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RFI 2024: Purpose and Vision

Radio spectrum sharing has become challenging due to the ever-growing demand for
spectrum access by a wide range of emerging radio services. This in turn leads to an
increased risk of Radio Frequency Interference (RFI) between spectrum users. This is
particularly true for passive scientific services such as radio astronomy, Earth remote
sensing, or meteorology, where sensitive measurements must be carried out in frequency
bands defined by the laws of nature.

Protecting the scarce radio spectrum resources for science, while accommodating the
needs of other spectrum users, can only be achieved in a joint efort. RFI 2024 ofered the
venue to promote interaction, exchange of ideas, and cooperation between researchers,
engineers, and users from all radio science disciplines dealing with RFI, uniting them under
the common goal of working on solutions to minimize the impact of interference. RFlI 2024
was the seventh in a series of workshops focusing on this topic, the first of which took place
in Bonn, Germany, in 2001.

After the consistent organization of several workshop editions, focused on scientific
services, and growth of the participation, the Scientific Organizing Committee (SOC) of RFI
2024 aimed for expanding the event in the form of a conference and for broadening the
scope, stimulating the participation of satellite communication services operators bearing
in mind the collaborative spirit required in addressing spectrum management challenges.
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RFI 2024: Scientific Organizing Committee

The SOC was established with the view to promote flexibility, agility and gender balance in
organizing the conference, while ensuring the solid competence in the areas addressed by
the conference, particularly radio astronomy, meteorology, remote sensing and spectrum
management. The team is presented below.

Balthasar Indermuehle

General Chair
Travel Grants Chair

Willem Baan

Special Advisor

Stephen English

Meteorology
Sponsorship Chair

Kirsty McBeath

Meteorology
Communication Chair

Alexandra Bringer

Remote Sensing
Financial Chair

Flavio Jorge

Remote Sensing
Publication Chair

Greg Hellbourg

Radio Astronomy
Registration Chair

Haiyan Zhang

Radio Astronomy

Federico Di Vruno

Spectrum Management
LOC co-Chair

Ashley Vanderley

Spectrum Management

Paolo de Matthaeis

Remote Sensing

Federico Renolfi

Meteorology
LOC Chair
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RFI12024: Venue and Local Organizing Committee

The SOC aimed at promoting geographic distribution of the venue bearing in mind
stimulating the scientific communities in parts of the world other than Europe.

The Local Organizing Committee (LOC) has been INVAP in Bariloche, Argentina.

INVAP is known worldwide as a leading company in technological projects actively
supporting Argentine development. With more than 40 years of experience, INVAP develops
high-end technological systems in the areas of Nuclear; Space; Defense, Security &
Environment; and Medical Systems.
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RFI 2024: Sponsorship

The RFI 2024 would not be possible without the important support of our sponsors, which
we highlight below.
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RFI 2024: Publication

The RFI1 2024 SOC acknowledged the fact that scientific publications on spectrum
management may struggle to find appropriate scientific media of high impact factor. To
address that challenge, in addition to organizing the conference proceedings with
Proceedings of Science (PoS), the SOC teamed up with the American Geophysical Union
(AGU) Radio Science journal to ofer a special collection on RFI 2024 conference.

| RS QCEEDNGS
)W, °F SCIENCE

ZAGU PUBLICATIONS WILEY

15



RFI 2024

PoS( RFI 2024) 070

16



SAAAA {\ /\ A\,
[YAY, VVVV

RFI 2024

RFI 2024: Abstracts

The RFI 2024 would have not been possible without the active engagement of the targeted
scientific communities. Acknowledging the authors making of RFl 2024 a big success, we

list the abstracts submitted to the conference in the following pages.

