,,.4n = 552.4 nm and bandwidth of

87.1 nm. In this filter, the Sun apparent magnitude to be used as reference for the
computation of the satellite brightness in AB system is -26.77.%

Vnag > 7.0 + 2.5 X logso ( if Sat Altitude > 550 km

Note II: nighttime is the period at night where optical ground-based observations
can be performed. Depending on the observational mode, it encompasses the
nautical twilights (Sun elevation below -12°) or the astronomical twilights (Sun
elevation below -18°).

Rationale: The goals are to ensure that satellites in operational orbits are not visible
to the naked eye and that their reflections do not create uncorrectable streaks in
Rubin Observatory images, which would otherwise increase data loss by about a
factor of ten. Meeting these requirements for the Rubin Observatory—qgiven its
exceptionally large etendue (field of view multiplied by effective mirror area)—is
expected to satisfy the constraints of most other telescopes as well.

Verification: Analysis.

REQ-DS-2. No glints towards earth observers during nighttime shall occur during satellite
nominal operations. A glint is defined as a sudden increase followed by a decrease
in the level of brightness of a satellite trail. The change in brightness shall be a
variation of at least 0.75 mag (equivalent to a variation of twice the flux) and the time
span to consider shall be one second.

Note I: The criterion is applicable only for magnitude dimmer than the threshold
defined at REQ-DS-1 and brighter than magnitude 10 (TBC). It is considered that
magnitudes brighter than the threshold defined at REQ-DS-1 are equally damaging
independently of the derivative. On the other hand, it is considered that above
magnitude 10, satellites are sufficiently dark and the evolution of the derivative does
not make a significant impact.

Rationale: Propose a quantifiable and verifiable limit to respond to the astronomers’
need of minimising the occurrence of glints (high-amplitude flares) projected onto
the ground.

2 Values extracted from Johnson V record in tables 3 and 4 of Willmer C. (2018), “The Absolute
Magnitude of the Sun in Several Filters”, The American Astronomical Society, Volume 236,
https://doi.org/10.3847/1538-4365/aabfdf.
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Verification: Analysis

REQ-DS-3. To ensure compliance to REQ-DS-1, magnitude prediction shall consider possible
uncertainties induced by:

= Attitude determination and control errors (bias, jitter, temporal uncertainty).

= Satellite geometrical configuration uncertainties, including appendage angles

and structural tolerances.
= Position errors affecting phase-angle and illumination geometry.

= Surface BRDF measurement uncertainties, including laboratory measurement

error and angular sampling limitations.

Note I: Compliance with this requirement shall be verified through a dispersion
analysis.

Rationale: Ensure that brightness prediction is treated as a controlled, quantifiable
engineering process, while remaining compatible with industrial design constraints
and on-orbit operational realities.

Verification: Analysis.

REQ-DS-4.  One satellite constellation shall not be more than 0.32 % (TBC) of time out of the
specification given in REQ-DS-1, averaged over one calendar year of nominal
operations and on a set of representative observational modes.

Note I: The set of observational modes defined in section 1.2 shall be used.

Note II: Overpassing the magnitude limit might not result in a complete loss of the
exposure but might be limited to some pixels of the detector depending on the
instrument design. Therefore, if compliance cannot be achieved, a deeper analysis
on number of pixels lost could be proposed.

Rationale: REQ-DS-1, REQ-DS-2 and REQ-DS-3 address the brightness of
individual satellites. For a constellation designed to meet a specified coverage level,
the two astronomers’ recommendations of minimising the number of satellites and
minimising orbital altitudes cannot be achieved simultaneously. This requirement
aims at establishing a threshold to guide spacecraft manufacturers and operators in
managing this trade-off. The threshold is based on the percentage of data loss
observed at ESO telescopes located in Cerro Paranal and La Silla, and is adjusted
to consider the cumulative impact of multiple large constellations operating
simultaneously (see section 1.1.4 for the complete rationale).

Verification: Analysis
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2. QUIET SKY

Interferences between radio services are a known phenomenon and are for the most part handled
through provisions in the Radio Regulations (RR), in particular addressing in-band frequency
sharing, but also adjacent band compatibility. This is especially important for passive services such
as Earth exploration (via radiometers observing the Earth from space) or radio-astronomy
(measuring signals from outer space from the ground) as they sometimes are operating in bands
adjacent to active satellite services which intrinsically radiate a small proportion of their power into
other bands and sometimes within their field of view.

Other international bodies such as CEPT, ECSS or IAU CPS are complementing the set of rules
provided by the ITU within the RR, in particular addressing the operational implementation of
measures to protect radio-astronomy from space-based interferers, while ground based interferers
are handled by national regulation and not within the scope of this study.

2.1. ITU Radio Regulations

The case of the protection of the Radio-Astronomy Service (RAS) from unwanted emissions of
satellite systems is handled in RR through different means depending on the importance given status
to of specific RAS allocated bands at ITU. These considerations are based on highly important
astronomical phenomena and the necessity of conducting observations at regular spacings
throughout the radio spectrum. Radio astronomy may conduct passive observations in wider
frequency ranges under national arrangements.

2.1.1. Article 5 allocations

Article 5 of the RR provides the list of the frequency bands allocated to the different
radiocommunication services, by region (see Figure 5 for their definition). The list of bands allocated
to RAS up to 100 GHz for Region 1, including Europe, is provided in Table 1.
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Figure 5: ITU regions for frequency allocations, extracted from the Radio Regulations 20240
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There are 2 levels of services in the RR: primary and secondary. Articles 5.28 to 5.31 of the RR
stipulate that stations of secondary services shall not cause, nor claim protection from harmful
interference from stations of primary services. In addition, stations of secondary services can also
claim protection from stations of other secondary services assigned at a later date.

In the table below, services with primary allocation are written in upper case while services with
secondary allocation are written in lower case. Only immediately adjacent services not already
sharing the band with RAS are indicated in the right column/

Table 1 - list of bands allocated to RAS in Region 1

Frequency band

Active services in the band

Space service in s-E direction in

(MHz) SIEE (see RR Art. 1 Section Ill) adjacent band
13.36 - 1341 | PRIMARY | FS :
25552567 | PRIMARY | - :
37.5-38.25 Secondary FS, MS -
150.05— 153 | PRIMARY | FS, MS (no AMS) i
322-3286 | PRIMARY |FS, MS :
406.1-410 | PRIMARY | FS, MS (no AMS) 410-420 MHz (SRS s-s)
606 — 61424 | LRIMARY/ | g :
Secondary
14001427 | PRIMARY |- :
aan® = TIPRIMARY | ARNS, MSS (E-s) 1613.8-1621.35 MHz (mss)
16601670 | PRIMARY | MSS (E-s), 1670-1675 MHz (Met Sat)

24 Footnote 5.304: primary allocation in the band 606-614 MHz in the African Broadcasting Area
Footnote 5.306: secondary allocation in the band 608-614 MHz in rest of Region 1
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Frequency band

