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Abstract

Space weather monitoring depends critically on passive sensor systems that detect and
measure natural solar and geospace emissions without transmitting radio frequency energy.
These include riometers, solar radio monitors, interplanetary scintillation detectors, GNSS-
based ionospheric sensors, and broadband solar spectrographs that enable the provision of
critical data required to forecast geomagnetic storms, protect critical infrastructures, and
support aviation services, satellite operations, and defense services. However, with the
increasing proliferation of radiocommunication technologies such as 5G/6G networks,
dense HF/VHF/UHF deployments, and large constellations of low-Earth-orbit (LEO) satel-
lites, the interference threat to these exceptionally sensitive receivers has grown. Most
of these operate near the thermal noise floor and thus require strict protection criteria to
ensure continuity of data. This review and perspective article provides a cross-disciplinary
synthesis of scientific requirements, documented RFI case studies, and ongoing regula-
tory developments related to spectrum protection for passive space weather sensors. It
systematically integrates perspectives on physical, technical, and regulatory aspects that
are typically addressed separately in the literature. The article reviews the operating
principles of major sensor classes and analyzes documented RFI cases affecting GNSS,
riometers, CALLISTO, BINGO, and systems impacted by LEO satellite emissions, drawing
from existing reports and regulatory submissions. Building on this evidence base, the
work comparatively evaluates regulatory methods under consideration for WRC-27 shows
that hybrid approaches combining primary allocations in core observation bands with
secondary status and coordination procedures in adjacent bands offer the most viable path
forward. This synthesis contextualizes and analyzes how technical protection criteria can
be integrated with existing and evolving regulatory instruments to inform spectrum gover-
nance. The study concludes that without coordinated international spectrum management
incorporating explicit protection thresholds and registration procedures, the long-term
viability of space weather monitoring infrastructure faces significant risk in an increasingly
congested radio frequency environment.

Keywords: space weather; instrumentation; spectrum protection; radio frequency
interference; meteorological aids
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1. Introduction
Space weather is defined as the physical state and dynamic processes of the near-

Earth space environment, especially those dominated by electromagnetic interactions that
create measurable effects on technological systems on Earth and in orbit systems [1]. Its
variability is in large part due to solar activity, such as geomagnetic storms, substorms,
energization of the Van Allen belts, ionospheric disturbances, scintillation that affects
satellite-to-ground communication links, and geomagnetically induced currents on the
Earth’s surface. Dominant drivers include coronal mass ejections as follows: vast expulsions
of magnetized plasma from the solar corona whose propagation toward Earth significantly
perturbs the Earth’s magnetosphere and drives geomagnetic storms [2]. Figure 1 shows
two coronal mass ejections (CME) detected by the STEREO Behind spacecraft, illustrating
the outward propagation of a dense plasma cloud from the solar corona.

Figure 1. Two coronal mass ejections (CMEs) erupted from the Sun within a ten hour period and
were observed by instruments aboard the STEREO Behind spacecraft on 5–6 August 2013. The Sun is
seen in extreme ultraviolet light (green), while the blue outer region is COR1 coronagraph imagery,
showing bright clouds of plasma propagating away from the Sun. Source: https://stereo.gsfc.nasa.
gov/gallery/item.shtml?id=selects&iid=191 (accessed on 12 December 2025).

Space weather influences both terrestrial and space-based infrastructures, and one
of the most sensitive domains is radio propagation and telecommunications. Geomag-
netic disturbances can induce harmful currents in power transmission systems, disrupt
navigation-dependent transportation networks, and degrade telecommunication services,
leading to interruptions of critical public functions. Perturbations in the ionosphere and
upper atmosphere driven by flares, solar energetic particles (SEP), CME, and plasma ir-
regularities trigger radio blackouts across HF, VHF, and satellite communication bands;
impair GNSS performance; affect aviation and military radar systems; and heat the upper
atmosphere, increasing drag on low-Earth-orbit satellites, including the International Space
Station [3]. In space, enhanced surface and deep-dielectric charging may lead to electrical
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discharges, resets, permanent anomalies, or even loss of spacecraft, whereas high-energy
particles induce single-event upsets (SEUs), saturate sensors, and degrade communication
and navigation links [4].

Radionavigation-satellite service (RNSS) signals are essential for the most recent po-
sitioning, navigation, and timing (PNT) applications and also for atmospheric sounding
by radio occultation, and they are especially prone to these perturbations. Ionospheric
irregularities distort the amplitude and phase during propagation, reducing signal reliabil-
ity and potentially causing loss of lock between receiver and satellite [5–7]. Variations in
total electron content (TEC) further degrade positioning accuracy, affecting navigation and
timing-dependent services [1,8]. Analogous vulnerabilities affect defense and aerospace
operations dependent on resilient SATCOM links, over-the-horizon radars, and precise PNT
services [9]. Space weather-induced degradation can decrease situational awareness and
operational efficiency—for instance, by altering GNSS-based guidance for UAVs or missile
systems, or by compromising battlefield communications under enhanced scintillation
conditions [1,10].

In broader terms, the implications involve satellite safety, mission longevity, and hu-
man activities in space. Geomagnetic storms increase atmospheric drag, which accelerates
the orbital decay of LEO satellites, while energetic particle radiation poses health risks to
astronauts [11,12]. On Earth, rapid geomagnetic fluctuations induce harmful voltages in
power systems, which may trigger blackouts and disrupt civil and military logistics.

Given these vulnerabilities, continuous monitoring and accurate forecasting of space
weather are essential to maintain the safety and continuity of modern communications,
navigation, and defense services. However, this imperative now coincides with an unprece-
dented demand for radio frequency spectrum driven by technologies such as 5G/6G and
IoT. Radio frequency bands vital for weather forecasts, early warnings, climate monitoring,
and space weather prediction must be protected from harmful interference, as underscored
by the World Meteorological Organization [13]. The National Oceanic and Atmospheric
Administration (NOAA) and National Center for Atmospheric Research (NCAR), for exam-
ple, warn that 5G transmissions in the 24 GHz band may bleed into the adjacent 23.8 GHz
frequency used by weather satellites to detect atmospheric water vapor [14,15]. Such inter-
ference could degrade water-vapor retrievals by up to 77%, harming forecast accuracy [15].
Similar concerns arise in the 6/7 GHz range, where IMT reallocations threaten passive
sea-surface temperature measurements [13].

Recognizing these tensions, WRC-23 formally acknowledged space weather sensors
in the Radio Regulations and created the new MetAids (space weather) service, laying the
groundwork for WRC-27 allocations. Stakeholders, including the International Amateur
Radio Union, argue that the spectral scope remains too broad and may affect incumbent
services [16]. Regulatory pressure intensifies as noted by [17], who highlight that many
WRC-27 agenda items may increase risks for aeronautical and space-based systems, rein-
forcing the need to secure the spectrum for passive sensing.

At this point, it is important to clarify the terminology used in this paper. In a
technical sense, passive or receive-only sensors operate exclusively by receiving naturally
occurring emissions, without transmitting radio frequency energy. However, within the
ITU Radio Regulations, different categories of passive observations are associated with
distinct radiocommunication services and protection criteria.

Although radio astronomy, Earth Exploration-Satellite Service (passive), and Meteoro-
logical Aids (space weather) all rely on passive reception, they are governed by different
regulatory frameworks and benefit from different allocation statuses and protection criteria.
The Radio Astronomy Service (RAS) and the Earth Exploration-Satellite Service (EESS, pas-
sive) have long-standing, explicitly defined allocations in specific frequency bands, whereas
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many space weather instruments have only recently been formally recognized within the
Meteorological Aids (space weather) service following WRC-23. Accordingly, in this paper,
the terms passive and receive-only describe the technical mode of operation, while space
weather sensors, radio astronomy, and EESS (passive) refer to distinct regulatory categories,
a distinction that is essential for the regulatory analysis developed in the following sections.

In this context, this paper makes two contributions. First, it provides a holistic technical
and regulatory review of passive space weather sensors, such as riometers and solar-
flare monitors, synthesizing their physical operating principles, documented interference
vulnerabilities, and role in forecasting and operational continuity. Sections 2–4 address the
first contribution of this work by reviewing passive space weather sensors, their operating
bands, and documented interference impacts.

Second, it provides an integrated cross-disciplinary analysis that contextualizes sens-
ing requirements within the evolving spectrum-management landscape, examining how
technical protection criteria relate to the regulatory mechanisms under consideration for
WRC-27. Sections 5 and 6 analyze coexistence challenges, compatibility studies, and protec-
tion criteria, while Section 7 discusses the ongoing regulatory developments under WRC-27
Agenda Item 1.17. Finally, Section 8 summarizes the main results and concludes with
perspectives aimed at strengthening spectrum-protection mechanisms and ensuring the
long-term viability of passive space weather observations.

2. Frequency Bands and Applications
Recent changes to the rules have highlighted the important role that space weather

sensors play in managing global radio frequencies. The 2023 World Radiocommunication
Conference (WRC-23) reached consensus on the formal recognition of space weather
sensors within the Radio Regulations, adding a new service, Meteorological Aids (MetAids–
space weather) [18]. The WRC-23 formally identified that space weather observations
are part of the Meteorological Aids Service, operating under the MetAids (space weather)
subcategory in Article 29B of the Regulations. Moreover, WRC-23 adopted Resolution 675,
which recognizes the vital importance of space weather observations and provides precise
technical definitions for the space weather concept as well as for categories of active and
receive-only sensors employed in these applications [19]. This milestone represents not only
the acknowledgment of the importance of these passive systems but also an enhancement
of their protection against harmful interference.

Unlike the Radio Astronomy Service (RAS), which benefits from long-established
protection criteria and explicitly defined regulatory provisions in specific frequency bands,
receive-only space weather sensors are only now entering a phase of formal regulatory
consolidation. While RAS has long relied on well-established recommendations and
protection thresholds within the ITU framework, the MetAids (space weather) service is
still in the process of defining its spectrum footprint, protection criteria, and notification
procedures. This difference in regulatory maturity provides important context for the
studies initiated under WRC-23 and motivates the ongoing work toward WRC-27.

Based on this, Agenda Item 1.17 (AI 1.17) was included in the agenda of the upcoming
WRC-27, initiating actions involving the study of regulatory provisions for receive-only
space weather sensors. Under this agenda item, ITU-R groups were invited to carry out the
following tasks, according to Resolution 682 (WRC-23) [20]:

(a) Assess spectrum demand, protection criteria, and the technical characteristics of
receive-only space weather sensors.

(b) Conduct sharing and compatibility studies for potential new primary allocations in
the 27.5–28.0 MHz, 29.7–30.2 MHz, 32.3–32.6 MHz, 37.5–38.325 MHz, 73.0–74.6 MHz,
and 608–614 MHz bands, all dedicated to receive-only operations.
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(c) Explore regulatory mechanisms that would allow administrations to formally notify
receive-only sensors in the Master International Frequency Register (MIFR), thereby
improving international awareness and coordination.

Therefore, AI 1.17 aims to consider regulatory provisions for receive-only space
weather sensors and their protection within the framework of the Radio Regulations.
This approach reflects the growing international recognition of space weather observations
as a critical factor and highlights the necessity of robust protection for the technical systems
supporting these observations. Ensuring proper regulatory treatment of these sensors is
fundamental to maintaining the operational continuity of diverse human activities that rely
heavily on space-based and radiocommunication technologies [19].

It is important to emphasize that this initiative focuses on receive-only sensors, a
technical characteristic that shapes the regulatory approach adopted. Since these sensors
operate exclusively in receive mode, they do not cause interference to other services in the
same or adjacent frequency bands, which significantly alters the traditional electromagnetic
compatibility study methodology [19]. Given this unique technical feature, conventional
sharing and compatibility studies that typically assess the impact of new services on
incumbents are not required. Instead, the methodological approach must be reversed:
studies must analyze the impact of incumbent services on receive-only space weather
sensors within the frequency bands under consideration. This revised approach aims
to provide administrations with the technical conditions necessary for deploying space
weather sensors under the potential new MetAids (space weather) allocations [19].

Based on [19] and the studies conducted under Resolution 682 [19], this section examines
the proposed new primary frequency bands for receive-only space weather applications
under current regulatory processes and provides contextual links to the types of sensors and
observations associated with these bands. Rather than focusing on the detailed technical
implementation of each instrument, the emphasis here is on the spectral organization itself:
how the candidate and allocated bands are grouped, what categories of passive observations
they support, and how these bands relate to established classes of space weather sensors
such as riometers, solar radio monitors, interplanetary scintillation systems, and GNSS-based
receivers. This approach clarifies the regulatory and spectral context in which passive space
weather sensing operates, while the physical principles, measurement techniques, and de-
tailed sensor typologies are addressed in Section 3. It is important to highlight that the
riometers, solar radio monitors, and scientific GNSS receivers discussed in this work serve as
representative examples of radio-based passive sensing systems within the broader classifi-
cation outlined in [1]. Although other relevant passive instruments—such as ionospheric
D-region monitoring sensors and oblique ionospheric sounding systems—are included in this
framework, individual details on these systems are not provided here to maintain focus on
the illustrative cases directly related to current spectrum-sharing and interference challenges.
As previously described, ref. [20] establishes a technical study framework to support the inte-
gration of space weather monitoring capabilities into the international radiocommunication
regulatory structure, focusing on the spectrum requirements and protection criteria necessary
for receive-only space weather sensors.