Title Page
A Novel EMC control method for Actuators in QTT Project 19
Unveiling Human Footprints from Space: Correlating RFI Detected by SMOS with 20
Geopolitical Events and Human Activities
Car radar monitoring campaing at 76-77 GHz 22
Hierarchical vision transformers for RFI mitigation in radio astronomy 24
WRC-27 Scientific Agenda Items The Future of Science Services 26
The Importance of Space Sustainability for the Continuity of Scientific Services 28
Protecting radio astronomy from interference: The role and activities of CRAF 30
Antenna allocation technique to analyze self-generated interference 31
A Fast Implementation of the Algorithm GMAP-TD for Clutter Interference Mitigation 33
Radio Frequency Interference Survey Analysis in most passive Earth Observation 35
Frequency Channels using the Earth Observation RFI Scanner (EORFISCAN)
Passive Instrument RFI above 10 GHz: Past, Present and Future 37
Integrated RF Attenuation Maps for RFI Impact Assessments 39
The Xbox (“EXperiment Box”): A Reconfigurable Test Setup for the Investigation of the 41
EMI Shielding Properties of Materials and Interfaces within a Reverberation Chamber
Wi-Fi Interference Removal in Cordoba: a stepping stone for better data quality on urban 43
C-band Weather Radars
Impact of RFI on Numerical Weather Prediction and Climate Reanalysis 45
SigCLR: A contrastive learning approach to unsupervised modulation recognition and 49
novelty detection
Evaluating Low-Precision Floating-Point Formats for Next-Generation Radio Telescope 51
Correlators and Beamformers: A Quantitative Analysis of Linearity and Dynamic Range
RFI mitigation filter for CHIME/FRB data based on the Karhunen—Loéve (KL) transform | 53
Copernicus Imaging Microwave Radiometer Satellite Radio Frequency Interference 55
Processor
Radiometry in C-band — current and expected RFI, and possible long-term solution 57
WRC and Earth observation — Impact of WRC-23 and work ongoing for WRC-27 58
ESSEO — A new group to help interactions between the EO science community and the 61
frequency regulatory world
Earth Observation Data Links: Regulatory Challenges and Opportunities 63
Building a global map of low frequency radio interference from orbit with DORA 64
Collaboration with Cellular Networks for RFI Cancellation at Radio Telescope 66
Watermarking of OFDM for Pseudonymetry 68
Assessing and Mitigating RFI for the DSA-2000: Comprehensive Analysis and Flagging 70
Strategies
RFI Sources and Different Mitigation Techniques Adopted at uGMRT 72
Strategy for WiFi interference detection in weather radar applications 74
High-dynamic Range Radio Astronomy Systems, Interference Mitigation strategies, anda | 76
Test Setup for Experimenting Dynamic Spectrum Sharing
Identification of RFI in the search of transient radio pulses from magnetars 78
Classification and Characterization of RFI Events for Passive Earth Observation Bands 80
Meeting the RFI requirement at uGMRT with a 400K VA Solar Inverter System 84
RFI monitoring at ALMA 86
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A Novel EMC control method for Actuators in QTT Project

Qi Liu* @, Xiaoyu DongV, Minghui Cai"’, Xiaoming Su"
(DXinjiang Astronomical Observatory, Chinese Academy of Science, Urumqi, China, liugi@xao.ac.cn

Qitai Radio Telescope (QTT), a 110-meter-aperture steerable radio telescope, which is proposed to be built in Qitai County of
Xinjiang Uygur Autonomous Region of China. The planned observing frequencies for the QTT cover a wide range from 150
MHzto 115 GHz [1]. QTT will have to cope with many aspects of Radio Frequency Interference (RFI) , such as the actuators
in multi-node adjustment system for the main reflector[2] as shown in Figure 1(a). However, as we know that the actuators
underneath the panels have to meet very low levels of emissions. The interference level limit of the actuators can be calculated
according to the paper [3] as shown in the Fig.1(b), we can see that the limit is about 20dB below the anechoic chamber
background noise, moreover, it is hard to test the Shield Effectiveness (SE) of the actuators due to the size and high level of
system integration. In the above analysis, it is a challenge to measure and verify the EMC performance of the actuators.
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(a) Actuators distribution in the QTT project (b) The actuators interference level limit

Figure 1. Actuators distribution and its interference level limit

To solve the issue above, we proposed a novel SE testing method which can evaluate the EMC performance of the actuators
effectively. Firstly, the SE requirement was calculated by comparing the radiated emission in unshielded status and the
interference level limit of the actuators. In addition, we designed an interface board that all the devices and filters of the actuators
can be installed on it, such as the motors, the control board, the power board, the cover, the filters, the waveguide connectors
and the shielded gaskets. Furthermore, the interface board can be equipped on the testing windows of the shieled room, that we
can measure the SE of the interface board according the measuring standard GB/T 12190[4]. Which means that we can verify
the EMC performance by comparing the SE requirements and the SE testing results, and this method was employed in the
actuators in the QTT project.