Active services in the band

Space service in s-E direction in

(MHz) Status (see RR Art. 1 Section IIl) | adjacent band
1718.8—-1885 | Secondary? | FS, MS -
2655-2670 Secondary | BSS, FS, MS (no AMS) -
2670-2690 Secondary | FS, MS (no AMS) -
2690-2700 PRIMARY | - -
4 800 -4 990 Secondary | FS, MS 4500-4800 MHz (FSS)
4 990 —5 000 PRIMARY FS, MS (no AMS) 5000-5010 MHz (AMS(R)S)
10 600 — 10 680 | PRIMARY FS, ms (no ams), rls -
10680 —10700 | PRIMARY |- 10.7-10.95 GHz (FSS)
B FS, FSS (E-s), MS (no )
14 470 — 14 500 | Secondary AMS). mss (E-s) 14.4-14.47 GHz (srs)
15350 — 15400 | PRIMARY | - 14.8-15.35 GHz (SRS)
22 210 — 22 500 | PRIMARY FS, MS (no AMS) -
23 600 — 24 000 | PRIMARY - 24-24.05 GHz (amateur sat)
31-31.3 GHz (srs and standard
31 300 — 31 800 | PRIMARY fs, ms (no ams) freq and time signal sat)
31.8-32 GHz (SRS deep space)
B ) 41-42.5 GHz (FSS and BSS)
42 500 — 43 500 | PRIMARY FS, FSS (E-s), MS (no AMS) 43.5-47 GHz (MSS)
48 940 — 47 900 | PRIMARY% | FS, FSS (E-s), MS -
76 000 — 77 500 | PRIMARY :rns‘?;e‘ér) amateur sat, RLS. | 74 76 GHz (Fss, BSS and srs)
AMATEUR, AMATEUR
77 500 — 79 000 | Secondary SAT, RLS, srs (s-E) -
79000 — 81 000 | PRIMARY amateur, amateur sat, RLS, |
srs (s-E)
81000 — 84 000 | PRIMARY | 7S FSS(E-s), MS, MSS (E- | _
s), srs (s-E)
84 000 — 86 000 | PRIMARY FS, FSS (E-s), MS -
86 000 — 92 000 | PRIMARY | - -
92 000 — 94 000 | PRIMARY FS, MS, RLS -
94000 — 94 100 | Secondary | ECo0 (Active), RLS, SRS
(active)
94 100 — 95 000 | PRIMARY FS, MS, RLS -
00000 7 10 I PRIMARY | FS, MS, RLS, RNS, RNSS | -

2.1.2. Footnote recognition

Article 5 contains numerous footnotes related to the recognition that RAS is a sensitive service that
needs special consideration when coexisting with. However, not all these footnotes provide
protection since this would require an unambiguous reference to a protection criterion and a clear
methodology to evaluate the conformity to it for systems operating in accordance with the RR.

25 Granted by footnote 5.385
% Granted by footnote 5.555
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2.1.2.1. Generic

There are 2 footnotes of particular importance when acknowledging the need for consideration of
RAS in certain bands: footnotes 5.149 and 5.340.

Footnote 5.149:

This footnote urges administrations to take all practicable steps to protect the radio-astronomy
service from harmful interference when making assignments to stations of other services in a list of
frequency bands where those services are allocated. It is mostly targeted at bands in which terrestrial
services such as point to point or mobile networks can also be found operating but in practice does
not provide any clear level of protection and may not be relevant to the work here. In addition, the
bands listed in the footnote are not all allocated to RAS, either as primary or secondary service.

Footnote 5.340:

This footnote does prohibit all emissions in a given set of bands, all only allocated to passive
services, including RAS, but not necessarily covered by RAS primary or secondary allocation. The
phrasing is stronger but as with all protection criteria in the Radio Regulations it must be associated
with at least a power level, spectral density or power flux density not to exceed, usually for a given
percentage of time, and as no such info are provided here it is not enough to deduce requirements
from this footnote alone, in bands where RAS is allocated on a primary or secondary basis. The
Rules of Procedure of the ITU-R clarify the interpretation of the prohibition dictated by 5.340 as: “...a
notification concerning any other use than those authorized in the band or on the frequencies
concerned cannot be accepted even with a reference to No. 4.4, furthermore the administration
submitting such a notice is urged to abstain from such usage.”

2.1.2.2. Specific, relevant to space stations

In addition to the generic footnotes detailed above, many bands allocated to RAS are associated
with specific footnotes offering various levels of recognition or protection. As previously mentioned
before, the difference in status is a combination between scientific importance and delicate
compromises crafted revision after revision of the RR during World Radiocommunication
Conferences (WRC) over decades.

These footnotes can be divided into 2 categories: the binding and the non-binding ones, the binding
ones containing clear and enforceable protection criteria as well as indications about the
methodology to follow to quantify the interferences caused to radio-astronomy receivers by said
active services.

Non-binding footnotes:

e 5.208A: urges MSS systems operating in the bands 137 — 138 MHz, 387 — 390 MHz and
400.15-401 MHz and in the MMSS (s-E) in the bands 157.1875 — 157.3375 MHz and
161.7875 - 161.9375 MHz to take all practical steps to protect RAS in the bands
150.05 — 153 MHz, 322 — 328.6 MHz, 406.1 — 410 MHz and 608 — 614 MHz from harmful
interference from unwanted emissions.

o 5.208B: identifies the bands subject to Resolution 739 (see 2.1.7).

e 5.402: urges MSS and RDSS systems operating in the band 2 483.5 — 2 500 MHz to take all
practical steps to prevent harmful interference to RAS in the band 4 990 — 5 000 MHz due to
their second harmonic radiation.

e 5.413: urges BSS systems operating in the band 2 520 — 2 670 MHz to take all necessary
steps to protect RAS in the band 2 690 — 2 700 MHz, without any clear protection criteria.
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o 5.458A: urges FSS systems operating in the band 6 700 — 7 075 MHz to take all practical
steps to protect RAS in the band 6 650 — 6 675.2 MHz from harmful interference from
unwanted emissions, even though the band is not allocated to RAS.

o 5.562A: recommends space agencies operating active sensors from space pointing towards
the Earth in the band 94 — 94.1 GHz to mutually plan their operations with RAS receivers to
avoid to the maximum extent possible to transmit in the main beam of RAS antennas which
could damage them.

Binding footnotes:

o 5.372: forbids harmful interference from RDSS and MSS systems operating in the band
1610 —1626.5 MHz into RAS operating in the band 1610.6 —1613.8 MHz without
providing any clear protection criterion. Specifies a protection criterion not to be exceeded in
the band 1 610.6 — 1 613.8 MHz from Recommendations ITU-R RA.769-2 and RA.1513-2 by
MSS systems operating in the band 1 613.8 — 1 626.5 MHz to be assessed following the
methodology given in Recommendation ITU-R M.1583-1.