Based on [21], which provided formal definitions for space weather phenomena and
designated space weather sensors within the meteorological aids service under the MetAids
(space weather) subcategory, ref. [20] addresses the practical implementation challenges.
The proposed study covers three technical areas as follows: the assessment of spectrum
needs, the development of appropriate protection criteria, and a comprehensive analysis of
the system characteristics for receive-only space weather monitoring systems.

Also, ref. [20] addresses the diverse spectral needs of space weather monitoring by
identifying six frequency bands—covering the high-frequency (HF), very high-frequency
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(VHF), and ultra-high-frequency (UHF) ranges—that require sharing and compatibility
analysis for possible new primary allocations. The selection of these specific bands indicates
a strategic approach to accessing spectrum resources. This approach aims to support the
wide-ranging measurement requirements of space weather science, covering different
systems, from ionospheric monitoring to the detection of solar radio emissions.

Additionally, the aforementioned resolution introduces specific operational constraints
for receive-only space weather sensor stations within the meteorological aids service, given
that stations operating exclusively in receive-only mode are subject to important limitations
regarding interference protection and spectrum development rights. These stations cannot
claim protection from interference generated by existing services, nor can they impose
constraints on the future expansion and development of several categories of primary
services. Table 1 shows the existing services allocated in the frequency bands considered
under AI 1.17, based on [22].

Table 1. Table of frequency allocations.

Allocation to Services

Region 1 Region 2 Region 3

27.5–28 MHz
METEOROLOGICAL AIDS
FIXED
MOBILE

29.7–30.005 MHz FIXED
MOBILE

30.005–30.01 MHz

SPACE OPERATION (satellite
identification)
FIXED
MOBILE
SPACE RESEARCH

30.01–37.5 MHz FIXED
MOBILE

37.5–38.25 MHz
FIXED
MOBILE
RADIO ASTRONOMY

68–74.8 MHz
FIXED
MOBILE
(except aeronautical mobile)

73–74.6 MHz
RADIO ASTRONOMY

68–74.8 MHz
FIXED
MOBILE

470–694 MHz
BROADCASTING

608–614 MHz
RADIO ASTRONOMY
Mobile-satellite except aeronautical
mobile-satellite (Earth-to-space)

585–610 MHz
FIXED
MOBILE 5.296A
BROADCASTING
RADIONAVIGATION
608–614 MHz

RADIO ASTRONOMY
Mobile-satellite except aeronautical
mobile-satellite (Earth-to-space)
610–890 MHz

FIXED
MOBILE
BROADCASTING

Additionally, the regulatory text establishes that those stations must operate without
claiming protection from meteorological aids, fixed, and mobile services that hold primary
allocations within the same frequency band. This principle of non-protection further
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extends to services of adjacent frequency bands, which include fixed services; mobile
services, not including aeronautical mobile-amateur services; and amateur-satellite services
that keep their primary allocation status in the neighboring spectral regions [19]. Finally,
accepting this status of protection, space weather monitoring systems shall have access to
valuable spectrum resources, particularly unobstructing the operation and evolution of
radiocommunication services. This proposal effectively balances the scientific importance
of space weather observations with the practical necessity of efficient spectrum utilization,
while establishing a coexistence model in a sustainable manner for critical monitoring and
conventional radiocommunications applications [19].

This regulatory approach recognizes the peculiar operational characteristics of receive-
only sensors and their passive operation within the electromagnetic spectrum. In return for
this subordinate protection status, space weather monitoring systems can leverage highly
valuable spectrum resources, assured that their deployment will not hinder the ongoing
operation and evolution of long-established radiocommunication services. Consequently,
the framework effectively balances the scientific importance of space weather observations
with the pragmatic imperative to sustain effective spectrum use across diverse categories
of service-a model in support of both critical space weather monitoring and traditional
radiocommunication applications [19].

In the context of space weather monitoring, different parts of the radio spectrum
support various observational strategies, from measuring solar radio emissions to diagnos-
ing the ionosphere and monitoring geospace responses. These systems generate diverse
datasets—such as spectral intensity, scintillation indices, and total electron content—which
are crucial for forecasting and evaluating the resilience of radio-dependent infrastructures.
From a regulatory viewpoint, the allocation and protection of these frequency bands are di-
rectly linked to their scientific and operational functions. Passive sensing activities depend
on detecting naturally occurring emissions and weak signals, making them particularly
vulnerable to interference. This highlights the need for effective spectrum management.
The relationship between frequency use, sensor functionality, and data characteristics in-
forms the later analysis of interference risks and regulatory considerations presented in
this manuscript, summarized later in Section 4.2, and aligns with the framework proposed
for space weather sensor systems and their operational requirements [1,4,7].

Finally, it is important to notice that the frequency bands identified under WRC-27
Agenda Item 1.1 are not arbitrary spectral intervals, but they are instead closely linked to
specific classes of space weather observations and measurement objectives. Each group of
bands supports a distinct set of physical diagnostics of the ionosphere, heliosphere, and so-
lar activity, and therefore corresponds to different categories of receive-only sensors. At low
frequencies, particularly in the HF and lower VHF ranges, candidate and allocated bands
are associated with ionospheric monitoring techniques, including riometers, ionosondes, to
monitor D-region absorption and plasma dynamics. In the VHF and UHF ranges, bands
are more commonly linked to solar radio spectrographs, space weather radio monitoring
networks, and GNSS-based ionospheric monitoring, which relies on adjacent protected
bands to ensure data integrity.

From a regulatory perspective, this mapping between frequency bands and obser-
vation types highlights that protection requirements are driven not only by the spectral
location of the band but also by the underlying measurement principle and sensitivity
of the associated sensors. Instruments operating near the thermal noise floor or relying
on weak natural emissions are particularly vulnerable to both in-band and out-of-band
interference. Consequently, the spectral organization discussed in this section provides the
necessary context for the more detailed technical description of sensor classes in Section 3
and for the regulatory and coexistence analysis developed in Sections 5–7.
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In addition to regulatory allocations, the frequency bands discussed in this section
are associated with well-established observation methods used in space weather science.
In the HF range, ionosondes and coherent scatter radars are routinely employed to probe
ionospheric structure and dynamics. In the VHF band, riometers and solar radio spectro-
graphs monitor cosmic noise absorption and solar radio emissions, respectively. At UHF
frequencies, GNSS-based receivers provide continuous measurements of total electron
content and scintillation, while radio astronomy instruments operate in selected bands
to observe natural celestial emissions. This correspondence between frequency ranges
and observation methods provides the contextual basis for the examples summarized in
Section 4.

3. Passive Space Weather Sensors
Following the classification framework summarized in [1], passive space weather

sensors can be broadly grouped according to the physical domain they observe: sensors
observing solar precursors, sensors observing the interplanetary medium, and sensors
observing space weather impacts on the geospace environment.

In addition to radio-based passive sensors, space weather monitoring relies on a
broader set of passive instruments operating across different physical domains. Ground-
and space-based magnetometers measure geomagnetic field variations associated with
solar wind–magnetosphere coupling. Particle detectors onboard satellites monitor energetic
electrons and protons responsible for radiation hazards. Optical and ultraviolet imagers
observe auroral emissions and ionospheric airglow, while spaceborne radiometers and
spectrometers monitor solar irradiance and upper-atmospheric composition. Although
these sensor classes are fundamental to space weather science, the present work focuses in
greater detail on radio frequency passive sensors, as they are uniquely exposed to spectrum
congestion and regulatory constraints.

In this context, and based on the regulatory studies summarized in [1], the following
subsections provide detailed discussion of three representative classes of radio-based
passive sensors: riometers for ionospheric absorption monitoring, solar flare and solar radio
burst monitors, and scientific GNSS receivers for ionospheric monitoring. Other sensor
types relevant to space weather monitoring—including ionospheric oblique sounders, HF
coherent scatter radars (e.g., SuperDARN), and D-region sensors—are acknowledged in
Tables 2–4 following the full taxonomy of ITU-R Report RS.2456-1, but are not examined
in detail here. The three classes selected for deeper analysis were chosen based on the
following two criteria: (i) their direct operational relevance to the frequency bands under
study in WRC-27 Agenda Item 1.17 (particularly the HF, VHF, and UHF candidate bands
listed in Resolution 682), and (ii) the availability of well-documented RFI case studies
that directly support the regulatory and coexistence analysis developed in Sections 4–7.
Notably, oblique ionospheric sounders—while passive in their receive-only operational
mode—also incorporate active transmission components, which places them in a distinct
regulatory category not directly addressed by AI 1.17’s focus on receive-only sensors. These
instruments illustrate the specific coexistence and protection challenges that motivate the
regulatory analysis developed in the subsequent sections.

Passive sensors are an essential component of space weather monitoring architectures
worldwide. Their importance lies in the continuous observation of natural emissions from
the Sun–Earth system, enabling forecasting, hazard detection, situational awareness, and
protection of technological infrastructures. Passive observations underpin early-warning
capabilities, support both operational and strategic decisions, provide essential inputs to
advanced numerical models, and enable fundamental research on the physical processes
governing solar and geospace variability [1].

https://doi.org/10.3390/universe12030074

https://doi.org/10.3390/universe12030074


Universe 2026, 12, 74 9 of 33

Unlike active systems, passive sensors operate exclusively by detecting naturally
occurring radiation—whether emitted, scattered, or modified by solar and geospace
phenomena—without transmitting electromagnetic signals of their own. This operational
mode inherently reduces system complexity and power consumption while eliminating
risks of self-generated interference. As noted by NASA, passive sensors commonly observe
ultraviolet, infrared, and radio frequency emissions intrinsic to solar and heliospheric
dynamics [23].

Passive space weather sensors may be broadly classified according to their scientific
objectives and the physical parameters that they monitor. A major class consists of detectors
observing solar radiation, including visible, ultraviolet, X-ray, and gamma-ray emissions,
which provide key diagnostics of solar flares, coronal mass ejections, and irradiance vari-
ability. An example is the Solar Irradiance Variability Monitor proposed for future space
weather missions [24].

A second major class includes magnetometers designed to measure variations in the
geomagnetic field caused by solar-wind coupling and geomagnetic storms. A representative
example is the fluxgate magnetometer aboard GEO-KOMPSAT-2A, employed operationally
for space weather surveillance [25]. A third class comprises charged-particle detectors
capable of measuring the flux, spectra, and composition of energetic electrons, protons,
and ions. Instruments such as the SIXS particle-and-X-ray spectrometer exemplify this
dual-channel capability [26].

Beyond solar and interplanetary monitoring, several ground-based systems observe
ionospheric variability that directly impacts radio-wave propagation. These complementary
systems capture distinct aspects of ionospheric dynamics at different frequency ranges and
altitude regions. GNSS-based monitoring has become central: multi-frequency receiver
networks provide continuous estimation of total electron content (TEC), scintillation indices,
and detection of equatorial plasma bubbles, as reported by large-scale distributed GNSS
array studies in South America [27]. Low-cost GNSS IoT sensors are increasingly deployed
to support both educational activities and dense bubble-detection networks, enabling real-
time monitoring via inexpensive hardware and embedded processing [28]. Complementing
GNSS, SDR-based receivers in HF/VHF/UHF bands provide flexible, low-cost platforms
to investigate propagation changes, signal fading, and other ionospheric disturbances [29].

Together, these heterogeneous systems form an integrated observational framework
capable of capturing disturbances from the ionosphere, thereby supplying essential data
for forecasting, modeling, and protecting radio-dependent infrastructures.

In this work, we adopt the sensor typology proposed in Report ITU-R RS.2456-1,
categorizing passive space weather sensors into the following three domains:

• Sensors observing solar precursors: solar-corona monitoring in radio bands from tens
of MHz to tens of GHz.

• Sensors observing the interplanetary medium: solar-wind structure, shock arrival,
and magnetic-cloud detection along the Sun–Earth line.

• Sensors observing space weather impacts: instruments monitoring ionospheric, magne-
tospheric, and radiation-belt responses that affect terrestrial and space-based technologies.

Passive space weather sensors operating in the radio spectrum can be further cat-
egorized based on their measurement technique and also according to the specific so-
lar–terrestrial phenomena they observe. As summarized in Tables 2–4, these passive
sensors provide a logical radio-based observational infrastructure from solar through
heliospheric to ionospheric domains that are be used to support scientific research and
operational space weather services.