[1] Wang N, “Xinjiang Qitai 110 m radio telescope”, Sci Sin-Phys Mech Astron, 2014, 44: 783 — 794, doi:
10.1360/SSPMA2014-00039.

[2] Na Wang, Qian Xu, Jun Ma, et al., “The Qi tai Radio telescope”, SCIENCE CHINA Physics, Mechanics & Astronomy,
2023, 66(8): 289512, d0i:10.1007/s11433-023-2131-1.

[3] Liu Q, Wang N, Liu Y, et al. “An EMC control method for large-diameter radio telescope”, Sci Sin-Phys Mech Astron,
2019, 49: 95-102, dio:10.1360/SSPMA2018-00412.

[4] GB/T 12190, “Method for measurement of the shielding effectiveness for electromagnetic shielding enclosures”, Beijing:
China Standard Press, 2021.

19



6" RFI Conference, Bariloche, Argentina, 14-18 October 2024

gl
A
RFI 2024

Unveiling Human Footprints from Space:

Correlating RFI Detected by SMOS with Geopolitical Events and Human Activities
Ekhi Uranga* (), Alvaro Llorente ", Judit Gonzalez ", and Antonio de la Fuente @
(DISDEFE, Madrid, Spain; e-mail: ekhi.uranga@ext.esa.int; alvaro.llorente@ext.esa.int; judit.gonzalez.gutierrez@ext.esa.int
(2 ESA-ESRIN, Frascati, Italy; e-mail: antonio.de.la.fuente@esa.int

1. Introduction

Spaceborne missions equipped with advanced sensors have revolutionized our ability to monitor and understand human
activities on Earth. Among these missions, the Soil Moisture and Ocean Salinity (SMOS) satellite, initially designed for
measuring Earth's soil moisture and ocean salinity for climate and meteorology aims, has unexpectedly unveiled a new feature:
detection of L-band transmissions in the protected band of 1400-1472MHz in the form of radio frequency interference (RFI)
[1]. Due to the high volume of RFI detected over its operational lifetime of 15 years, SMOS has become instrumental in
discerning human activities across the globe. The satellite has detected more than 10,000 persistent RFI sources [2], forming
the basis for the data analyzed in this paper. By analyzing RFI patterns, we can unveil the footprints of human presence and
activities across different regions of the globe. This paper explores the correlation between RFI detected by SMOS and
significant geopolitical events and human activities, ranging from internal conflicts to civil works and urbanization.
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Figure 1: All the persistent [2] RFI sources detected by SMOS (land and coastal areas) from January 2010 to February 2024.

2. Military conflicts

SMOS data can capture anomalous RFI patterns associated with military activities, displacement, and infrastructure disruptions.
Monitoring these patterns can provide insights into the dynamics of conflict zones and aid humanitarian efforts.

Also, the “hot borders”, characterized by geopolitical tensions and military activities, are prime areas for RFI detection. SMOS
can detect unusual RFI patterns along these borders, reflecting movements of military equipment, surveillance activities, and
border infrastructure development.

3. Civil Work

Civil works such as pipeline construction and offshore drilling leave distinctive RFI signatures that can be captured by SMOS.
Monitoring RFI associated with projects like Nord Stream and oil platforms in various regions allows for assessing the progress
of infrastructure development, environmental impacts, and economic activities.

20



4. Radars and Airports

Radars, essential for air traffic control and military surveillance, can emit RFI detectable by SMOS. By mapping radar
installations and airports, SMOS data can aid in airspace management, aviation safety, and military reconnaissance.
Furthermore, analyzing changes in RFI patterns around airports can reveal trends in air traffic volume and urban expansion.

5. Urban Areas

Urban areas exhibit intense RFI emissions due to the concentration of human activities and infrastructure. SMOS data can
delineate urban extents, monitor urban growth, and assess the efficiency of urban planning policies. Analyzing RFI patterns in
urban areas provides valuable insights into population density, economic activities, and environmental impacts.