¢ 5.443B: mandates RNSS systems operating in the band 5 010 — 5 030 MHz to protect RAS
operating in the band 4 990 — 5 000 MHz by complying with the limits provided in Resolution
741.

¢ 5.510A: conditions the use of the band 14.8 — 15.35 GHz by the SRS to the protection of
RAS in the band 15.35 — 15.4 GHz according to Resolution 678.

¢ 5.551H: provides equivalent power flux-density (epfd) values not to be exceeded in the band
42.5 - 43.5 GHz for different types of observation by any non-GSO FSS or BSS system
operating in the band 42 — 42.5 GHz for more than 2% of the time, to be calculated following
Recommendation ITU-R S.1586-1. These values are in line with the values given in
Recommendation ITU-R RA.769-2 considering an antenna diameter of 100m (and 80m for
VLBI).

e 5.551l: provides power flux-density values not to be exceeded in the band 42.5 - 43.5 GHz
for different types of observation by any GSO FSS or BSS system operating in the band
42 — 42.5 GHz. These values are in line with the values given in Recommendation ITU-R
RA.769-2 considering an antenna gain of 0 dBi in the direction of the GSO arc.

e 5.555B: provides a power flux-density value not to be exceeded in the band
48.94 — 49.04 GHz by any GSO FSS system operating in the bands 48.2 — 48.54 GHz and
49.44 — 50.2 GHz. This value is in line with the value given in Recommendation ITU-R
RA.769-2 considering an antenna gain of 0 dBi in the direction of the GSO arc.

2.1.3. Article 4.4

When an administration wishes to operate a radiocommunication service in a band to which it is not
allocated, in derogation of Article 5, it may be allowed to do so using Article 4.4 to the conditions of
not causing harmful interference nor claiming protection from harmful interference caused by any
other radiocommunication service operating in accordance with the table of frequency allocation.

Radio-astronomy observations depend on physical phenomena, in particular the Doppler shift, which
means that bands allocated to RAS to match the presence of spectral lines are not sufficient to
observe them all across the universe due to its expansion and the red shift resulting from it, shifting
the spectral lines of interest to be observed to lower bands, often outside of the bands allocated to
the RAS. This is why radio telescopes often perform observations based on station filings relying on
Article 4.4.

By filing under this article, RAS is therefore not entitled to protection from other radiocommunication
services to which the band is normally allocated. However, what is not clear is the level of protection
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provided to RAS from radiocommunication services not allocated to the band, which is addressed
below in 2.1.5.

2.1.4. Article 11

Article 11 covers the modalities of notification and recording of all frequency assignments made in
accordance with the RR so they can be recorded in the Master International Frequency Register
(MIFR). Under article 11.12, an administration can notify a RAS station operating in any frequency
band, but this does not necessarily mean it is protected, as is discussed below in 2.1.5.

2.1.5. Article 29

Article 29 of the RR addresses the specific situation of the RAS compared to the other
radiocommunication services detailed in the RR. It specially recognizes the very high sensitivity of
its receivers and the need for long observation time which makes it more vulnerable to harmful
interference than any other service. Nonetheless, as with any other radiocommunication service,
Article 29.9 reminds that the RAS is entitled to protection by the RR in accordance with its allocation
status.

Article 29.10 addresses the topic of active services operating in bands adjacent to RAS, urging
administrations to take all practicable steps to protect the RAS from harmful interference, notably be
implementing necessary guard band to protect the adjacent services, in line with Article 4.5.

For services operating in bands not adjacent to RAS, Article 29.11 urges administrations to take into
consideration the need to avoid spurious emissions which could cause harmful interference to the
RAS.

In substance, this Article simply urges administrations to avoid causing harmful interference to the
RAS in its allocated bands as far as practicably doable but does not impose any obligation. By
extension, radio-astronomy observations made under Article 4.4 without allocation are not afforded
any level of protection with respect to any other radiocommunication service operating in accordance
to the Radio Regulations (including other services operating under 4.4).
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2.1.6. Appendix 3

In the RR, unwanted emissions are divided into 2 categories: out of band (OOB) emissions and
spurious emissions (see Figure 6 below for illustration). The boundary between the 2 can be
calculated using Table 1 of Annex 1 of Appendix 3 and is usually equal to 250% of the necessary
bandwidth, on either side of the centre frequency of the transmitted signal.

Figure 6 — OOB/spurious domain separation, extracted from the Radio Regulations 2024
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These unwanted emissions resulting from the use of the RF spectrum by a system in accordance
with the table of allocations detailed in Article 5 of the RR may sometimes reach levels that can
cause harmful interference to services operating in other bands. In most cases, when active services
are operating in bands adjacent to sensitive passive services such as EESS or RAS, specific
regulatory provisions address the protection of passive services, as has been seen above. However,
this usually only addresses OOB emissions coming from systems operating in immediately adjacent
bands.

Therefore, Appendix 3 of the RR does provide maximum permitted power levels for unwanted
emissions in the spurious domain. Such limits apply for all emissions, for lack of more stringent
requirements, and are often used by equipment manufacturers as baseline for compliance of their
RF subsystems with the RR.

Emissions in the spurious domain are limited in terms of relative attenuation (in dB) with respect to
the power supplied at the input of the antenna of the transmitting system. For space stations, the
value is 43 + 10 log1o(P) or 60 dBc, whichever is less stringent, with P being the mean power supplied
to the antenna in W, according to Table 1 of Appendix 3. This value is to be considered for a
reference bandwidth of 4 kHz.
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2.1.7. Resolutions

As briefly discussed in 2.1.2.2, there are several Resolutions included in the RR addressing the
protection of RAS from space stations.

Resolution 739:

This is one of the main resolutions detailing the need for protection of RAS. It aims at quantifying the
protection threshold required by RAS stations in a small number of bands with RAS allocations (see
Table 2 below) based on the sensitivity of their instruments and request administrations to take all
reasonable steps to ensure that satellite systems operating in nearby bands (not necessarily
immediately adjacent) meet these values. However, this does not result in internationally recognized
and enforceable protection criteria and their applicability is still subject to discussion between
administrations.

The levels given in this Resolution are in line with the levels provided in Recommendation ITU-R
RA.769-2 mentioned below, considering the typical radio-astronomy antenna maximum gains
provided in Recommendation ITU-R RA.1631-0.

Table 2 — Frequency bands covered by Resolution 739

RAS band (MHz) | Active service band (MHz)
137 - 138

150.05 — 153 157.1875 - 157.3375
161.7875 — 161.9375
387 — 390

322 - 328.6 157.1875 — 157.3375
161.7875 — 161.9375

406.1 — 410 400.15 - 401
1452 — 1492

1400 - 1427 1525 — 1 559
1525-1610

1610.6 —1613.8 1613.8 — 1626.5

2690-2700 2655 -2690

22210 -22500 | 21400 -22 000

Resolution 678:

This resolution does provide a clear protection criterion given by the RR and whose implementation
is not optional for the protection of the band 15.35 — 15.4 GHz from missions operating in the Space
Research Service (such as interplanetary missions) in the band 14.8 — 15.35 GHz.