Table 2 emphasizes the sensors for monitoring solar precursor events. Those are
single-frequency solar radio flux monitors, wideband solar radio spectrographs, and radio-
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heliographs. These systems operate over microwave, VHF, and HF–UHF bands, detecting
continuum emissions, solar burst activity, and spatially resolved radio maps of the solar
atmosphere. Such measurements provide critical information about flare development,
CME onset, and variability in solar irradiance.

Table 3 summarizes sensors used to observe the interplanetary medium, principally
via interplanetary scintillation (IPS). IPS monitors record the rapid intensity fluctuations
of cosmic radio sources resulting from density irregularities in the solar wind and CME
structures. Operating entirely on celestial radio emissions, the IPS systems remotely sense
heliospheric plasma without energy transmission.

Table 4 lists the sensors to monitor the geospace effects of space weather. RNSS
receivers, when utilized as a monitoring tool, measure the ionospheric TEC and scintillation
by analyzing distortions in the navigation satellite signals. Riometers measure absorption
of cosmic noise in the VHF band to detect D-region disturbances caused by solar X-ray
events and particle precipitation. Together, these sensors characterize the ionospheric
and magnetospheric responses that directly affect communication, navigation, and space-
based systems.

Table 2. Passive sensors observing solar precursor events.

Sensor Type Description Example Sensors Operating Frequency and
Other Relevant Information

Single-frequency Solar Radio
Flux Monitor

Measures the disk-integrated
solar emission at discrete
microwave frequencies.

Nobeyama Radio
Polarimeters (NoRP), the
Penticton F10.7 service, and
SAFIRE.

These systems typically
operate at discrete channels
typically in the microwave
range (e.g., F10.7 at
2800 MHz/10.7 cm; F30 at
1000 MHz/30 cm). F10.7 and
F30 are key inputs for space
weather models and
solar-variability studies.

Solar Radio Spectrograph

Observes the full Sun over an
extended frequency range;
particularly useful for
characterizing solar radio
bursts, which indicate flares
and coronal mass ejections
(CMEs). Produces dynamic
spectra to characterize solar
radio bursts (Types II, III, and
IV)

Radio Solar Telescope
Network (RSTN); CALLISTO;
ARCAS; HSRS; ARTEMIS.

Frequency ranges commonly
used for operational
forecasting extend from
approximately 20 MHz to
2 GHz, while specialized
instruments may reach into
the tens of gigahertz (e.g.,
EOVSA and MUSER).

Solar Radioheliograph
(Imager)

Provides interferometric
imaging of the solar disk to
locate burst source regions.

Examples include the Nançay
Radioheliograph
(≈150–450 MHz), LOFAR
(≈10–250 MHz), EOVSA
(≈1–18 GHz), and MUSER
(≈0.4–15 GHz).

Maps quiet, active, and flaring
emissions, and allows
estimation of electron density
and temperature in the solar
atmosphere.
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Table 3. Passive sensors observing the interplanetary medium.

Sensor Type Description Example Sensors Operating Frequency and
Other Relevant Information

Interplanetary Scintillation
(IPS) Monitor

Infers the presence of solar
wind and CMEs from
scintillations observed on
Earth in signals from compact
cosmic radio sources.

Indian IPS Radio Telescope;
Mexican Array Radio
Telescope (MEXART); LOFAR;
KAIRA (Kilpisjärvi
Atmospheric Imaging
Receiver Array).

Typical frequency ranges:
50–350 MHz
(instrument-dependent);
classic Ooty operates at
≈327 MHz; KAIRA covers
20–80 MHz and 110–270 MHz.
Operates by detecting
cosmic-origin signals,
although IPS observations
may fall outside the
traditional definition of the
Radio Astronomy Service
(RAS).

Table 4. Passive sensors observing the impact of space weather.

Sensor Type Description Example Sensors Operating Frequency and
Other Relevant Information

Radionavigation-satellite
Service (RNSS) Receiver

Measures the Total Electron
Content (TEC) of the
ionosphere and records
amplitude and phase
scintillations of RNSS signals
propagating through it.

Ground-based RNSS
networks (e.g., IGS network);
China Meteorological
Administration (CMA) RNSS
receivers. GPS, GLONASS,
Galileo, and BeiDou,
including data from IGS
networks and national
stations.

Operating bands: L1/L2/L5
(≈1.2–1.6 GHz). Variability in
TEC degrades positioning
accuracy; strong scintillation
can cause loss of lock in
receivers.

Riometer

Passively monitors cosmic
radio noise to detect Sudden
Cosmic Noise Absorption
(SCNA) events caused by
D-region ionization from solar
soft X-rays.

Global Riometer Array
(GloRiA); KAIRA (operating
as a spectral riometer).

Typically in VHF range (20–80
and 110–270 MHz). SCNA
events are detected using
broad-beam antennas and
may last for several hours.

Ionosondes
Measure ionospheric profiles
and coherent HF scatter,
operating.

HF radars (e.g., SuperDARN). Operating typically in the
2–20 MHz range.

Oblique Ionospheric Sounder
(receive-only mode)

In its passive/receive-only
configuration, it monitors HF
signals transmitted from
remote stations to characterize
ionospheric propagation
paths, electron density
profiles, and absorption.
Spectrum congestion in HF
bands makes these sensors
particularly vulnerable to
co-channel interference

Oblique ionosonde networks
(e.g., IonoNet, Global
Ionospheric Radio
Observatory (GIRO))

Typically operating in the
2–30 MHz (HF) range

3.1. Riometers for Ionospheric Absorption Monitoring

Riometers (Relative Ionospheric Opacity Meters) quantify ionospheric absorption by
measuring cosmic noise absorption (CNA), enabling the estimation of D-region electron
densities at altitudes of approximately 70–100 km. Classical work by [30] demonstrated
that riometer absorption values near 27.6 MHz can be used to infer D-region electron
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densities with reasonable accuracy, typically within a factor of ∼1.6 for nearly half of the
observations, establishing the method as a practical diagnostic tool for lower ionospheric
studies. They play a important role in space weather applications because they can provide
continuous measurements of ionospheric absorption directly associated with solar flares,
auroral activity, and geomagnetic storms. By monitoring the attenuation of cosmic radio
noise caused by free electrons in the ionosphere, particularly around the 100 km altitude
region, these instruments supply real-time or near-real-time information on ionospheric
conditions affected by dynamic space weather processes.

Riometers detect large increases in absorption during space weather disturbances,
such as auroras or solar proton events, due to increased ionization. Such signatures indicate
perturbations in the ionosphere that may degrade radio communications and navigation-
system performance. Large-scale networks of riometers, such as the Global Riometer Array
(GloRiA), are strategically deployed in high latitudes where ionospheric absorption events
are most pronounced, providing extensive spatial coverage for monitoring geomagnetic
activity [1]. Riometers are also used operationally to provide near real-time space weather
monitoring, providing input to nowcasting models and alerting systems. Representative
operational frequencies such as 30 MHz and 38.2 MHz represent a compromise between
absorption sensitivity and sufficient penetration through the ionosphere. Their data are
commonly integrated with those acquired from ionosondes, GNSS receivers, and satellite
borne sensors to form a combined picture of the space weather effects upon the ionosphere.

Solar flare studies using riometer data show strong correlations between CNA en-
hancements, increases in solar X-ray radiation, and elevated geomagnetic activity. These
observations help quantify radio-wave fade-outs and signal attenuation during major space
weather events, offering valuable constraints for understanding and mitigating ionospheric
disturbances that impact communication and navigation services [31]. Therefore, riometers
are fundamental passive space weather monitoring instruments for measuring ionospheric
absorption as a function of dynamic processes in the D-region. Long-term datasets from
these instruments support not only scientific research but also operational forecasting in
regions prone to auroral activity.

3.2. Solar Flare and Solar Radio Burst Monitors

Solar radio bursts (SRBs) are among the most critical solar emissions for operational
space weather monitoring because their intense, broadband radio flux can directly disrupt
radio frequency systems on Earth and in orbit. Observations from September 2017 solar
events demonstrated that strong SRBs in the L-band can exceed the received power of GNSS
signals by several orders of magnitude, causing widespread loss of lock, navigation outages,
and severe positioning degradation, as documented in [32,33]. These events underscore
the need for continuous monitoring of solar radio activity across multiple frequency ranges
to support early warning, diagnostics, and forecasting of solar-driven disturbances.

SRB observations rely on radio flux measurements and dynamic spectra capable
of resolving the rapid spectral–temporal evolution of bursts associated with solar flares,
coronal mass ejections (CMEs), and CME-driven shocks. Dynamic spectrographs operating
from approximately 20 MHz to 2 GHz provide key diagnostics for identifying burst types,
source regions, and underlying emission mechanisms, while higher-frequency systems
(e.g., EOVSA and MUSER) extend coverage into the decimetric and microwave domains.
Continuous observations with high temporal resolution (subsecond to a few seconds) and
low latency (1–5 min) are essential operational requirements, ensuring that SRB-driven
hazards can be rapidly detected by global space weather service networks [1].
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Routine radio flux indices remain fundamental in contextualizing transient SRB ac-
tivity. The daily 10.7 cm (2800 MHz) solar flux, for example, serves as a stable proxy for
long-term solar ultraviolet and EUV variability and is routinely assimilated in atmospheric
and climatological models. Although not a flare detector, the F10.7 index complements
dynamic SRB observations by providing a baseline of solar activity, helping to attribu-
tion of space weather-related anomalies in GNSS, HF/VHF propagation, and satellite
operations [34].

SRBs themselves are highly structured emissions whose types are well characterized in
the literature. Type II and Type III bursts, in particular, offer strong diagnostic value for flare
and CME forecasting. A comprehensive review in [35] using the Green Bank Solar Radio
Burst Spectrometer confirms their importance in identifying regions of shock propagation
and particle acceleration. Low-frequency interferometric arrays such as DLITE (30–40 MHz)
have demonstrated the ability to detect long-duration Type II and Type IV bursts with
fine spectral (approx. 16 kHz) and temporal (approx. 1 s) resolution, supporting the rapid
detection of shock-associated signatures [36]. Statistical analysis of e-CALLISTO network
observations has shown strong correlations between Type III burst occurrence rates and
solar cycle indicators, including sunspot number, reinforcing their value for near-real-time
hazard prediction [37]. Long-term Wind/WAVES observations demonstrate that nearly all
high-flux (>10 MeV) solar energetic particle (SEP) events are associated with Type II bursts
and about 92% with concurrent Type III bursts, enabling predictive models with detection
probabilities of about 62% and correct-classification rates near 85% [38].

Together, these studies confirm that SRB monitoring—particularly broadband dynamic
spectral measurements—is indispensable for characterizing the onset and evolution of
solar eruptive events. The integration of SRB spectrographs, flux monitors, interferometric
arrays, and global networked systems (e.g., RSTN, e-CALLISTO, LOFAR, and MUSER)
forms a foundational observational infrastructure for space weather services. Their data
provide the earliest available signatures of flare initiation, shock emergence, and particle
acceleration, offering critical lead time for protecting GNSS navigation, aviation, radio
communication systems, satellite operations, and power-grid infrastructures.

3.3. Scientific GNSS Receivers for Ionospheric Monitoring

The International GNSS Service (IGS) is an international, voluntary collaboration
of over 200 scientific and governmental organizations that operate, maintain and share
continuous, high-precision, multi-frequency and multi-constellation GNSS observations
from a worldwide tracking network. In addition to open-access measurements, the IGS
produces precise orbit, clock, ionospheric and tropospheric products that serve as global
standards for scientific research and operational space weather applications [39,40]. The
Scintillation Network Decision Aid (SCINDA) complements the global GNSS monitoring
infrastructure by operating a ground-based network of passive VHF, UHF, and GNSS
scintillation receivers developed by the Air Force Research Laboratory (AFRL) and the Air
Force Weather Agency (AFWA). SCINDA provides real-time measurements of amplitude
and phase scintillation, drift velocities, and TEC, maintaining broad longitudinal coverage
with stations distributed across South America, Africa, Southwest Asia, Southeast Asia, and
selected high-latitude sectors. This configuration enables regional nowcasting capability
for space-based communication and navigation users. Despite funding interruptions after
2014, most stations continue to operate and deliver data to Boston College, sustaining both
operational situational awareness and a substantial body of scientific research [41].