Additionally, detailed analysis of the coordinates of all RFI detected by SMOS reveals that a significant percentage of them
occur in dense urban areas. This observation highlights that while many interferences stem from militarized zones and active
use of the radio frequency spectrum, a substantial portion is generated by the improper use of equipment initially not intended
for generating interference. However, given the increasing use of wireless devices, interferences from these sources are
becoming more representative. This phenomenon underscores the importance of implementing spectrum management policies
and stricter regulations to mitigate interferences and ensure efficient use of the radio frequency spectrum in urban environments,

RFI Presence Probability

SMOS RFI Probability
July 2012

I Built-up areas

Figure 2: Comparison of the L-band RFI footprint generated by Intermediate Frequency of Satellite Home-TV Receivers [3], with urban
areas in Japan [4].

6. Conclusions

The correlation between RFI detected by SMOS and various geopolitical events and human activities offers a unique
perspective on understanding human footprints from space. By leveraging SMOS data, policymakers, researchers, and
humanitarian organizations can gain valuable insights into conflict dynamics, infrastructure development, and urbanization
trends, facilitating informed decision-making and fostering sustainable development efforts globally.

[1] Uranga, E.; Llorente, A.; Gonzélez, J.; de la Fuente, A.; Oliva, R.; Soldo, Y ; Jorge, F. SMOS ESA RFI Monitoring and
Information Tool: Lessons Learned. Remote Sens. 2022, 14, 5387. https://doi.org/10.3390/rs14215387

[2] Ekhi Uranga, Judit Gonzalez, Alvaro Llorente, Antonio de la Fuente, "Statistics of Interferent Sources In L-Band Observed
by SMOS," RFI 2022 Workshop, ECMWF, Virtual, 14-18 February 2022.

[3] E. Uranga, A. Llorente, Y. Soldo, F. Jorge, R. Oliva and A. de la Fuente, "SMOS RFI Experience in the 1400-1427Mhz
Passive Band Due to Radiations at Intermediate Frequency of Satellite Home-TV Receivers," 2021 XXXIVth General
Assembly and Scientific Symposium of the International Union of Radio Science (URSI GASS), Rome, Italy, 2021, pp. 1-3,
doi: 10.23919/URSIGASS51995.2021.9560487.

[4] Potapov, P., Hansen, M.C., Pickens, A., Hernandez-Serna, A., Tyukavina, A., Turubanova, S., Zalles, V., Li, X., Khan, A.,
Stolle, F. and Harris, N., 2022. The global 2000-2020 land cover and land use change dataset derived from the Landsat archive:
first results. Front. Remote Sens. 3: 856903. doi: 10.3389/frsen. https://doi.org/10.3389/frsen.2022.856903
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Car radar monitoring campaing at 76-77 GHz

M. Bautista Duran‘V, J.A. Lopez PérezV), Andrea Martinez() , and Dave John®
(1) Yebes Observatory (IGN), Yebes Spain, m.bautista@oan.es, jalopezperez@transportes.gob.es,
a.martinez@oan.es
(2) Institut de Radioastronomie Millimétrique (IRAM), Granada, Spain, john@iram.es

1 Introduction

The 76-77 GHz frequency band was designated for vehicular and infrastructure radar systems in ERC Recommen-
dation 70-03 [1]. This frequency band is used by long range radar systems which are not compatible with Ultra
Wide Band (UWB) Short Range Radar (SRR) systems. Thus a new frequency band of 4 GHz for Automotive
UWB SRR was needed within the range 77-81 GHz (ECC DEC(04)03 [2]). In 2004, a Commission Decision was
responsible of harmonise radio spectrum to facilitate a coordinated EU introduction of Automotive SRR systems,
as shown in 2004/545/EC [3], where the 79 GHz was identified for short range radar devices.

The high cost and complexity of existing automotive radar technology have limited the implementation of such
sensors to high end cars only [4]. Today, new vehicles are equipped with 76-77 GHz radar in the front grille of the
car for advanced driver assistance systems (ADAS), such as adaptive cruise control (ACC) or automatic emergency
braking (AEB). Itis expected that in the following years more cars will be equipped with such technology, and
future use will include the 77-81 GHz for short range purposes.