Resolution 741:

This resolution provides clear protection criteria for RAS operating in the band 4 990 — 5 000 MHz
from both GSO and non-GSO RNSS systems operating in the band 5 010 — 5 030 MHz that are in
line with the levels provided in Recommendation ITU-R RA.769-2 for this band, considering a RAS
antenna size of 100m, while explicitly mentioning the methodology to follow from Recommendation
ITU-R M.1583-1.
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2.1.8. Recommendations

ITU-R Recommendations are to be considered as the backbone of the work carried out by the
different ITU-R Working Parties. They are not normally considered mandatory and are usually used
as reference for work related to agenda items studied in the framework of the preparation for WRC,
providing reference systems, interference thresholds, protection criteria and simulation methodology
for compatibility analysis.

In some instances, when elements of the RR are directly referring to parts of them because they are
needed to verify compliance with regulatory provisions, they are incorporated by reference to the
RR. This however does not imply that all of the Recommendation is then enforceable, only their parts
specifically referred to are to be considered as such.

The following recommendations are incorporated by reference to the RR:

ITU-R RA.769-2:

This recommendation is by far the most important one and provides the protection levels needed for
RAS stations in most bands allocated to it as well as the methodology used to derive them from the
sensitivity of the radio-astronomy instruments in these different bands, considering an integration
time of 2000 seconds. The protection criteria provided by the different tables of RA.769 are only
incorporated by reference for a subset of bands to which an explicit reference is made as part of one
of the footnotes listed previously, i.e. in the bands 1 610.6 — 1 613.8 MHz, 15.35 - 15.4 GHz and
22.21-22.5 GHz.

ITU-R RA.1513-2:

This recommendation provides the percentages of time to be associated with the different protection
criteria levels given in Recommendation ITU-R RA.769-2. It is to be noted that only the percentage
of time related to single entry protection criteria is to be considered, of a value of 2% for which these
levels cannot be exceeded. This recommendation also defines a 5% data loss for the aggregate of
multiple systems, although it also stipulates that further studies are needed on the apportionment.

ITU-R M.1583-1/ S.1586-1:

Those 2 recommendations do provide an overview of the epfd methodology to be used to determine
whether a non-GSO satellite system (respectively in the MSS or RNSS and in the FSS) exceed or
not the interference criteria given in Recommendation ITU-R RA.769 for the percentage of time
provided in Recommendation ITU-R RA.1513-1. In particular, these recommendations describe the
methodology used in order to obtain a statistically representative distribution of pointing directions in
the sky by proposing to divide the sky into cells of equal solid angles, as shown in Figure 7 below for
a value of 9 square degrees per cell.
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Figure 7 — division of the sky in 2292 cells of equal solid angle according to Recommendations ITU-R
M.1583-1 and S.1586-1
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2.1.9. Reports

ITU-R Reports keep track of technical work that has been carried out within ITU-R Working Parties.
It can be related to the work conducted under specific agenda items of current or previous regulatory
cycles, to ITU-R Questions asked to the relevant Working Parties or just elements that have been
brought to its attention and that participants deemed useful to keep track of. Sometimes, such reports
can also be connected to Recommendations, in particular when a methodology needs to be clarified.

Report ITU-R SM.2091 does provide detailed implementations of the epfd methodology adapted to
the assessment of interference into RAS stations developed in Recommendations ITU-R M.1583-1
and S.1586-1.

Its main takeaway is the clarification of the metric to be considered to verify whether the protection
criteria is met or not, whose description in the relevant Recommendations was unclear.

The division of the sky in cells of equal solid angle (see Figure 7 above) in order to randomly select
RAS antenna pointing directions is done only to have a statistically representative sample of pointing
directions over the entire sky and not to assess whether the protection criteria is to be met for each
cell in the sky, which would be over constraining for non-GSO systems in some cases.

Report ITU-R RA.2259-1 introduces the concept of radio quiet zone (RQZ) and describes their
characteristics, purpose, and technical requirements. RQZ are geographical areas where the
radio-frequency environment is strictly controlled to protect radio astronomy from harmful
radio-frequency interference by altering how the radio spectrum is normally used at the national level
around the area. Such alterations aim at allowing the RAS to perform measurements in bands
normally not allocated to radioastronomy by preventing terrestrial radio sources from interfering with
them. See Annex A: Why Radio astronomy needs to operate in wide ranges of frequencies? for
additional justification on the needs of RAS to observe across all the spectrum.

The report also provides extensive details of numerous RQZ already put in place all over the world
as well as how their national radio regulation is altered to achieve the goal of protecting these
facilities from interferences. In this list, we can find in particular the Square Kilometre Array (SKA-
mid) in South Africa and the Atacama Large Mm-submm Array (ALMA) in Chile, which are the 2 sites
seeking some level of recognition as part of WRC-27 Agenda Item 1.16 as detailed below.
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2.1.10. Ongoing work related to WRC-27

Resolution 813 of WRC-23 lists 2 agenda items directly related to RAS protection for WRC-27.
Working Party (WP) 7D has been tasked with carrying the work for both as ITU-R expert group on
RAS related matters. Both agenda items are a consequence of the exponential use of non-GSO
satellite systems and the increasing impact they have on radio astronomical observations.

Al 1.16 / Res 681

According to Resolution 813 (WRC-23), agenda item 1.16 requests WRC-27 to consider studies on
the technical and regulatory provisions necessary to protect radio-astronomy operating in specific
Radio Quiet Zones, and in frequency bands allocated to the radio-astronomy service on a primary
basis globally, from aggregate radio-frequency interference caused by non-geostationary-satellite
orbit systems, in accordance with Resolution 681 (WRC-23).

In practice, this Al results of the merger of 2 very different regional propositions, one from CEPT,
mostly pushed by Germany, proposing to study the protection of RAS in bands it is allocated to from
‘large” non-GSO satellite systems, and one from the African Telecommunication Union (ATU),
pushed by South Africa, proposing to study the international recognition of the Radio Quiet Zones
(RQZ) related to the SKAO project.

The European proposal is reflected in resolves 1 and 2 of Resolution 681 (WRC-23), calling for
studies of both single entry and aggregate impact of non-GSO systems into a subset of RAS bands,
and regulatory measures to be put in place for the protection RAS in 2 specific bands currently not
formally protected from non-GSO systems operating in adjacent bands, i.e. 10.6 — 10.7 GHz (directly
impacted by Starlink and OneWeb) and 100 — 102 GHz.

Regarding the band 114.25 — 116 GHz, last WP 7D meeting identified the band of concern it is
adjacent to can only be used by GSO satellite networks for inter satellite links and is therefore not
within the scope of the agenda item.

As of February 2026, the proposed solution for this agenda item consists in adding a footnote for
both 10.7 — 10.95 GHz and 95 - 100 GHz bands similar to what has been done in the band
1610 — 1 626.5 MHz with footnote 5.372.