At the regional scale, dense networks provide high-resolution monitoring of iono-
spheric disturbances and equatorial plasma bubble dynamics. In Brazil, the INCT NavAer
and RBMC networks provide continuous multi-frequency GNSS measurements that have

https://doi.org/10.3390/universe12030074

https://doi.org/10.3390/universe12030074


Universe 2026, 12, 74 14 of 33

been used extensively to characterize low-latitude scintillation and storm-time ionospheric
variability [27]. This coverage across South America is extended by the LISN, which
provides distributed GNSS receivers and complementary sensors that support studies
of TEC and scintillation over the continent. Large-scale networks in Asia add to global
monitoring capability as follows: in China, nationwide systems such as CMONOC, the
CMA GNSS ionospheric network and the Chinese MGEX infrastructure offer high-temporal
and high-spatial-resolution observations essential for TEC mapping and regional space
weather impact analyses [42]. Similarly, the Indian Network for Space Weather Impact
Monitoring (INSWIM) provides a dedicated low-latitude observational framework that
incorporates distributed GNSS receivers to quantify scintillation occurrence, TEC vari-
ability and storm-time ionospheric disturbances over the Indian sector [43]. Together
these global and regional systems form a coordinated observational framework underpin-
ning modern space weather diagnostics and strengthening resilience for GNSS-dependent
services worldwide.

A key vulnerability for this class of passive GNSS-based sensors is their spec-
tral proximity to Mobile Satellite Service (MSS) communication links (e.g., Iridium:
1610–1626.5 MHz; Inmarsat: 1525–1559 MHz) as well as to proposed terrestrial broad-
band allocations in adjacent bands. As discussed in the historical LightSquared case [44],
efforts to introduce high-power terrestrial LTE transmissions within 1525–1559 MHz re-
vealed that even moderate out-of-band emissions can saturate GNSS front ends and make
scientific monitoring and operational navigation measurements unusable. These events
have highlighted the vulnerability of multi-frequency, multi-constellation GNSS receivers
to interference even in the presence of selective filtering and high-dynamic-range architec-
tures. These mitigation approaches serve to decrease, but do not completely remove, the
risk of harmful interference in intense or widespread deployment scenarios. This represents
an ongoing concern: in the absence of robust regulatory protection and careful spectrum
management, the continuity and reliability of global GNSS-based ionospheric monitoring
networks are likely to be threatened increasingly by the growing demands of modern MSS
and broadband communication systems.

4. Interference Threats
The expansion of modern radiocommunication systems—from satellite large constel-

lations such as Starlink to terrestrial 5G networks and HF/VHF/UHF transmitters—has
significantly increased the risk of radio frequency interference (RFI) affecting sensitive
scientific instrumentation. Facilities dedicated to radio astronomy, passive space weather
monitoring, remote sensing, and scientific receivers (including riometers, GNSS-based iono-
spheric monitoring systems, and solar spectrographs) rely on the detection of extremely
weak natural signals. However, these signals are increasingly threatened by the growing
levels of electromagnetic noise and intentional transmissions present in the technologically
dense environment of today [45–47].

In this sense, this section presents a technical assessment of interference threats posed
by contemporary radiocommunication systems to passive scientific instruments, supported
by documented case studies and observational evidence. The focus is on identifying the
main sources of interference and characterizing their impacts on high-sensitivity measure-
ments used in space weather monitoring. The examples discussed in this section illustrate
how emissions from terrestrial and spaceborne systems can contaminate weak natural
signals, degrade data quality, and, in some cases, compromise the continuity of long-
term observations.
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4.1. Sensitive Instrumentation and Interference

Recent studies have shown that RFI sources are virtually ubiquitous—ranging from
personal electronic devices and base stations to aircraft, ships, and satellites [45]. Passive
scientific sensors typically operate near the thermal noise limit, detecting signals on the
order of milli-Kelvin or less. For instance, the BINGO radio telescope aims to detect baryon
acoustic oscillations through neutral hydrogen emission (∼1 GHz) at a noise level of ap-
proximately 0.1 mK [45]. Under such conditions, even a moderate communication carrier
can easily overwhelm the signal of interest: a 100 W transmitter located 30 km away in
the 1 GHz band would produce roughly −70 dBm at the receiver (assuming free-space
path loss), which is about 80 dB higher than the noise level targeted by BINGO [45]. Conse-
quently, any anthropogenic interference—even slightly outside the nominal observation
band—can severely degrade the signal-to-noise ratio (SNR) and compromise scientific
data integrity.

The primary RFI mechanisms affecting sensitive instrumentation include the following:
co-channel interference; spillover or side-lobe coupling, where strong off-axis signals
enter through the antenna’s side-lobe response; front-end overload, where low-noise
amplifiers (LNA) or frequency converters saturate due to strong out-of-band emissions;
and intermodulation. Such effects can distort measured spectra, introduce spurious signals,
or hinder the detection of transient events. Although specific bands are allocated to passive
services—such as radio astronomy and Earth Exploration Satellite Service (EESS passive)
many scientific measurements take place in adjacent spectral windows or are affected by
out-of-band emissions from licensed systems [48,49].

Additionally, certain research instruments (e.g., space weather monitors) have only
recently gained formal regulatory recognition, and often operate on a secondary or ex-
perimental basis. In summary, high-sensitivity scientific instrumentation is inherently
vulnerable to interference and requires careful technical and regulatory scrutiny to ensure
its protection.

4.2. Sources of Interference

This section analyzes how powerful emissions from emerging technologies—such as
5G and 6G networks, satellite services, and other active applications—may unintentionally
leak into adjacent passive bands. Such interference can distort measurements or even
saturate receivers, compromising data integrity.

Low-Earth-Orbit (LEO) satellites and large constellations represent a new and dif-
fuse source of radio frequency interference (RFI). Since 2019, thousands of high-density
communication satellites have populated the low Earth orbit [50], transmitting primarily
in the Ku, Ka, and V bands. Although these frequencies are, in principle, distinct from
many scientific observation bands, significant unintended electromagnetic emissions have
been detected from Starlink satellites at frequencies well beyond their nominal operating
ranges [50]. Observations with the LOFAR radio telescope (10–240 MHz) revealed that
virtually all Starlink satellites observed in 2024 emit detectable broadband noise, including
within or near the FM (∼100 MHz) and lower VHF bands [50].

Alarmingly, second-generation “V2-mini” Starlink satellites exhibited unintended
emissions up to 32 times stronger than those of the previous generation, exceeding interna-
tional interference thresholds for intentional transmitters [50]. The resulting background
emission is up to ten million times brighter than the faintest astrophysical sources observed
by LOFAR—comparable to the brightness contrast between the faintest visible star and
the full Moon [50]. Consequently, even traditionally “quiet” frequency bands for radio
astronomy and ionospheric sensing are becoming polluted by noise from these moving
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satellites. The prospect of more than 100,000 LEO satellites in orbit by the end of the decade
further amplifies this concern [51,52].

Terrestrial communication systems, including 5G/6G deployments, HF/VHF/UHF
broadcast services, and mobile satellite links, pose serious interference risks to passive space
weather and radio-science sensors throughout much of the spectrum [53,54]. Advanced
mid-band and millimeter-wave 5G systems can raise the noise floor via intermodulation
and harmonic generation, compromising GNSS-based ionospheric monitoring and adjacent-
band atmospheric radiometry [55], as summarized in Table 5.

Of particular concern are deployments in the 24–26 GHz range, where out-of-band
emissions may interfere with meteorological satellites, potentially degrading weather
forecast accuracy by 30% [56,57].

At lower frequencies, the coexistence challenges widen. The spectral regions important
to detect solar radio bursts, perform ionospheric sounding and riometry, as well as those
used by low-frequency radio astronomy, overlap with HF, VHF and UHF emitters (Table 6).
Observational networks like CALLISTO note extreme RFI in the commercial FM range of
80–110 MHz, in the 460–500 MHz VHF television band, and in bands used for UHF mobile
communications, rendering these ranges effectively unusable for scientific purposes in any
urban or industrial environment [58,59].

Satellite communication systems also pose interference risks in protected scientific
windows, as illustrated by Table 7. MSS constellations, like Iridium operating near 1.6 GHz,
have been found to degrade GNSS scintillation measurements and radio astronomy obser-
vations near the OH line at 1.612 GHz; this degradation requires specialized filtering that is
often of limited effectiveness in high-interference scenarios [60,61].

Taken together, Tables 5 and 7 summarize a clear progression toward the erosion of
“radio-quiet” spectral regions, forcing scientific facilities toward increasingly remote loca-
tions, demanding increasingly complex mitigation strategies, and pointing out the strong
need for robust spectrum-protection mechanisms to ensure the long-term viability of pas-
sive sensing and space weather monitoring infrastructures. These tables together depict an
environment becoming increasingly congested across virtually the entire spectrum—from
HF to tens of gigahertz—making it ever more challenging to isolate weak natural signals
from the pervasive contamination of modern communication systems [1,62,63].

Table 5. Potential interference from advanced terrestrial systems (5G/6G).

Band/Service Primary Use Risk to Scientific Sensors

Extended C-band (3.3–3.8 GHz) 5G mid-band

Raised noise floor and
intermodulation products that can
affect satellite-based monitoring and
adjacent passive radiometry [53,64].

24–26 GHz 5G mmWave

Out-of-band emissions may interfere
with the 23.8 GHz water-vapour line
used by meteorological satellites,
degrading weather forecasts [57,65].

L-band adjacency (1.5–1.6 GHz) MSS (Iridium, Inmarsat)

Degradation of GNSS scintillation
measurements and interference with
observations near the
1.612 GHz [53,57].
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Table 6. Interference in HF, VHF, and UHF bands relevant to space weather science.

Band Terrestrial Emitters Scientific Systems and Reported Issues

HF (3–30 MHz) Shortwave and long-distance
communication systems

Solar and Jovian radio burst observations
and ionosonde experiments suffer from
overlapping artificial transmissions that
mask natural signals [48].

VHF (30–300 MHz) FM broadcasting, analog/digital TV,
land-mobile services

CALLISTO solar spectrographs and
riometers experience severe RFI in
80–110 MHz and 460–500 MHz, making
urban and industrial environments
effectively unusable [58,59].

UHF (300–3000 MHz) 4G/5G networks (700–900 MHz), TV
broadcasting

Radio astronomy observations near
608–614 MHz require remote sites (e.g.,
the BINGO telescope in Paraíba, Brazil)
to avoid saturation [48,59].

Table 7. Satellite communication interference affecting passive and GNSS-based sensors.

System Frequency Range Affected Scientific Use and Issue

Iridium ∼1.6 GHz

GNSS scintillation monitoring and radio
astronomy observations of the OH line at
1.612 GHz can suffer harmful interference,
requiring strong filtering that may be
only partially effective.

Geostationary MSS links L and S bands

GNSS TEC and scintillation research, as
well as adjacent passive sensing, may be
impacted by receiver desensitization and
cross-polarization interference from
high-power communication carriers.

4.3. Documented Case Studies

To illustrate the growing impact of RFI on scientific observations, this section discusses
selected case studies spanning cosmological and solar radio astronomy, space weather
monitoring, and ionospheric research. These examples reveal how even highly sensitive
instruments remain vulnerable to emissions from modern communication systems and
highlight the need for coordinated technical and regulatory protection. The first case, the
BINGO radio telescope, demonstrates a proactive approach to mitigating RFI through
careful site selection and spectrum management [45].

Taken together, the mechanisms and case studies reviewed in this section demonstrate
that radio frequency interference affecting passive scientific observations is no longer an
isolated or marginal issue, but a systemic challenge driven by dense terrestrial deployments,
satellite constellations, and increasingly complex spectral environments. The documented
impacts on instruments such as e-CALLISTO, MUSER, BINGO, and GNSS-based sensors
illustrate how both in-band and out-of-band emissions can compromise ultra-sensitive
measurements across multiple services and frequency ranges. These examples establish
the technical nature and operational consequences of current interference threats. The
implications of these findings in terms of mitigation strategies and regulatory responses
are addressed in the following section.

In addition, it is also important to observe WRC-27 AI 1.16, as well as the associated
analysis, in accordance with Resolution 681 (WRC-23), which sets out instructions for
the ITU-R to develop technical and regulatory studies aimed at safeguarding the Radio
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Astronomy Service (RAS) from the growing risk of aggregate radio frequency interference
generated by non-geostationary satellite (non-GSO) systems. The resolution focuses on
both globally allocated primary RAS frequency bands and geographically defined Radio
Quiet Zones (RQZs), recognizing that the rapid deployment of large satellite constellations
can exceed the protection capabilities of existing national measures. It calls for compre-
hensive assessments of unwanted emissions from single and multiple non-GSO systems
operating in adjacent or nearby bands, with particular emphasis on scientifically critical
observatories such as the Square Kilometre Array (SKA) in South Africa and Atacama Large
Millimeter/submillimeter Array (ALMA) in Chile. Key proposals include the evaluation of
new coexistence and mitigation measures prior to satellite deployment, the development
of methods to determine appropriate separation distances between non-GSO gateways and
radio astronomy facilities, and the possible international recognition and characterization
of specific RQZs within the Radio Regulations. The resolution also invites administra-
tions to actively contribute technical and operational data and directs that study results
inform potential technical and regulatory actions at WRC-27, in coordination with broader
international initiatives on the protection of “Dark and Quiet Skies” [66].