Radio Astronomy Service (RAS) is allocated as a primary service in the 76 GHz to 77.5 GHz and 79 to 81 GHz
frequency bands, while 77.5-78 GHz is allocated as secondary service. Furthermore, the full frequency range
76-81 GHz is addressed in the footnote RR No. 5.149 [5] because of its scientific interest.

At CEPT level, several compatibility studies has been performed (see ECC Report 350 [6]) showing that several
kilometers of separation distances between the cars and the radioastronomy stations are needed to achieve com-
patibility. As an example, the separation distances needed to achieve compatibility between 77-81 GHz SRR and
IRAM 30 meter radiotelecope is around 60-70 km.

During the period of 2020-2021 several RFIs were detected with the IRAM radiotelescope in the range 76-77 GHz.
The first hypothesis was that this signal could be generated by automotive radars in cars. To analyse the situation
in detail, a monitoring campaign was carried out by Yebes staff in collaboration with IRAM staff using the 72-90
GHz portable RFI receiver available from Yebes Observatory.

The aim of this report is to show the different RFI signals produced by car radars and to highlight the future impact
that automotive radars at 79 GHz would have on astronomical observations.

2 Monitoring setup

For this monitoring campaign, the portable receiver designed and built at the Yebes Observatory was used. This
equipment consists of two modules, one being the RF part with the W-band horn antenna and LNA, together with
the downconverter to shift the 72-90 GHz into the IF range of 1-19.5 GHz. This range matches with the capabilities
of our portable spectrum analyser (SA). The second module contains the power supply for this receiver.

Several measurements were made during the monitoring campaign. All of them were performed outdoors, ex-
cept for the last one where the receiver was placed approximately in the secondary focus (Nasmyth) of the radio

telescope.

Firstly, a measurement was carried out with the receiver pointing towards Granada city (20 km in line of sight from
the station), but no interference was detected with the receiver and its associated spectrum analyser. Then, some
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tests were carried out pointing at one of the station employees’ cars (Toyota Corola Hybrid Active Tech - 2021).
The test consisted of pointing the receiver at the road leading up to the observatory, while the car was driving along
this road, and with the car stopped at some point on the road.

From this set of measurements, it can be concluded that this car model is equipped with a front radar to give the
vehicle some assistance options, one of which is the Adaptive Cruise Control (ACC), which is a type of advanced
driver assistance system for road vehicles that automatically adjusts the vehicle speed to keep a safe distance from
vehicles ahead. In this particular car model, the signal was detected between 76.35 - 76.72 GHz, approximately.
The common frequency of this type of radar is between 76 - 77 GHz. It can therefore be concluded that the signal
detected by the 30 m radio telescope is from a car radar source.

As can be seen from the graphs above, the signal was only not detected when the car was driving down the road,
which means that the front radar was facing away from the RFI receiver. On the other hand, when the car is facing
the receiver, regardless of whether the car is moving or stationary, or whether the ACC is on or off, the RFl is
perfectly detected by the system. The only moment when the radar is disconnected is when the car is completely
switched off.

The results obtained with the spectrum analyser connected to the output of the RFI system measured the vertical
polarisation (V-pol) in max hold mode.

To continue the RFI campaign, similar measurements were taken but at different distances on the road. The same
car (Toyota Corolla) was driven down the road with the receiver facing the road. The car stopped at two different
positions on the road (785 m and 1940 m from the receiver).

Atboth positions, the radar signal was detected by the RFI receiver. Given the ability to detect signals up to a
few kilometres away, the next measurement was made in the direction of a parking lot at 3 km from the station.
Several peaks appear at different frequencies and in both polarizations, so no conclusion can be drawn about the
polarization of the transmitter.

The final set of measurements was taken with the receiver inside the radio telescope, in the receiver room, in
secondary focus (pointing towards the subreflector through the open vertex), while the Toyota car was on the road,
pointing towards the radio telescope, with the engine on (ACC on). No great care was taken to align the receiver
to the secondary or to correct the receiver’s out-of-focus position, due to the near-field conditions of the tests.