Studies have also been conducted regarding the aggregate impact of non-GSO satellite systems,
although such studies shall not result in any regulatory measures. These studies alighted that in
order to ensure the long term protection of RAS in its allocated bands, conformance with single entry
protection criteria shall be ensured by design and not through operational means such as the
Telescope Boresight Avoidance (TBA) method currently implemented by a selected few radio-
astronomy observatories, especially in the USA by the NRAO.

The African proposal has been reflected in resolves 3 to 6 of Resolution 681 (WRC-23) and has
been the subject of complicated discussions stemming from the difficulty for WP 7D to agree on
ways to characterize the 2 sites under study, i.e. SKAO in South Africa and ALMA in Chile in the RR
while WP 4A (FSS export group) and 4C (MSS expert group) were reluctant to provide satellite
parameters for studies to be carried out in bands where RAS has no allocation. The problem it is
trying to solve is that, usually, such RQZ can be defined at a national level in order to allow radio-
astronomy observations to be made in a much broader spectrum than what is normally allocated to
RAS by protecting it from terrestrial active services. But their effectiveness is being impaired by the
increasing ubiquitousness of non-GSO satellite systems in the sky radiating in bands historically
subject to minimal radio contamination from space, which is why the ATU has proposed it as an
agenda item.

In practice, only resolve 3 calls for possible modification of the RR, the other resolves only calling for
studies without any regulatory outcome.

Part of the characterization consists in identifying a set of bands not allocated to RAS in which it will
be acknowledged that the designated RQZs carry out radio astronomical measurements. The
difficulty comes from the fact that such bands may legitimately be used by active satellite services
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and shall in no way be constrained in their operations as a result of the work conducted under this
agenda item.

2.1.10.1. Al 1.18 resolves 2 / Res 712

According to Resolution 813 (WRC-23), agenda item 1.18 requests WRC-27 to consider, based on
the results of ITU Radiocommunication Sector studies, possible regulatory measures regarding the
protection of the Earth exploration-satellite service (passive) and the radio-astronomy service in
certain frequency bands above 76 GHz from unwanted emissions of active services, in accordance
with Resolution 712 (WRC-23).

Only the second part of the work is relevant to RAS, and it aims at revising Resolution 739 of the RR
by adding 4 extra frequency bands to the list. It has been agreed by WP 7D that the revision process
would be 2-fold: a first step consisting in calculating the sensitivity levels of representative radio
telescopes in the bands of interest, above 76 GHz, a second step deducing the pfd or epfd levels
not to be exceeded by GSO networks or non-GSO systems.

2.1.11. Working Party 7D work not related to WRC-27

Following the identification of interferences caused to radio-astronomy observations by
electromagnetic emissions identified as radiated by a specific non-GSO satellite system but not
seemingly related to RF emissions, WP 7D initiated work in October 2023 in the shape of a new
Report to be initially considered as under the scope of Question ITU-R 129-3. This newly observed
phenomenon is called unintended electromagnetic radiation (UEMR) and designates emissions
radiated by non-GSO satellites coming from on-board electronics not directly related to any RF
payload and can be considered as an EMC issue to some extent, specific to the spacecraft platform.
Work is still ongoing but the current draft report (see Annex 15 of the chairman’s report of September
2025 WP 7D meeting, 7D/235) provides an exhaustive analysis of how to assess the impact of such
electrical apparatus radiating from spacecrafts and determine what levels are acceptable for RAS in
bands it is allocated to, and comparing them to values provided in the ECSS-E-ST-20-07C and
CISPR32 B standards.

Such analysis is needed in case UEMR are happening in frequency bands allocated to the RAS,
where the protection criteria is clearly defined as received power levels by Recommendation ITU-R
RA.769-2. Its applicability is much less clear when no enforceable protection criteria exist for RAS,
or even outside of RAS bands, where the radio-astronomy community has historically enjoyed a
relatively interference free environment to perform observations.

It is however important to note that for unwanted emissions connected to transmitted signals (so not
falling under the UEMR designation), the RR already provide hard limits in Appendix 3 for spurious
emissions detailed above in 2.1.6. Recommendation ITU-R SM.1541-7 is not incorporated by
reference into the RR but provides complementary limits for out-of-band emissions which are usually
used as baseline for payload requirements in the industry.

This discussion within WP 7D can have important implications, as the current status of the report
shows the likelihood of harmful interference occurring in a primary RAS band based on calculations
and real measurements. Opinions are currently divided in WP7D where some support the ongoing
work arguing that it is the mandate of WP7D to produce such a report, while others consider this
topic to be falling outside its scope, CISPR being the more appropriate body to address it for them.
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2.2. CEPT

One of the main missions of the European Conference of Postal and Telecommunication
Administrations (CEPT) is the harmonization of spectrum use within its 46 member countries all
across Europe, from Portugal to Turkey. To fulfil its goals, CEPT expert groups carry out work
consigned in ECC Reports, provide guidelines in the shape of ECC Recommendations and
harmonize the use of the spectrum through ECC Decisions that member countries implement most
of the time but without any obligation.

Most of this work derives from the RR and expends on it, providing a more concrete regional
implementation of the high-level rules and principles detailed in it, with respect to the protection of
RAS among many other aspects.

2.2.1. Iridium

As already mentioned above, the first high stake case of interference to radio-astronomy telescopes
from non-GSO satellite systems is related to the use of the band 1 616 — 1 626.5 MHz in the space
to Earth direction by the Iridium satellite system to connect to its user terminals. Immediately adjacent
to it is the band 1 610.6 — 1 613.8 MHz in which RAS has primary allocation and perform OH line
observations of great scientific importance.

Out-of-band emissions resulting from Iridium operations degraded significantly radio-astronomy
observations from the moment the system started providing service in the early 2000s. Despite
sustained work at the European level, RF monitoring of the Iridium satellites and discussions
between the radio-astronomy community and Iridium, interference persisted. This led to the
elaboration of ECC Report 171 in 2011 which provided the basis for real world interference
assessment into radio-astronomy bands. The methodology described in the report is in line with the
methodology developed in Recommendations ITU-R RA.1513, M.1583 and RA.769 for the
computation part. In addition, the report also describes how to integrate real world data collected by
a RF monitoring station into the computation.

The conclusion of the report was that the Iridium system was still generating unacceptable levels of
interference into RAS bands and gave possible mitigation techniques such as channel spacing and
output power reduction to limit the apparition of intermodulation products in the adjacent RAS band.

ECC Decision (09)02, dealing with the harmonisation of the bands 1 610 — 1 626.5 MHz and
2483.5-2500 MHz for use by MSS systems, has been developed taking into account these
findings and conditioning it to the protection of RAS in the band 1 610.6 — 1 613.8 MHz in line with
the methodology developed by the ITU, 10 years before footnote 5.372 was added to the RR during
the WRC-19. However, despite this ECC Decision, the Iridium satellite system has currently not yet
managed to reduce its impact into this RAS band to acceptable levels (i.e. exceedance of the
protection criteria for no more than 2% of the time), underlining the difficulty of trying to correct such
problem after they arise for a space station.