4.3.1. Cosmological Radio Astronomy—The BINGO Telescope

The Baryon Acoustic Oscillations from the Integrated Neutral Gas Observations
(BINGO) radio telescope, designed to measure redshifted neutral hydrogen emission
in the 0.98–1.26 GHz range, exemplifies proactive measures against RFI. Aiming to de-
tect brightness temperature fluctuations on the order of 10−5 (milli-Kelvin) [45], BINGO
requires an exceptionally clean radio environment. Extensive spectrum surveys across
potential sites in Brazil and Uruguay mapped mobile phone signals, radio, and television
transmissions, and even aircraft routes in search of a radio-quiet zone [45,67].

The selected site in Serra do Urubu, Paraíba, exhibited RFI levels below the detection
threshold of portable instruments within the telescope’s operational band, indicating an
absence of significant transmitters near 1 GHz—thanks largely to its favorable topography.
Moreover, the project successfully established an officially recognized radio-quiet zone
around the site, restricting new commercial emissions in the region [45]. Despite these
efforts, BINGO researchers emphasize that the telescope’s extreme amplifier sensitivity
makes RFI “the critical issue” that could ultimately limit its performance [45]. The in-
strument’s dual-mirror optical system and corrugated feed horns were engineered with
ultra-low side-lobe levels to minimize off-axis signal reception [45]. This case illustrates
the importance of strategic site selection and early regulatory engagement through recog-
nized radio-quiet zones, the extreme sensitivity requirements of cosmological observations
remain vulnerable to the evolving landscape of radiocommunication services.

4.3.2. Low-Frequency Radio Astronomy—LOFAR

The Low-Frequency Array (LOFAR) exemplifies the vulnerability of modern radio
telescopes to electromagnetic interference. While transmitters within LOFAR’s observa-
tional bands pose evident risks, equally problematic are FM broadcasting, digital television,
aviation communications, and recently detected emissions from LEO satellite constella-
tions [50,68]. These challenges have motivated ongoing RFI monitoring campaigns and
the implementation of sophisticated post-processing mitigation or abandon contaminated
frequency ranges entirely [69–71].

This case demonstrates how even dedicated low-frequency radio astronomy facilities
operating in relatively protected bands remain vulnerable to the growing diversity of
anthropogenic emissions across the electromagnetic spectrum.
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4.3.3. Solar Monitoring and Space Weather—e-CALLISTO and MUSER

The e-CALLISTO (International Network of Solar Radio Spectrometers) comprises
dozens of low-cost solar spectrographs worldwide, covering roughly 45–870 MHz. Its
goal is to detect solar bursts, coronal emissions, and space weather phenomena in met-
ric and decimetric wavelengths. However, studies across the network have revealed
that many frequency ranges below 1 GHz are heavily compromised by RFI, reducing
the scientific utility of data from several stations. As mentioned previously, commercial
FM broadcasting (∼88–108 MHz) and land communication services in the 460–500 MHz
range are particularly pervasive and “severely affect” solar observations even at dedicated
observatories [58,72].

In some cases, CALLISTO spectra exhibit entire frequency bands saturated or masked
by artificial signals, necessitating post-processing filters or data masking. Local trans-
missions—from electronic devices, Wi-Fi networks, and other sources—also introduce
narrowband interference and spikes that can mimic genuine spectral lines. These chal-
lenges have motivated ongoing RFI monitoring campaigns and the implementation of
automated flagging algorithms to exclude contaminated data segments in real-time [69,70].

At higher frequencies of 0.4–15 GHz, the Chinese solar radioheliograph MUSER is
located within a complicated electromagnetic environment [73], with potential interference
from the close proximity of urban centers and military installations. Mitigation strategies
employed at MUSER include dynamic spectrum monitoring while making solar observa-
tions, automatic detection and excising of RFI-contaminated data, and careful calibration
to prevent man-made noise from being mistaken for solar emission. These cases illustrate
that even the solar observatories, although tuned to a bright object, remain susceptible
to human-made signals of equal or higher power at some wavelengths. Consequently,
effective RFI mitigation demands advanced filtering, remote instrument placement, and
international collaboration (e.g., through ITU and URSI) to share interference information
and establish coordinated protection standards.

4.3.4. GNSS Receivers and Ionospheric Monitoring in the Modern RFI Environment

The role of ground-based GNSS receivers in the monitoring of ionospheric scintillation,
TEC, and plasma irregularities is still vitally important over low- and equatorial-latitude
regions. However, recent global studies demonstrate that RFI has become one of the
most serious threats to the reliability of scientific observations based on GNSS. Unlike
earlier concerns-such as the LightSquared case of the early 2010s, wherein GPS L1 was
shown to be vulnerable to adjacent-band LTE transmissions-current evidence indicates
that the RFI problem is more pervasive, persistent, and complex than ever before. Indeed,
as showned in [74], RFI can generate false increases in the amplitude scintillation index,
S4, which creates signatures nearly identical to true ionospheric scintillation even in the
complete absence of physical irregularities. This has serious implications for existing global
scintillation climatologies, with portions of these records likely partially contaminated by
“fake scintillation” driven by anthropogenic signals rather than ionospheric dynamics.

Simultaneous observations from ground receivers and the COSMIC-2 constellation
reveal that RFI often produces abrupt SNR drops, oscillatory modulation patterns, and
broadband amplitude fluctuations that mimic natural scintillation but lack the correspond-
ing phase disturbances-one of the key discriminators of genuine ionospheric events. Long-
term COSMIC-2 maps show persistent RFI hotspots across Africa, the Middle East, the
Caribbean, and parts of Asia, frequently collocated with regions of military activity, drone
operations, and GNSS-denial systems. For scientific GNSS networks-such as those dedi-
cated to characterizing equatorial plasma bubbles and identifying storm-time irregularities-
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these false signatures can obscure real plasma structures, bias detection algorithms, and
distort long-term climatological analyses [74].

RFI may significantly contaminate GNSS scintillation measurements, generating am-
plitude fluctuations that closely resemble true ionospheric irregularities. The distinction
between the two is especially difficult to make at night, when scintillation is expected
and RFI may assume its temporal and spectral characteristics. Careful interpretation is
thus called for, and the morphology and typical duration of genuine events reported in
the literature, such as those in [75], furnish a valuable guideline against which physically
consistent signatures can be checked.

During daytime hours, though, low latitude ionospheric scintillation is very rare,
and amplitude disturbances are much more likely to arise from sources other than the
ionosphere. In fact, daytime scintillation will only develop under specific conditions, as
demonstrated by the exceptional case that is described in [76], where a rocket-induced
ionospheric hole created strong density gradients capable of causing Rayleigh–Taylor
instability. Events of this nature are indeed very rare and require rigorous documentation
and multi-instrument validation with the purpose of ensuring that fluctuations observed
are actually ionospheric and not induced by interference.

Figure 2 displays amplitude scintillation data recorded by an INCT NavAer GNSS
receiver located in São José dos Campos during a 24 h interval in July 2017. This period
corresponds to the southern-hemisphere winter. The solar cycle was near its minimum
(F10.7 ≈ 70 sfu), and geomagnetic conditions were very mild, with Dst remaining at
modest levels throughout the day (Dst ≈ −20 nT). Under such circumstances, ionospheric
scintillation events are not expected, providing a baseline scenario in which the S4 index
should remain consistently small for all satellite links.

The plotted parameter is the amplitude scintillation index (S4)—the normalized stan-
dard deviation of the received signal power computed over one-minute intervals. Each
color represents a different satellite link, all plotted simultaneously over the 24 h period. As
can be seen from this figure, the enhanced S4 values over several links and during the day-
time cannot be interpreted via any known ionospheric mechanism. Furthermore, no such
simultaneous multi-link scintillation signatures have ever been reported in the literature,
which further reinforces that this does not conform to ionospheric scintillation. While the
preceding case studies focused on radio astronomy and solar monitoring systems, similar
interference mechanisms also pose significant risks to space weather monitoring based on
GNSS observations. In this context, GNSS scintillation measurements provide a particularly
illustrative example of how radio frequency interference can mimic or obscure genuine
ionospheric phenomena, thereby compromising the interpretation of high-sensitivity space
weather data. While the preceding case studies focused on radio astronomy and solar
monitoring systems, similar interference mechanisms also pose significant risks to space
weather monitoring based on GNSS observations. Thus, GNSS scintillation measurements
provide a particularly illustrative example of how radio frequency interference can mimic
or obscure genuine ionospheric phenomena, thereby compromising the interpretation of
high-sensitivity space weather data. Given these inconsistencies, the most likely inter-
pretation for these measurements is contamination through RFI. While one cannot rule
out contributions from multipath or isolated hardware anomalies, such are less likely to
occur with a professional grade monitoring receiver. The relatively small magnitudes of
the geomagnetic and solar flux further reinforce the conclusion above that the variability
observed is of non-ionospheric origin.
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Figure 2. Amplitude scintillation index (S4) measured by GNSS scintillation monitor in São José
dos Campos during a 24 h interval in July 2017. Each color represents a distinct satellite link. The
simultaneous occurrence of enhanced S4 values across multiple links, including daytime intervals
suggests probable radio frequency interference (RFI).

Modern GNSS monitoring practices include automated RFI detection based on SNR
time-series irregularities, combined amplitude-phase consistency checks, and cross-station
validation frameworks. These are critical procedures to ensure that disturbances inter-
preted as being of ionospheric origin indeed represent geophysical processes rather than
anthropogenic contamination. In this context, protection strategies in line with best prac-
tices need to be implemented for scientific networks. These contrasted examples point
out the importance of stringent RFI mitigation for the scientific integrity of GNSS-based
ionospheric observations.

The phenomena described above establish the physical basis for understanding in-
terference mechanisms affecting space weather observations. These effects translate into
receiver sensitivity, dynamic range, and protection constraints for riometers, GNSS, and so-
lar radio instruments. These technical characteristics directly constrain receiver protection
criteria and must therefore be considered within the regulatory framework discussed in
the following section.

5. Regulatory and Technical Challenges and Mitigation Strategies for
Passive Scientific Services

Building on scientific background and technical requirements discussed in Section 4,
this section shifts the focus toward regulatory implications and mitigation strategies ap-
plicable to passive scientific services. Rather than revisiting individual case studies, the
discussion examines how these vulnerabilities are addressed within spectrum management
frameworks, including technical mitigation approaches, protection criteria, coexistence
studies, and regulatory measures under consideration in the ITU process, in the context
of WRC–27 Agenda Item 1.17. This structure aims to clarify the respective roles of techni-
cal solutions and regulatory instruments in preserving the long-term viability of passive
observations in an increasingly congested radio frequency environment.

Passive scientific services, including radio astronomy, atmospheric remote sensing,
and space weather monitoring, are becoming increasingly vulnerable as modern telecom-
munication technologies occupy and pollute the radio spectrum. Case studies throughout
this work demonstrate a key concern as follows: scientific measurements which had
previously relied on well-protected “quiet zones” are now susceptible to harmful inter-
ference due to dense terrestrial networks and large satellite constellations. Even in their
operating bands, the increasing levels of out-of-band emissions threaten the spectral en-
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vironment necessary for ultra-sensitive observations [50,77]. One notable example is the
unintentional interference from Starlink satellites, whose emissions have increased beyond
internationally recognized limits for radio astronomy despite nominal compliance with
fixed-satellite service limits [50]. These examples represent just a subset of those illustrating
that electromagnetic-compatibility standards are no longer sufficient for an era of massive
deployments and agile radio systems. These developments highlight that interference
is no longer solely a technical concern but a matter of policy and governance, requiring
coordinated regulatory responses at national and international levels.

Spectrum governance perspective: Rather than revisiting individual case studies, the
discussion examines how these vulnerabilities are addressed within spectrum management
frameworks, including technical mitigation approaches, protection criteria, coexistence
studies, and regulatory measures under consideration in the ITU process.

In contrast to the Earth Exploration-Satellite Service (EESS, passive), which operates
under well-established allocations and protection regimes within the ITU Radio Regula-
tions, space weather sensors under the Meteorological Aids service have only recently
begun to acquire a formal regulatory status. A further complication arises from the his-
torical lack of regulatory recognition for many passive space weather sensors. While the
RAS and Earth Exploration-Satellite Service enjoy explicit protection under the ITU Radio
Regulations, key space weather instruments, such as solar radio spectrographs, passive
ionospheric sounders, and riometers, have traditionally operated without formal regula-
tory status. The WRC-23 resolved this omission by defining the space weather application
within the Meteorological Aids Service, Resolution 675, and initiated studies to identify
appropriate bands and protection criteria, Resolution 682 [20]. These sensors nonetheless
remain vulnerable under a “best-effort” regime, without guaranteed protection from higher-
priority services, until such time as concrete allocations and constraints are agreed upon.
Geographical and economic issues further limit the establishment of RQZs as follows: while
Brazil was able to deploy the BINGO telescope in a remote region, many countries lack
sufficient isolated territory, or financial resources to maintain associated infrastructure [45].