The radiotelescope was pointed to different azimuths (230-310) at 0 degrees elevation. The car was placed at 2902
azimuth to the telescope and 102 inclination to the vertex of the radiotelescope (the car radar signal should enter
through a secondary lobe). The distance from the car to the radio telescope was 120 m. The radar is perfectly
detected in this setup and in a wide range of azimuth angles, being the most intense the one from 2602, which is
not the direction of the car, so some multipath or bouncing is expected to be the source of this higher level from
this direction.

References
[1] Electronic Communication Committee (ECC). Relating to the use of Short Range Devices (SRD). ERC Rec-
ommendation 70-03. 11 February 2022.

[2] Electronic Communication Committee (ECC). The frequency bands to be designated for the temporary in-
troduction of Automotive Short Range Radars (SRR). ECC Decision (04)03. 4 March 2022.

[3] Commission. Decision on the harmonisation of radio spectrum in the 79 GHz range for the use of automotive
short-range radar equipment in the Community. 2004/545/EC. 8 July 2004

[4] N.Ghassemi, M. Ghassemi, A. Abdellatif, M. . -R. Nezhad-Ahmadi and S. Safavi-Naeini, "Wideband Waveg-
uide to SIW to Microstrip Transition for 79 GHz Automotive Radar Antenna Characterization,” 2020 IEEE
USNC-CNC-URSI North American Radio Science Meeting (Joint with AP-S Symposium), Montreal, QC,
Canada, 2020, pp. 109-110

[5] Radio Regulations Edition 2020.

[6] Electronic Communication Committee (ECC). Radiodetermination equipment for ground based vehicular
applications in 77-81 GHz. ECC Report 350. 3 February 2023.
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Hierarchical vision transformers for RFI mitigation in radio astronomy

Xiaowei Ouyang'), Henk Dreuning®2), Michael Mesarcik*®), and Rob V. van Nieuwpoort®
(1) Vrije Universiteit Amsterdam, Amsterdam, The Netherlands,
(2) University of Amsterdam, Amsterdam, The Netherlands,
(3) Leiden University, Leiden, The Netherlands

1 Introduction

Radio Frequency Interference (RFI) is an enormous challenge for radio astronomy due to the increasing scale and
sensitivity of modern radio telescopes. Furthermore, the growing number of electronic devices emitting RF signals
severely hampers the reliability of radio observations, necessitating advanced methods for RFI mitigation. While
machine learning methods have shown promise in this area, most existing approaches rely on Convolutional Neural
Networks (CNNs), which carry inherent biases in their assumptions about the inference structure and morphology.

In this paper, we explore an alternative approach using hierarchical vision transformers, specifically the Swin-
UnetR [1] architecture, to tackle RFI detection in radio astronomy. Unlike CNNs, transformers do not assume any
specific feature morphologies, allowing them to potentially identify RFI more flexibly. This being said, training
large transformer models is computationally expensive; often requiring significant resources. To overcome this,
we employ pipeline parallelism with CAPSlog [2] as the partitioning strategy, to enable more efficient use of both
computational resources and memory to facilitate scalability for future studies as larger datasets become available.

This is the first known application of transformer-based architectures for RFI detection in radio astronomy, repre-
senting a shift from traditional methods. Our experiments demonstrate that the Swin-UnetR architecture achieves
state-of-the-art performance, outperforming existing methods on three key metrics using data from the LOFAR [3]
radio telescope. This novel approach not only advances RFI mitigation but also sets the stage for broader adoption
of transformer-based models in radio astronomy.

2 Shifted window vision transformers

The Shifted Window (SWIN) Transformer architecture [1], has gained significant attention for its approach to
handling spatial hierarchies in vision tasks. Unlike traditional transformer architectures that maintain a fixed
global view, the Swin Transformer operates by gradually merging patches at multiple scales, allowing it to capture
both local and global information.

The Swin-UnetR model, which we apply to RFI detection in radio astronomy, combines the down-sampling mech-
anism of Swin Transformer with the up-sampling architecture of U-Net. The down-sampling stage uses the Swin
Transformer’s patch-merging technique to reduce the spatial dimensions while extracting essential features. The
up-sampling stage, inspired by U-Net, allows the model to generate high-resolution output, which is necessary for
accurately identifying RFI patterns within the radio spectrum.