Further measurement campaigns have been conducted and published in ECC Report 226 and 349.
ECC Report 247 does describe the software implementation of the processing of the measurement
data to turn them into values to be used to assess compliance with the RAS protection criteria.

In addition, a new work item (WI) has recently been approved within CEPT in February 2025, WI
FM44 51, to be handled by FM44 which is the CEPT expert group on satellite licensing matters. It
aims at developing an ECC Recommendation based on ECC Decision (09)02 and will consider some
approaches to authorisation and/or its renewal, including potential mechanisms to deal with non-
compliance in a coordinated action of CEPT administrations.
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2.2.2. OneWeb and Starlink

Similarly to the work conducted in the band 1 616 — 1 626.5 MHz for Iridium, CEPT carried out
studies in the frame of the ECC Decision (17)04 for the harmonised use and exemption from
individual licensing of fixed earth stations operating with non-GSO FSS satellite systems in the
frequency bands 10.7 — 12.75 GHz and 14.0 — 14.5 GHz. The compatibility and sharing analysis
between FSS non-GSO systems operating in this band and incumbents are detailed in ECC Report
271. One part of this report is dedicated to the protection of RAS operating in the band
10.6 — 10.7 GHz from non-GSO operations in the band 10.7 — 12.75 GHz in the space to Earth
direction.

Again, leveraging on the methodology developed at ITU and covered by Recommendations ITU-R
RA.1513, S.1586 and RA.769, the conformance of the OneWeb system and the Starlink system (first
generation, made up of 4 408 satellites) planned to operate in the band with respect to the RAS
protection criteria was assessed. The conclusion was that in order to prevent an exceedance of the
protection criteria for more than 2% of the time, the first downlink channel (10.7 — 10.95 GHz) needed
to be turned off for both systems. To this day, they have both only been authorized to operate in the
band 10.95 — 12.75 GHz in Europe.

Following a request made by SpaceX and CRAF, WI SE40_47 was initiated by SE40, CEPT’s expert
group on satellite related spectrum engineering. The goal of this WI is to update ECC Report 271
with the new Starlink constellation parameters, corresponding to the addition of at least 7 500 extra
satellites, and possibly 29 988, and to possibly add real world measurements. The initial WI
proposition also encompassed the incorporation of new coexistence methods, likely opening the
door to a discussion about telescope boresight avoidance put in place by Starlink in the US, but
administrations objected it fearing it would weaken the position of RAS in its own band. However,
despite these objections, an administration managed to push for the addition of an annex referring
to it. The discussions are still currently ongoing, but the work is expected to be finished by September
2026.

2.2.3. ECC Report 363

ECC Report 363 is the result of the work conducted by SE40 under WI SE40_45 and has been
published in January 2025. Its main objective was to establish a link between the impact of individual
non-GSO satellite systems and their aggregate impact into RAS observations. The report also
clarified the methodology to assess it and provided sensitivity analysis of the different non-GSO
system and RAS station parameters as well as guidance for when important parameters were
missing.

The report clarified the epfd methodology developed in Recommendations ITU-R RA.1513, M.1583,
S.1586 and RA.769 based on the available ITU and CEPT literature to assess whether a non-GSO
satellite system is in line with the RAS protection criteria or not. Further analysis also established
that it was not possible to predict how the aggregate impact of 2 non-GSO systems based on their
single-entry impact, meaning that the only way to correctly assess it was to model both systems at
the same time, despite the Monte Carlo approach of the simulations performed.
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2.3. ECSS standards

Contrary to general consumer electronics, satellites are not generally subject to strict standards, in
particular regarding EMC. For 30 years now, ESA has put in place a comprehensive list of standards
in the form of ECSS addressing topics ranging from project management to planetary protection.
These standards are mainly used for missions contracted by ESA to the private sector,
overwhelmingly for Earth observation and space exploration related missions. They can be tailored
to each mission, depending on the needs and can sometimes be partially used by other actors when
defining requirements, but they usually are not applied to telecommunication satellites due to their
complexity in some non-critical areas such as EMC, as increasing test complexity has a direct
repercussion on program costs and execution time.

There are 2 ECSS standards that can be of interest for the protection of radio astronomy:
o ECSS-E-ST-50-05C — Radio frequency and modulation
o ECSS-E-ST-20-07C — Electromagnetic compatibility

ECSS-E-ST-50-05C covers RF communication subsystems. It focuses only on SOS, SRS and
EESS, which are the radiocommunication services used by Earth observation and space exploration
missions. However, some of the requirements listed in it, notably regarding spurious domain
emissions and RAS protection, come from the RR.

In part 5.5.1.1, the standard refers to spurious levels of -60 dBc over a 4 kHz reference bandwidth,
which corresponds to the worst case given by Appendix 3 of the RR and would only apply for antenna
input powers of more than 17 dBW.

In part 5.5.1.2, the standard simply copy pastes what is being written in Recommendation ITU-R
RA.769-2 and consider it as mandatory. It also touches briefly on the methodology developed in
M.1583 and S.1586, not providing any further details than for the case of a single non-GSO satellite,
making it not applicable to large non-GSO satellite systems.

ECSS-E-ST-20-07C addresses all issues related to EMC, from residual magnetic field to high
frequency spurious but also includes grounding and shielding. Only a very small subset of the
standard is relevant to coexistence with radio astronomy, and not purposefully. It is also to be noted
that the main goal of this standard is to ensure the correct functioning of the spacecraft by limiting
the impact the different subsystems can have on each other and the compatibility with the ground
equipment and launch system.

With respect to passive intermodulation products, and spurious emissions more generally, coming
into the antenna and emitted by the spacecraft RF subsystem, no level is specified and by default it
should be assumed that Appendix 3 of the RR still applies, similarly to what can be found in ECSS-
E-ST-50-05C.

Regarding non-RF equipment radiated emissions, Annex A indicates that EMC needs are project
specific and requirements are usually to be defined based on the mission. Nonetheless, part A.9
recommends values outside of any of these specific needs and applicable to all non RF transmitting
equipment. These values are to be measured 1m away from the equipment under test and range
from 60 dBuV/m between 30 and 100 MHz up to 90 dBuV/m at 18 GHz.
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2.4. 1AU CPS Technical recommendation

The IAU CPS has developed a set of recommendations for both dark and quiet sky protection put
together by the astronomical community reflecting the IAU CPS Position Paper. It provides a
comprehensive view of the problems optical and radio astronomy are confronted with from the point
of view of the science community and can be useful as a basis for identifying key areas where to
improve, if implementable.

Another section of this technical note already deals with the dark sky aspect so this part only deals
with the quiet sky aspect. The tables below provides a review of the relevant IAU CPS
recommendations. The full document can be found in Annex B: IAU CPS Recommendations.