Preserving the integrity of passive scientific observations, then, requires a coherent,
forward-looking mitigation strategy at the technical and regulatory levels. Effective mitiga-
tion strategies range from high-dynamic-range receivers to selective and adaptive filtering,
real-time RFI excision algorithms, low-noise site engineering, and frameworks for val-
idating data across multiple instruments. These local improvements, however, cannot
completely compensate for the interference from sources distributed worldwide-such as
satellite constellations, dense terrestrial broadband systems, and spreading IoT infras-
tructures. Long-term protection requires harmonization in spectrum governance; more
stringent out-of-band emission limits; coordination in management of satellite constella-
tions; and continued efforts on the part of the ITU to formalize allocations and protection
criteria for space weather passive sensors. Taken together, these challenges and mitigation
strategies paint a picture of a crossroads that has been reached in this scientific community.
Passive observations risk progressive degradation without determined action on the part
of the global community-a “scientific blackout” in which the capability to monitor the
Sun–Earth system, forecast hazards, and conduct fundamental research is increasingly
compromised. The balance of this report provides practical and regulatory methods that
must be applied to ensure that spectrum-dependent services continue to function while
accommodating sustainable development of technology.

5.1. Instrumental Resilience and Spectral Filtering

Scientific instruments must be designed for enhanced resilience. This necessitates
integrating selective spectral filters (e.g., precise notch filters for known mobile and satellite
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bands [78]) into receiver front-ends. Receivers must exhibit a high dynamic range and
superior linearity to prevent saturation and intermodulation from powerful out-of-band
signals. Techniques proven in sectors like GNSS, utilizing robust AGC and custom digital
filtering, should be universally applied [79]. Furthermore, in sensitive applications like
radio astronomy, adjustable attenuation is critical to manage the impact of strong local or
orbital emitters and prevent chain saturation.

5.2. Control of Local Emissions and Shielding

Essential measures include comprehensive electromagnetic shielding of all sensitive
electronics and cabling, ensuring that equipment is fully contained and grounded to
prevent both inbound and outbound RFI. Observatories must implement on-campus
spectral control programs to identify and suppress localized sources of interference, such
as power supplies or Wi-Fi routers. This proactive control, addressing “domestic” RFI, has
been shown to resolve a significant portion of noise issues [58,59].

5.3. Active RFI Management and Collaboration

Passive measures must be complemented by real-time spectral monitoring systems
to track RFI intrusions continuously [45]. Concurrently, scientific organizations must
foster sustained collaboration with telecommunications and satellite operators. Many
interference issues can be resolved at the source through minor technical adjustments (e.g.,
beam steering, power control) or by stricter regulatory enforcement of spurious emission
limits, particularly for new services like 5G and LEO satellite large constellations [1,80,81].

5.4. Standardization and Formalization of Passive Sensing Bands

Concerns regarding the protection of space weather observations were formally artic-
ulated before WRC-23, notably through Agenda Item 9.1(d) of WRC-19, which addressed
regulatory actions and future agenda items (in particular agenda item 9.1 (a) for WRC-23)
related to the sustainability of space services and scientific uses of the spectrum. During the
2015–2019 study cycle, the 7C ITU-R Working Party consistently highlighted the growing
vulnerability of space weather observations—particularly solar radio monitoring, iono-
spheric diagnostics, and other passive sensing techniques—to increasing levels of radio
frequency interference from terrestrial systems and emerging satellite constellations. These
concerns reflected the increasing dependence of modern societies on space weather data for
satellite operations, navigation, power grids, and communication infrastructure resilience.
In parallel, the international relevance of space weather has been reinforced within the
United Nations system, where UNOOSA/COPUOS maintains “Space Weather” as a per-
manent agenda item, recognizing it as a global challenge requiring sustained scientific
observations and international coordination. Together, the WRC deliberations, the long-
standing technical work of WP 7C, and the COPUOS framework illustrate a coherent and
evolving international recognition that robust regulatory protection of passive spectrum
use is essential to ensure the continuity and reliability of space weather monitoring.

Future system planning must be governed by established international standards.
Furthermore, the scientific community must contribute to ongoing ITU studies (Resolution
682) to formalize specific bands for passive sensors, such as those already identified (e.g.,
∼30 MHz, ∼74 MHz, 608–614 MHz, etc., which coincide with riometer and solar monitoring
frequencies) [82]. These critical bands should be vigorously promoted for primary allocation
or protected passive use status in future WRCs [82].

In short, high sensitivity scientific instrumentation is naturally susceptible to inter-
ference and technical and regulatory strategies to ensure its protection. The above rec-
ommendations aim at the promotion of a radio environment compatible with scientific
research. Technical solutions contribute to decreasing the vulnerability of instruments,
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while regulatory and collaborative actions target the root of the problem as far as spectrum
management and practical use are concerned. Thus, Table 8 presents a summary of the
main technical mechanisms of the RFIthe RFI in Scientific Instrumentation and possible
mitigation techniques.

Therefore, to preserve the integrity of high-sensitivity scientific measurements, a
combination of complementary approaches is required, including the following: (i) reg-
ulatory protection of passive allocations and coordination procedures; (ii) technical miti-
gation measures such as filtering, dynamic interference detection, and site shielding; and
(iii) operational strategies, including remote siting, measurement scheduling, and data qual-
ity flagging. These measures jointly support the continuity and reliability of radio-based
space weather observations under increasingly congested spectrum conditions.

Table 8. Main types of RFI affecting passive scientific sensors and possible mitigation techniques.

Type of Interference Technical
Description

Typical Effect on
Sensor Common Sources Possible Mitigation

Techniques

Co-channel/In-band

Interfering signal
within the same
reception band as the
sensor

Increased noise floor,
loss of sensitivity

FM radio, digital TV,
mobile
communications

Notch filtering,
remote site location

Out-of-band

Strong signals
outside the nominal
band that penetrate
through the
receiver’s
out-of-band response

LNA/front-end
saturation, spectral
distortion

5G at 24 GHz
affecting 23.8 GHz
(EESS), LTE adjacent
to GPS L1

Rejection filters,
high-linearity
front-end

Spurious Emis-
sions/Harmonics

Unintentional
frequencies
generated by
transmitters or
electronic equipment

Intermodulation and
continuous noise
across multiple
bands

LEO satellites,
switching power
supplies, radars

Continuous
spectrum
monitoring,
EMC-compliant
design

Passive
Intermodulation

Mixing of strong
signals in oxidized
metal contacts
(“rusty bolt effect”)

Generation of false
spectral lines

Metallic structures,
loose connectors

Grounding,
preventive
maintenance

Receiver Saturation
Excessive input
power saturates the
ADC or amplifier

Channel dropout,
irreversible
distortion

High-power LEO
satellites, local
transmitters

Fast AGC, dynamic
attenuators,
front-end protection

Multipath/Reflection

Reflections of
artificial signals
causing transient
interference

Temporal distortion,
moving interference
patterns

Buildings, aircraft,
transiting satellites

Directional
modeling, adaptive
spatial filters

Thus, it is possible to state that the protection of high-sensitivity passive measurements
involves the interaction between scientific sensing systems, interference sources, and
regulatory mitigation measures, as summarized in Figure 3.
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Figure 3. Conceptual framework illustrating the protection of high-sensitivity radio-based space
weather measurements.

6. Compatibility Studies and Protection Criteria
The compatibility and protection criteria studies for receive-only space weather sensors

operating in the Meteorological Aids Service (space weather) represents a unique challenge
in spectrum management, since these sensors provide data essential for forecasts and
warnings of space weather events, supporting safety-of-life applications in aviation, satellite
operations, and power grid management [83,84].

The regulatory framework under development for WRC-27 agenda item 1.17 must
address a fundamental asymmetry: receive-only sensors do not cause interference to other
services, yet they require protection from emissions of incumbent services [1]. In this
context, this section examines the technical basis for protection criteria developed through
ITU-R Working Party 7C studies and analyzes their application in spectrum sharing and
compatibility scenarios.

6.1. Protection Criteria Under WRC-27 Agenda Item 1.17 Framework

The protection criteria development, according to the ITU-R methodologies for passive
sensors [1,80], recognizes the fundamental distinction between different space weather
sensor types, for example, riometers derive protection criteria from radiometric principles
based on cosmic noise observations [85,86], while solar flux monitors use minimum measur-
able solar flux as the reference rather than receiver noise floors [1,34]. This sensor-specific
approach ensures protection criteria align with operational measurement requirements.
Thus, based on ITU-R Recommendation RA.769-2 [80], Tables 9 and 10 present the protec-
tion criteria for operational frequencies identified in ITU-R Report RS.2456-1 for riometers
and solar flux monitors, respectively [1].

Table 9. Protection criteria for selected frequency bands.

Frequency Band (MHz) Input Power ∆PH (dBW) Power Flux Density SH ∆ f
(dB(W/m2))

Spectral Power Flux Density
SH (dB(W/(m2·Hz)))

27.5–28.0 −172 −181 −235
29.7–30.2 −173 −181 −235
32.2–32.6 −173 −182 −235
37.5–38.325 −175 −182 −236
73.0–74.6 −181 −182 −236
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Table 10. Solar flux monitor protection criteria for selected receiving system parameters Annex 9 [19].

Site Name Frequency (MHz) Protection Criteria 1

(dBW/(m2·MHz))

Learmonth (SEON) 610 −164.9
San Vito (SEON) 610 −164.9
Sagamore Hill (SEON) 610 −164.9
Kaena Point (SEON) 610 −164.9

1 Power flux density at the antenna.

Interplanetary scintillation measurements rely on monitoring the flux variations of
distant compact radio sources, and the protection criteria for these systems must align
with those established for astrophysical continuum observations rather than those based
on the quiet Sun, which is among the most intense natural radio emitters. Thus, the
corresponding spectral power flux density parameters, calculated from characteristic space
weather conditions, are summarized in Table 11, which presents the protection criteria for
operational frequencies identified in [1].

Table 11. Interplanetary scintillation sensors protection criteria.

Frequency Band (MHz) Input Power ∆PH (dBW) Power Flux Density SH ∆ f
(dB(W/m2))

Spectral Power Flux
Density SH

(dB(W/(m2·Hz)))

27.5–28.0 –193 −203 −260
29.7–30.2 −193 −202 −259
32.2–32.6 −194 −202 −258
37.5–38.325 −192 −199 −258
73.0–74.6 −195 −196 −258

6.2. Protection Criteria Analysis

It is important to mention that the protection criteria represent a technically frame-
work balancing measurement requirements with spectrum efficiency. The fundamental
principle—that solar observation sensors use system sensitivity based on measurable solar
flux, which ensures protection criteria relate directly to operational needs [1].

For riometers, protection criteria of −235 to −236 dB(W/(m2·Hz)) align well with
radio astronomy observations at similar frequencies [80]. Solar flux monitor criteria derive
from measuring quiet Sun with 1% precision. This conservative approach is justified
since quiet Sun measurements establish baselines essential for detecting subsequent solar
activity increases [87]. On the other side, interplanetary scintillation sensors protection
criteria are notably more stringent than riometers (spectral power flux density of −258 to
−260 vs. −235 to −236 dB(W/(m2·Hz)), reflecting the requirement to detect subtle signal
variations [88,89].

Ongoing efforts by ITU-R Study Group 7C focus on refining these criteria and devel-
oping methodologies to assess and mitigate interference risks to passive sensing systems.
These studies are integral to the preparatory work for WRC-27 and aim to ensure that
passive sensors can operate without detrimental interference from other services.

6.3. Band-Specific Compatibility Considerations

Based on ITU-R Resolution 682 [82] selected frequency bands, some compatibility
considerations can be carried out, as follows:
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• HF bands (27.5–38.325 MHz): Field measurements at polar riometer sites show am-
bient noise 20–30 dB above galactic noise during active HF propagation, suggesting
protection criteria should be achievable in most locations, particularly given the non-
constraint framework [90].

• VHF band (73.0–74.6 MHz): Predominantly line-of-sight propagation limits interfer-
ence range compared to HF [91]. Coordination zones of 50–100 km radius typically
suffice to protect sensitive receivers at VHF from terrestrial transmitters [92].

• UHF band (608–614 MHz): The most complex scenario due to broadcasting and mobile
service allocations [22]. Solar flux monitors may require geographical separation
from high-power broadcast transmitters or careful site selection exploiting terrain
shielding [93].

In this sense, the allocation of frequency bands reflects the physical principles under-
lying each observation technique. These technical characteristics directly constrain receiver
protection criteria and must therefore be considered within the regulatory framework
discussed in the following section.

7. Regulatory Provisions Under WRC-27 Agenda Item 1.17
Building on the scientific requirements outlined above, this section discusses how

current and emerging regulatory frameworks address these constraints, The focus here
being institutional mechanisms, allocation strategies, and notification procedures within
the ITU framework, to ensure sustainable global operation of passive space weather obser-
vation systems to enable the registration of receive-only sensors in the Master International
Frequency Register (MIFR).

Current Regulatory Framework Analysis

WRC-27 Agenda Item 1.17 studies focus on protecting their reception quality from
harmful interference rather than assessing their impact on incumbents (Draft CPM) [19].
The goal of Agenda Item 1.17 is to incorporate clear regulatory provisions allowing such
sensors to operate within the international spectrum framework, including their registration
in the MIFR and inclusion in Appendix 4 of the Radio Regulations. Thus, there are two
alternative regulatory methods are under consideration:

• Method A proposes new primary allocations with footnotes explicitly limiting use
to ground-based receive-only sensors and stipulating that allocations shall not claim
protection from, nor constrain future development of, incumbent services in the same
bands or adjacent bands. It also includes modifications to allow registration in the
MIFR.

• Method B proposes allocations with a single footnote stipulating that allocations shall
not claim protection from stations of services allocated as of a specified date, providing
a “grandfathering” mechanism [19].

Additionally, the Draft CPM Text [19] proposes modifications to the Radio
Regulations including:

• Table of Frequency Allocations: The addition of Meteorological Aids (space weather)
as a primary allocation in six frequency bands across all ITU Regions, with regional
variations reflecting existing allocation structures.

• Regulatory Footnotes: Method A introduces multiple band-specific footnotes (5.A117
through 5.M117), tailored to the service mix in each band, establishing non-protection
and non-constraint conditions and limiting operation to ground-based receive-only
sensors. Method B adopts a simplified approach through two generic footnotes:
5.N117, limiting use to ground-based receive-only sensors, and 5.O117, introduc-
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ing a non-constraint clause with “as of [date]” language to address grandfathering
provisions [1,19].

• Registration Procedures: Studies conducted in WP 7C indicate that modifications
to the Radio Regulations are required, notably the inclusion of a definition of space
weather station in Article 1 and the specification of relevant technical characteristics
in Appendix 4, as a prerequisite for formal registration in the Master International
Frequency Register (MIFR). Method A explicitly proposes amendments to Appendix 4,
including new data elements related to station characteristics, geographical location,
and antenna parameters [19,22].

Based on the information described above, it is possible to identify distinct advantages
associated with each regulatory approach.

Method B offers key advantages, including regulatory simplicity through a reduced
number of footnotes, facilitated accommodation of future allocation changes via the “as of
[date]” mechanism, and a clear temporal demarcation of incumbent services. This approach
is consistent with established regulatory precedents whereby newly introduced allocations
shall not constrain existing services.

Conversely, Method A provides advantages such as the explicit identification of all in-
cumbent services, tailored regulatory language reflecting the service mix in each frequency
band, and clearer guidance for implementation and coordination at the national level.

Overall, Method B may be considered advantageous from the perspective of long-term
regulatory stability. However, its effective implementation would require the clear specifica-
tion of the applicable date at WRC-27, the development of supporting ITU-R guidance and
coordination materials, and targeted capacity-building activities for administrations [81,94].

The choice between these approaches reflects broader governance trade-offs between
regulatory certainty, implementation flexibility, and long-term spectrum sustainability.

8. Final Remarks
Agenda Item 1.17 in WRC-27 offers an unprecedented opportunity to provide regula-

tory provisions for the formal incorporation of passive sensors into the global framework
of telecommunications. The ITU ensures that clear definitions of dedicated frequency
allocations, registration procedures, and non-interference clauses provide for long-term
data continuity in space weather monitoring with spectrum coexistence with incumbent
services. This initiative strengthens global resilience against the impacts of space weather
on critical infrastructure,from aviation to satellite communications. Agenda item 1.17 is
scheduled for resolution at WRC-31, marking a key milestone in the ongoing effort to
address the long-term compatibility between emerging radiocommunication systems and
scientific spectrum use. The outcomes of this process may naturally lead to additional
studies covering a broader set of frequency bands used by passive sensors, reflecting the
evolving requirements of space weather monitoring, radio astronomy, and Earth and space
observation systems. Moreover, as spectrum sharing becomes increasingly complex, future
study cycles may also need to extend beyond passive services to consider the protection and
operational constraints of active scientific sensors, which have so far received comparatively
limited regulatory attention.

In this context, this review and perspective article has synthesized technical, scientific,
and regulatory dimensions that are typically addressed in isolation, providing a cross-
disciplinary analytical assessment of the growing tension between expanding radiocommu-
nication systems and the protection of critical passive sensing capabilities across the radio
spectrum. Through structured analysis of documented interference cases—including BINGO,
LOFAR, CALLISTO, MUSER, and GNSS Networks—the work has consolidated evidence
demonstrating how instruments essential for cosmological research, solar storm forecast-
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ing, and environmental monitoring face increasing vulnerability to anthropogenic radio
frequency interference. The contribution of this work is conceptual and integrative as follows:
it integrates and synthesizes perspectives from radio astronomy, space weather operations,
spectrum engineering, and international regulatory frameworks to provide a comprehensive
assessment of ongoing developments. By contextualizing and comparatively evaluating
protection criteria, compatibility scenarios, and regulatory mechanisms under consideration
for WRC-27, this synthesis provides a foundation for informed policy development that
can balance the legitimate needs of both radiocommunication services and passive scientific
observations in an increasingly congested electromagnetic environment.

Coexistence needs coordination. Technically, deployment has to be complemented
by resilient receivers and state-of-the-art filtering algorithms that go hand in hand with
IMT networks, satellite constellations, and high-power transmitters. Regulators—most
notably national authorities and the ITU—must maintain protection for passive scientific
services beyond Resolutions 675 and 682, while commercial operators follow best practices
to minimize interference and protect critical measurements.

The regulatory developments under WRC-27 agenda item 1.17 reflect this balance,
emphasizing both the secondary nature of receive-only meteorological sensors and the very
real need for robust design and operational resilience in increasingly congested spectra.

Success will critically depend on effective coordination procedures, capacity building,
continued scientific-regulatory engagement, and operational validation of protection crite-
ria. The regulatory approaches under consideration represent a balanced effort to respect
incumbent service rights while acknowledging societal value of space weather observations
for safety-of-life applications.

In moving forward, future refinements to international protection frameworks will
need to take into account advances in interference-mitigation techniques, the evolution
of commercial radiocommunication systems, and the likely expansion of space weather
monitoring to space-based platforms. The technical studies initiated under the current
ITU–R mandate provide a solid foundation for WRC–27 and subsequent regulatory cycles.
Besides, they also reveal the following central and unavoidable concern: without effective
spectrum management, the ability to perform high-quality passive scientific measurements
will progressively erode.

Modern radiocommunication systems and scientific instrumentation can coexist, but doing
so takes sustained innovation, coordination, and regulatory commitment. Protection of today’s
passive observations is necessary not just to assure continued scientific discovery, but also
for practical applications in forecasting, aviation safety, climate monitoring, and technological
resilience. If spectrum governance cannot adapt, the global community will incrementally
narrow the spectral environments suitable for science, a loss with long-term consequences for
both knowledge and society. Ensuring that technological development remains aligned with
scientific needs is therefore not optional but rather imperative for the future.

Author Contributions: Conceptualization, V.L. and A.M.; investigation, V.L., T.B. and M.C.; writ-
ing—original draft preparation, V.L., T.B., M.A.B.d.P. and M.C.; writing—review and editing, V.L.
and A.M. All authors have read and agreed to the published version of the manuscript.

Funding: The data provided for Figure 2 were supplied by the INCT GNSS-NavAer Project under
grants from Conselho Nacional de Desenvolvimento Científico e Tecnológico (CNPq) 465648/2014-
2 and Fundação de Amparo à Pesquisa do Estado de São Paulo (FAPESP) 2017/50115-0. A.M.
acknowledges support from CNPq 309389/2021–6.

Data Availability Statement: The coronal mass ejection image used in Figure 1 was obtained from
the NASA STEREO mission public archive, available at https://stereo.gsfc.nasa.gov/gallery/item.
shtml?id=selects&iid=191 (accessed on 12 December 2025). The ionospheric scintillation data used in

https://doi.org/10.3390/universe12030074

https://stereo.gsfc.nasa.gov/gallery/item.shtml?id=selects&iid=191
https://stereo.gsfc.nasa.gov/gallery/item.shtml?id=selects&iid=191
https://doi.org/10.3390/universe12030074


Universe 2026, 12, 74 30 of 33

Figure 2 were retrieved from the ISMR Query Tool of UNESP, accessible at https://ismrquerytool.fct.
unesp.br/ (accessed on 12 December 2025). All data used in this study are publicly available from
the sources indicated above.

Conflicts of Interest: The authors declare that they have no conflicts of interest.

References
1. International Telecommunication Union, Radiocommunication Sector. Report ITU-R RS.2456-1: Space Weather Sensor Systems

Using Radio Spectrum; ITU-R Report RS.2456-1; ITU-R: Geneva, Switzerland, 2023.
2. Pulkkinen, A.; Bernabeu, E.; Thomson, A.; Viljanen, A.; Pirjola, R.; Boteler, D.; Eichner, J.; Cilliers, P.J.; Welling, D.; Savani, N.P.;

et al. Geomagnetically induced currents: Science, engineering, and applications readiness. Space Weather 2017, 15, 828–856.
[CrossRef]

3. Prölss, G. Physics of the Earth’s Space Environment: An Introduction; Springer: Berlin/Heidelberg, Germany, 2012.
4. Ferguson, D.C.; Worden, S.P.; Hastings, D.E. The space weather threat to situational awareness, communications, and positioning

systems. IEEE Trans. Plasma Sci. 2015, 43, 3086–3098. [CrossRef]
5. Hofmann-Wellenhof, B.; Lichtenegger, H.; Wasle, E. GNSS—Global Navigation Satellite Systems: GPS, GLONASS, Galileo, and More;

Springer: Berlin/Heidelberg, Germany, 2007.
6. Portella, I.P.; de O Moraes, A.; da Silva Pinho, M.; Sousasantos, J.; Rodrigues, F. Examining the tolerance of GNSS receiver phase

tracking loop under the effects of severe ionospheric scintillation conditions based on its bandwidth. Radio Sci. 2021, 56, 1–11.
[CrossRef]

7. Kintner, P.M.; Ledvina, B.M.; de Paula, E.R. GPS and ionospheric scintillations. Space Weather 2007, 5, S09003. [CrossRef]
8. Aguiar, C.R.; Monico, J.F.G.; Moraes, A.O. Impact of ionospheric scintillations on GNSS availability and precise positioning.

Space Weather 2025, 23, e2024SW004217. [CrossRef]
9. Youssoufi, H.E.; Emran, A.; Filjar, R. Identification of GPS PNT degradation using analysis of non-linear properties of GPS-derived

TEC time series. In Proceedings of the 2024 International Technical Meeting of the Institute of Navigation; The Institute of Navigation:
Manassas, VA, USA, 2024; pp. 135–145.

10. Kelly, M.A.; Comberiate, J.M.; Miller, E.S.; Paxton, L.J. Progress toward forecasting of space weather effects on UHF SATCOM
after Operation Anaconda. Space Weather 2014, 12, 601–611. [CrossRef]

11. Hellweg, C.E.; Baumstark-Khan, C. Getting ready for the manned mission to Mars: The astronauts’ risk from space radiation.
Naturwissenschaften 2007, 94, 517–526. [CrossRef] [PubMed]

12. Dorman, L.I.; Ptitsyna, N.G.; Villoresi, G.; Kasinsky, V.V.; Lyakhov, N.N.; Tyasto, M.I. Space storms as natural hazards. Adv. Geosci.
2008, 14, 271–275. [CrossRef]

13. World Meteorological Organization. Protect Our Radio-Frequency Bands, Says WMO; World Meteorological Organization: Geneva,
Switzerland, 2023.

14. Hosansky, D. 5G Wireless Networks Threaten Weather Forecasts, NCAR Expert Tells Congress. 2021. Available on-
line: https://news.ucar.edu/132801/5g-wireless-networks-threaten-weather-forecasts-ncar-expert-tells-congress (accessed
on 12 December 2025).

15. Behrens, J. NOAA warns of threat to weather forecasts from 5G spectrum. Physics Today, 24 May 2019. [CrossRef]
16. International Amateur Radio Union—Region 1. Response to RSPG Draft Opinion on ITU-R World Radiocommunication

Conference 2023. Online PDF. 2022. Available online: https://www.iaru-r1.org/wp-content/uploads/2022/08/PRC-IARU-
RSPG-WRC23.pdf (accessed on 12 December 2025).

17. Leite, V.C.M.N.; Yaghdjian, V.A.; Silva, C.E.d.; Alves Filho, L.P.; Gebrim, R.C. Aeronautical Items Relevant to the World
Radiocommunication Conference 2027. J. Aerosp. Technol. Manag. 2025, 17, e1525. [CrossRef]

18. World Meteorological Organization (WMO). Protecting Earth-Observation Systems at WRC-23; Online Article; World Meteorological
Organization: Geneva, Switzerland, 2023.