Category Astronomical need
Agreement to protect radio | In collaboration with the radio astronomy community and
observatories industry, governments should develop an internationally agreed

mechanism to protect radio-quiet zones and observatories from
unnecessary and unintentional electromagnetic radiation.

RQZ are deviations from standard ITU RR practices and are defined at the national level. The
definition of such zones cannot constrain non-GSO satellite systems operating in accordance with
the RR and serving other countries. Voluntary operational coexistence measures can be considered
but cannot lead to any protection of such zone nor requirement for non-GSO satellite systems.

Category Astronomical need

Sharing technical information Operators should provide relevant metadata, including, e.g.,
effective isotropic radiated power (EIRP), transmission band
passes, nominal flux density at different frequencies, measured
spectral masks, etc.

Data such as precise antenna pattern, pfd on the ground and frequency plans are highly sensitive
and cannot be shared openly by non-GSO satellite operators. NDAs may be put in place on a case-
by-case basis but cannot be required, especially for systems providing governmental and strategic
communications.

Category Astronomical need
Funding radio technical | Support the development of reliable and accurate simulations
development that enable calculation of equivalent power flux density at radio

observatory locations. (Industry role — provision of data);
Support developments to increase the robustness of receiver
electronics and prevent saturation: Increase robustness of
radiofrequency system’s low noise amplifiers to tolerate higher
input radiation power over a wide band. Increase dynamic range
of receivers within data processing trade-off limits.

Design radiofrequency and digital transport system to the
highest possible dynamic range. (Industry role — provision of

data);
Developing techniques and | Government and industry should develop techniques and
standards for spacecraft operational standards aimed to mitigate impacts on radio

astronomical science. Areas include: spurious and out-of-band
emissions and unintentional electromagnetic radiation (i.e.,
electronic noise), coordination methods.
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While being critical to the protection of RAS, this is not translatable to an actual requirement in the
design of a non-GSO satellite system.

Category Astronomical need

Creating radio dynamic zones | Develop inquiries and recommendations that encourage flexible
technology that can better share spectral resources while
ensuring protection of sensitive radio astronomy operations.
Consider study of and incentives for new transmitter
requirements toward a dynamic approach where coordination
could be automated and based on the frequency of the scientific
observation being taken and the direction in the sky where the
radio telescope is pointed.

Such approach similar to what is proposed with the ODS and TBA techniques used by NRAO should
be considered carefully depending on the band and the respective rights of RAS and non-GSO
satellite systems.

In bands with RAS allocation, its protection from non-GSO systems should be by design as a very
sensitive passive service cannot realistically share spectrum with active services on the long run as
they would eventually saturate the band.

In other bands, this could be considered on a strictly voluntary basis, translating into an optional
requirement

2.5.1S0

The International Organization for Standardization (ISO) has developed a standard for large
constellations of satellites, ISO/TS 6434. This document refers twice to radio frequency interference
mitigation at large and only mentions interference with other satellites while presupposing that ITU
regulations and filings are observed. No mention to radio astronomy is included.
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2.6. Proposed requirements

Based on the extensive survey of the regulatory framework surrounding the protection of radio
astronomy and the work around it provided parts 2.1 to 2.5, the following set of requirements can be
proposed as baseline for non-GSO satellite systems to improve coexistence with radio-astronomy.

REQ-QS-1. The epfd produced by the whole constellation (originating from platform and
payload) at any point on Earth in the bands listed in columns (a) and (b) of Table 3
below shall not exceed the values indicated in column (c) of Table 3 below for more
than 2% of the time over the whole sky in nominal operating conditions, considering
a victim antenna pattern such as described in Recommendation ITU-R RA.1631-0
considering a 100m diameter and calculated using the methodology described in

Annex 1 and 2 of Recommendation ITU-R S.1586-1.

Table 3 — epfd values not to be exceeded in RAS bands by non-GSO satellite systems

freq min (MHz) | freq max (MHz) | epfd (dBW/m2)
(a) (b) (c)
13.36 13.41 -223.57
25.55 25.67 -226.88
73.00 74.60 -233.95
150.05 153.00 -238.48
322.00 328.60 -239.96
406.10 410.00 -241.81
608.00 614.00 -241.13
1400.00 1427.00 -243.47
1611.99 1612.01 -259.13
1660.00 1670.00 -245.63
2690.00 2700.00 -245.63
4829.98 4830.03 -257.14
4990.00 5000.00 -245.63
10600.00 10700.00 -240.63
14487.93 14488.08 -253.40
15350.00 15400.00 -240.79
22210.00 22500.00 -233.61
23600.00 24000.00 -234.51
31300.00 31800.00 -231.37
42500.00 43500.00 -229.51
85000.00 93000.00 -228.31

Verification: Analysis

REQ-QS-2. Whenever possible, No clock or CW for any equipment shall fall within the bands
given in rows (a) and (b) of Table 3 above

Verification: Design

Justification: compliance with protection of all RAS bands up to 100 GHz listed in
Recommendation ITU-R RA.769-2 as developed in 2.1.8 by design.
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REQ-QS-3. The Out of band and spurious emissions generated by the payload shall be
compliant with Appendix 3 of the Radio Regulations and Annex 5 of
Recommendation ITU-R SM.1541-7.

Verification: Test
Justification: in line with current ITU practices.

REQ-QS-4. The electric field radiated by the platform of all satellites at any frequency from 13
MHz? up to 10 GHz shall be sufficiently low so that the epfd of the whole
constellation resulting from unwanted emissions at any point on Earth shall not
exceed the values given below in Figure 8 for more than 2% of the time over the
whole sky in nominal operating conditions, considering a victim antenna pattern such
as described in Recommendation ITU-R RA.1631-0 considering a 100m diameter
and calculated using the methodology described in Annex 1 and 2 of
Recommendation ITU-R S.1586-1.

Figure 8: Level of radiated electric field not to be exceeded by
individual satellites for more than 2% of the time
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Verification: Analysis, Test

Justification: tentative compliance of the platform with limitation of UEMR interfering with RAS
up to 10 GHz by interpolating the values listed in Recommendation ITU-R RA.769-2 as
developed in 2.1.8 by design. Payload is handled in requirement above.

27 Radio astronomical observations below 13 MHz are best not conducted on Earth due to the impact
of the lonosphere and are therefore not considered here. They can however be conducted on the
Moon, see WRC-27 Al 1.15 for further considerations, as this is not within the scope of the current
work.
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ERRATUM:

Following the work carried out in this activity and further analysis and refinement of the initial
requirements detailed in this document, it has been proposed to remove REQ-QS-2 as CW and
clocks are widely dependent on complex standardized high speed data interfaces (i.e. IEEE or
JESD) between subsystems, which makes this requirement unrealistic. Furthermore, REQ-QS-1 and
REQ-QS-4 already address emissions into RAS bands and outside, and as long as the levels
generated by said CW or clock remain within these limits, this will not cause any harmful interference
to radio astronomy.