19. ITU-R. Report of the Meeting of Working Party 7C (Geneva, 16–25 September 2025), Annex 11—Draft CPM text for WRC-27 Agenda Item
1.17, 25 September 2025; ITU Document ITU-R R23-WP7C-C-0317; ITU: Geneva, Switzerland, 2025.

20. International Telecommunication Union. Resolution 682 (WRC-23): Consideration of Regulatory Provisions and Potential
Primary Allocations to the Meteorological Aids Service (Space Weather) to Accommodate Receive-Only Space Weather Sensor
Applications in the Radio Regulations. In Proceedings of the World Radiocommunication Conference (WRC-23), Dubai, United Arab
Emirates, 15–20 November 2023; Resolution 682; ITU: Geneva, Switzerland, 2023.

21. International Telecommunication Union. Resolution 675 (WRC-23): Importance of Meteorological Aids Service (Space Weather)
Applications. In Proceedings of the World Radiocommunication Conference (WRC-23), Dubai, United Arab Emirates, 15–20 November
2023; Resolution 675; ITU: Geneva, Switzerland, 2023.

https://doi.org/10.3390/universe12030074

https://ismrquerytool.fct.unesp.br/
https://ismrquerytool.fct.unesp.br/
http://doi.org/10.1002/2016SW001501
http://dx.doi.org/10.1109/TPS.2015.2412775
http://dx.doi.org/10.1029/2020RS007160
http://dx.doi.org/10.1029/2006SW000260
http://dx.doi.org/10.1029/2024SW004217
http://dx.doi.org/10.1002/2014SW001081
http://dx.doi.org/10.1007/s00114-006-0204-0
http://www.ncbi.nlm.nih.gov/pubmed/17235598
http://dx.doi.org/10.5194/adgeo-14-271-2008
https://news.ucar.edu/132801/5g-wireless-networks-threaten-weather-forecasts-ncar-expert-tells-congress
http://dx.doi.org/10.1063/pt.6.2.20190524a
https://www.iaru-r1.org/wp-content/uploads/2022/08/PRC-IARU-RSPG-WRC23.pdf
https://www.iaru-r1.org/wp-content/uploads/2022/08/PRC-IARU-RSPG-WRC23.pdf
http://dx.doi.org/10.1590/jatm.v17.1375
https://doi.org/10.3390/universe12030074


Universe 2026, 12, 74 31 of 33

22. International Telecommunication Union. Radio Regulations, Edition of 2024; Treaty/Technical Regulations; ITU: Geneva,
Switzerland, 2024.

23. NASA. What Are Passive and Active Sensors? 2012. Available online: https://www.nasa.gov/general/what-are-passive-and-
active-sensors/ (accessed on 21 February 2025).

24. Carlesso, F.; Rodríguez Gómez, J.M.; Barbosa, A.R.; Antunes Vieira, L.E.; Dal Lago, A. Solar Irradiance Variability Monitor for the Galileo
Solar Space Telescope Mission: Concept and Challenges. Front. Phys. 2022, 10, 869738. [CrossRef]

25. Magnes, W.; Hillenmaier, O.; Auster, H.U.; Brown, P.; Kraft, S.; Seon, J.; Delva, M.; Valavanoglou, A.; Leitner, S.; Fischer, D.; et al.
Space Weather Magnetometer Aboard GEO-KOMPSAT-2A. Space Sci. Rev. 2020, 216, 119. [CrossRef]

26. Huovelin, J.; Vainio, R.; Kilpua, E.; Lehtolainen, A.; Korpela, S.; Esko, E.; Muinonen, K.; Bunce, E.; Martindale, A.; Grande, M.;
et al. Solar Intensity X-ray and Particle Spectrometer SIXS: Instrument Design and First Results. Space Sci. Rev. 2020, 216, 94.
[CrossRef]

27. de Paula, E.R.; Monico, J.F.G.; Tsuchiya, Í.H.; Valladares, C.E.; Costa, S.M.A.; Marini-Pereira, L.; Vani, B.C.; Moraes, A.D.O. A
Retrospective of Global Navigation Satellite System Ionospheric Irregularities Monitoring Networks in Brazil. J. Aerosp. Technol.
Manag. 2023, 15, e0123. [CrossRef]

28. dos Santos Freitas, M.J.; Moraes, A.; Marques, J.C.; Rodrigues, F. A contribution to real-time space weather monitoring based on
scintillation observations and IoT. Adv. Space Res. 2022, 70, 456–469. [CrossRef]

29. Linty, N.; Correia, E.; Hunstad, I.; Kudaka, A.S. Installation and Configuration of an Ionospheric Scintillation Monitoring Station
Based on GNSS SDR Receivers in Brazil. Rev. Mackenzie Eng. Comput. 2018, 18, 1–10.

30. Hargreaves, J.; Friedrich, M. The estimation of D-region electron densities from riometer data. In Proceedings of the Annales
Geophysicae; Copernicus Publications: Göttingen, Germany, 2003; Volume 21, pp. 603–613.

31. Buzás, A.; Kouba, D.; Mielich, J.; Burešová, D.; Mošna, Z.; Koucká Knížová, P.; Barta, V. Investigating the effect of large solar flares
on the ionosphere based on novel Digisonde data comparing three different methods. Front. Astron. Space Sci. 2023, 10, 1201625.
[CrossRef]

32. de Paula, E.R.; Martinon, A.R.; Carrano, C.; Moraes, A.O.; Neri, J.A.; Cecatto, J.R.; Abdu, M.A.; Neto, A.C.; Monico, J.F.;
da Costa Silva, W.; et al. Solar flare and radio burst effects on GNSS signals and the ionosphere during September 2017.
Radio Sci. 2022, 57, e2021RS007418. [CrossRef]

33. Wright, I.G.; Rodrigues, F.S.; Socola, J.G.; Moraes, A.O.; Monico, J.F.; Sojka, J.; Scherliess, L.; Layne, D.; Paulino, I.; Buriti, R.A.;
et al. On the Detection of a Solar Radio Burst Event That Occurred on 28 August 2022 and Its Effect on GNSS Signals as Observed
by Ionospheric Scintillation Monitors Distributed over the American Sector. J. Space Weather Space Clim. 2023, 13, 28. [CrossRef]

34. Tapping, K.F. The 10.7 cm solar radio flux (F10.7). Space Weather 2013, 11, 394–406. [CrossRef]
35. White, S.M. Solar radio bursts and space weather. arXiv 2024, arXiv:2405.00959. [CrossRef]
36. Carson, G.; Kooi, J.E.; Helmboldt, J.F.; Markowski, B.B.; Bonanno, D.J.; Hicks, B.C. DLITE—An inexpensive, deployable

interferometer for solar radio burst observations. Front. Astron. Space Sci. 2022, 9, 1026455. [CrossRef]
37. Ndacyayisenga, T.; Uwamahoro, J.; Raja, K.S.; Monstein, C. A statistical study of solar radio Type III bursts and space weather

implication. Adv. Space Res. 2021, 67, 1425–1435. [CrossRef]
38. Winter, L.M.; Ledbetter, K. Type II and type III radio bursts and their correlation with solar energetic proton events. Astrophys. J.

2015, 809, 105. [CrossRef]
39. Feltens, J.; Schaer, S. IGS Products for the Ionosphere. In Proceedings of the 1998 IGS Analysis Center Workshop, Darmstadt,

Germany, 9–11 February 1998; pp. 3–5.
40. Rebischung, P.; Griffiths, J.; Ray, J.; Schmid, R.; Collilieux, X.; Garayt, B. IGS08: The IGS realization of ITRF2008. GPS Solut. 2012,

16, 483–494. [CrossRef]
41. Groves, K. SCINDA Scintillation System Network: Sites, Systems and Science Opportunities. Presentation at the UN/USA Workshop

on the International Space Weather Initiative: The Decade After the IHY 2007, Chestnut Hill, MA, USA, 31 July–4 August 2017.
42. Wang, C.; Xu, J.; Liu, L.; Xue, X.; Zhang, Q.; Hao, Y.; Chen, G.; Li, H.; Li, G.; Luo, B.; et al. Contribution of the Chinese Meridian

Project to space environment research: Highlights and perspectives. Sci. China Earth Sci. 2023, 66, 1423–1438. [CrossRef]
43. Choudhary, R.; Ambili, K.; Vineeth, C.; Potdar, A.; Hossain, M.M.; Pant, T.K. Indian Network for Space Weather Impact

Monitoring (InSWIM): An initiative to observe and model the low latitude ionosphere over the Indian longitudes. Adv. Space Res.
2025, 75, 3179–3196. [CrossRef]

44. Boulton, P.; Borsato, R.; Butler, B. GPS Interference Testing: Lab, Live, and LightSquared. Inside GNSS 2011, 5, 32–45.
45. Peel, M.W.; Wuensche, C.A.; Abdalla, E.; Antón, S.; Barosi, L.; Browne, I.W.A.; Caldas, M.; Dickinson, C.; Fornazier, K.S.F.;

Monstein, C.; et al. Baryon Acoustic Oscillations from Integrated Neutral Gas Observations: Radio Frequency Interference
Measurements and Telescope Site Selection. J. Astron. Instrum. 2019, 8, 1940004-1–1940004-9. [CrossRef]

46. Quintana-Diaz, G.; Nodar-Lopez, D.; Muíño, A.G.; Agelet, F.A.; Cappelletti, C.; Ekman, T. Detection of radio interference in the
UHF amateur radio band with the Serpens satellite. Adv. Space Res. 2022, 69, 1159–1169. [CrossRef]

https://doi.org/10.3390/universe12030074

https://www.nasa.gov/general/what-are-passive-and-active-sensors/
https://www.nasa.gov/general/what-are-passive-and-active-sensors/
http://dx.doi.org/10.3389/fphy.2022.869738
http://dx.doi.org/10.1007/s11214-020-00742-2
http://dx.doi.org/10.1007/s11214-020-00717-3
http://dx.doi.org/10.1590/jatm.v15.1288
http://dx.doi.org/10.1016/j.asr.2022.04.058
http://dx.doi.org/10.3389/fspas.2023.1201625
http://dx.doi.org/10.1029/2021RS007418
http://dx.doi.org/10.1051/swsc/2023027
http://dx.doi.org/10.1002/swe.20064
http://dx.doi.org/10.48550/arXiv.2405.00959
http://dx.doi.org/10.3389/fspas.2022.1026455
http://dx.doi.org/10.1016/j.asr.2020.11.022
http://dx.doi.org/10.1088/0004-637X/809/1/105
http://dx.doi.org/10.1007/s10291-011-0248-2
http://dx.doi.org/10.1007/s11430-022-1043-3
http://dx.doi.org/10.1016/j.asr.2024.11.025
http://dx.doi.org/10.1142/S2251171719400051
http://dx.doi.org/10.1016/j.asr.2021.10.017
https://doi.org/10.3390/universe12030074


Universe 2026, 12, 74 32 of 33

47. NOAA Requests Proposals to Limit 5G (6G) Interference. 2023. Available online: https://usradioguy.com/satellites/noaa-
requests-proposals-to-limit-5g-6g-interference/ (accessed on 24 November 2025).

48. International Telecommunication Union. Handbook on Radio Astronomy, 3rd ed.; Radiocommunication Bureau: Geneva, Switzerland, 2013.
49. Fridman, P.A.; Baan, W.A. RFI mitigation methods in radio astronomy. Astron. Astrophys. 2001, 378, 327–344. [CrossRef]
50. Bassa, C.G.; Di Vruno, F.; Winkel, B.; Józsa, G.I.; Brentjens, M.A.; Zhang, X. Bright unintended electromagnetic radiation from

second-generation Starlink satellites. Astron. Astrophys. 2024, 689, L10. [CrossRef]
51. Zhang, X.; Zarka, P. Starlink: Low-Earth Orbit Satellites Could Ruin Radio Astronomy. Polytechnique Insights, 25 June 2025.

Available online: https://www.polytechnique-insights.com/en/columns/space/starlink-low-earth-orbit-satellites-could-ruin-
radio-astronomy/ (accessed on 14 December 2025).

52. SATCON2 Scientific Organizing Committee. SATCON2 Working Group Reports; Technical Report; NSF’s NOIRLab/AURA:
Tucson, AZ, USA, 2021. Available online: https://noirlab.edu/public/media/archives/techdocs/pdf/techdoc033.pdf (accessed
on 12 December 2025).

53. Testolina, P.; Polese, M.; Jornet, J.M.; Melodia, T.; Zorzi, M. Modeling interference for the coexistence of 6G networks and passive
sensing systems. IEEE Trans. Wirel. Commun. 2024, 23, 9220–9234. [CrossRef]
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