In addition, it has also been proposed to reduce the scope of REQ-QS-1 to bands adjacent or nearby
frequency bands at which the satellite operates, while leaving REQ-QS-4 handle all other unintended
emissions.”
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ANNEX A: WHY RADIO ASTRONOMY NEEDS TO OPERATE IN
WIDE RANGES OF FREQUENCIES?

Radio astronomy investigates natural electromagnetic emissions produced by astrophysical
processes occurring throughout the Universe. Unlike most active radiocommunication services,
which operate within narrowly defined and stable frequency allocations linked to specific
technologies, radio astronomy must observe across a wide range of frequencies that is determined
by the physics of the sources themselves. This requirement is not discretionary, but arises from the
fundamental mechanisms by which radio emission is generated, propagates through space, and is
modified by motion and by the large-scale evolution of the Universe.

Astrophysical radio sources may be broadly divided into Galactic sources, located within the Milky
Way, and extragalactic sources, located beyond it. While both classes of sources can exhibit
frequency shifts relative to laboratory rest frequencies, the origin and magnitude of these shifts differ
significantly, with important consequences for radio astronomy’s frequency requirements.

For Galactic sources, frequency shifts are dominated by classical Doppler effects arising from
relative motions between the emitting material and the observer. These include Galactic rotation,
orbital motions of gas clouds, turbulence in the interstellar medium, and localised flows such as
stellar winds or maser outflows. Typical velocities are of the order of tens to a few hundreds of
kilometres per second, resulting in relatively small fractional shifts in frequency. As a result, spectral
lines from Galactic sources generally remain close to their rest frequencies. Observations therefore
tend to focus on narrow frequency ranges centred on well-defined transitions, such as the 1420 MHz
neutral hydrogen line or specific molecular lines in the centimetre and millimetre bands. In this
context, high spectral resolution and sensitivity are often more critical than very wide frequency
coverage, and interference concerns are largely confined to emissions close to the nominal
observing band.

Extragalactic sources, by contrast, are subject to cosmological redshift, which arises from the
expansion of the Universe itself. As electromagnetic radiation travels through expanding space, its
wavelength is stretched, causing spectral features to shift systematically towards lower frequencies.
The magnitude of this effect increases with distance and cosmic look-back time. For nearby galaxies
the redshift may be modest, but for galaxies at redshifts of one to three, corresponding to the peak
of cosmic star formation, observed frequencies are reduced by factors of two to four. For studies of
the early Universe, including the Epoch of Reionisation and the Cosmic Dawn, redshifts can exceed
six or even ten, shifting signals originally emitted at gigahertz frequencies into the hundreds or tens
of megahertz range.

This has a profound consequence: the same physical spectral line may be observed across widely
separated frequency ranges, depending on the epoch being studied. Neutral hydrogen emission, for
example, is observed near 1.4 GHz in the local Universe, below 1 GHz for distant galaxies, and at
VHF frequencies when probing the earliest cosmic structures. Similarly, molecular lines emitted at
millimetre wavelengths in the rest frame of a galaxy may be observed at centimetre wavelengths
when that galaxy lies at high redshift. In practice, cosmological redshift is often combined with
additional Doppler components due to galaxy rotation, mergers, and large-scale gas flows, further
broadening the frequency range over which signals must be detected.

Back in 1959, when radio astronomy was formally recognised as a radiocommunication service by
the International Telecommunication Union (ITU) at the World Administrative Radio Conference
(WARC-59), a set of dedicated frequency ranges was introduced into the Radio Regulations. These
included bands associated with particularly important spectral line emissions, such as the neutral
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hydrogen (H 1) line at around 1400 MHz and the hydroxyl (OH) radical transitions near 1610 MHz,
whose scientific importance was already well established at the time. In addition, a series of so-
called continuum bands was allocated to the Radio Astronomy Service. These bands were
deliberately distributed across the radio spectrum, approximately at intervals of one octave in
frequency, with the aim of enabling uniform sampling of broadband astrophysical emission while
minimising the impact of interference. This early regulatory framework reflected an understanding
that radio astronomy required both protection of key spectral lines and access to representative
portions of the wider spectrum for continuum studies.

Within the ITU-R framework, the technical conditions under which radio astronomy observations can
be considered protected are described in Recommendation ITU-R RA.769, which defines threshold
levels of detrimental interference for both spectral line and continuum observations. These
thresholds are derived from the fundamental sensitivity limits of radio astronomy receivers and from
the statistical properties of astronomical signals. RA.769 therefore provides a quantitative and
internationally agreed basis for assessing compatibility between radio astronomy and other
radiocommunication services, and it underpins many coordination and sharing studies conducted
within the ITU-R.

While fundamental to the operation of radio astronomy, these measures cannot fully encompass the
frequency needs of modern radio astronomy. Spectral line allocations are tied to rest frequencies
and therefore cannot, on their own, accommodate the large frequency shifts introduced by
cosmological redshift. Continuum bands, while essential for calibration and reference
measurements, represent only a sparse sampling of the frequencies at which astrophysical continua
are observed when redshift and source evolution are taken into account. As a result, many
scientifically critical observations necessarily take place outside formally allocated RAS bands,
particularly those aimed at understanding galaxy evolution, large-scale structure, and the early
Universe.

Modern radio astronomy facilities reflect this reality in their design. Instruments such as the Square
Kilometre Array (SKA) and the Atacama Large Millimeter/submillimeter Array (ALMA) are engineered
to operate across wide and sometimes discontinuous frequency ranges in order to trace many
physical processes across cosmic time. Both these facilities, as well as a handful of others
throughout the planet, are protected by national radio quiet zones (RQZ). An RQZ is defined as a
geographic area where the use of the radio spectrum is specially managed to benefit radio
astronomy observations in a frequency range which normally exceeds the allocations to radio
astronomy in the ITU regulations. While this national protection is very effective with respect to
terrestrial radio transmitters, it falls short when considering aerial and space based sources.

The implications for spectrum management are significant. While the ITU-R framework provides
essential protection for calibrations and key radio astronomy observations, effective coexistence with
active services increasingly requires consideration of radio astronomy use outside traditional RAS
allocations, in particular in RQZs. This does not imply a requirement for exclusive protection across
the entire spectrum, but it does highlight the importance of mitigation measures, technical
constraints, and regulatory awareness that take into account the inherently broadband and redshift-
driven nature of radio astronomy observations. As spectrum use continues to intensify, particularly
with the deployment of large non-geostationary satellite systems, an informed understanding of why
radio astronomy operates where it does in frequency will be essential to maintaining access to the
radio sky for scientific purposes.
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ANNEX B: IAU CPS RECOMMENDATIONS

For completeness of the document, the IAU CPS Recommendations? are provided hereafter.

28

https://cps.iau.org/documents/41/Consolidated Recommendations for Satellite Operators 8.1.20
23.pdf
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