3 Evaluation

The models in this paper are trained and evaluated on the spectrograms from a publicly available dataset generated
by the LOFAR telescope [4]. This dataset contains 7,500 training samples labelled by AOFlagger [5] and 109
test samples labelled by human experts. To manage the dataset’s size, we down-sample the input spectrograms,
reducing them to approximately 10 GB, and then crop them into 512 x 512 pixel images.

We use three configurations of the Swin-UNETR model, each varying a different hyper-parameter of the Swin
Transformer architecture. We train each model for 100 epochs using the AdamW optimiser with early stopping,
additionally we use 20 cosine warming-up epochs and a learning rate of 10-5 and set the decay rate at 0.001. Ta-
ble 1 presents the number of parameters and the computational resources required for training these configurations.
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Model Configuration | # Parameters| Feature size | # Transformer blocks per stage | TFLOPs
Swin-6M 6.5M 24 (2,2,18,2) 1.105
Swin-100M 102.1M 96 (2,2,18,2) 12.334
Swin-400M 408.1M 192 (2,2,18,2) 67.025

Table 1. Parameters and TFLOPs per iteration for each Swin-UnetR configuration

We compare the RFI detection performance of the Swin-UnetR model with existing deep learning solutions, specif-
ically NLN [4] and U-Net [6] as well as AOFlagger [5]. In Table 2 we show the model’s detection performance
using three metrics: the AUPRC (Area Under Precision-Recall Curve) score, the AUROC (Area Under Receiver
Operating Characteristic Curve) score, and the F1-score.

It can be seen that the transformer-based models offers significant improvements across all metrics relative to the
other models. Interestingly, the Swin-400M model exhibits higher detection performance compared to both Swin-
100M and Swin-6M, suggesting that model size correlates with improved accuracy. Overall, these findings provide
insights into the performance dynamics among Swin-UnetR variants and their efficacy against other models.

Metric | AOFlagger[5] | U-Net[6] | NLN [4] | Swin-6M | Swin-100M | Swin-400M
AUROC 0.7883 0.8017 0.8622 0.9711 0.9743 0.9771
AUPRC 0.5716 0.5920 0.6216 0.6783 0.6831 0.6938
F1-Score 0.5698 0.5876 0.5114 0.6302 0.6281 0.6401

Table 2. RFI detection performance in AUROC, AUPRC and F1 score for each model, where bold is best.

4 Conclusion

In this paper we have demonstrated that transformer-based architectures, such as Swin-UnetR, demonstrate no-
table improvements over traditional architectures for applications in radio astronomy RFI detection. Our findings
indicate that model performance tends to improve with the number of parameters in the Swin-UnetR architecture.
Larger Swin-UnetR models consistently achieve better performance metrics compared to their smaller counter-
parts, supporting the notion that increased model capacity allows for the capture of more complex patterns. Ad-
ditionally, by utilising a parallel method to train these larger architectures, we effectively facilitated more efficient
handling of large-scale datasets and potentially reducing training times, which will be further demonstrated in the
full paper. This approach could be valuable in broader contexts within radio astronomy, especially for tasks re-
quiring many computational resources. These results not only show the potential of transformer-based models but
also open pathways for further research into scalable training techniques and their applicability to RFI detection
and other related fields.
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1. Introduction

The World Radiocommunication Conference 2023 (WRC-23), held in Dubai, approved Resolution 813 (WRC-23) [1], setting
the agenda for the 2027 World Radiocommunication Conference. This agenda includes 19 technical items to be studied in the
2024-2027 cycle and resolved at WRC-27.

Five key scientific items (1.15 to 1.19) focus on Lunar Communications, Radio Astronomy Protection, Space Weather Sensors,
Protection of Earth Exploration Services, and Allocation for Earth Exploration. These topics highlight the ITU's commitment
to advancing space technologies and protecting scientific services, ensuring innovations benefit both space exploration and
Earth observation. This paper explores each topic, detailing strategies to achieve the objectives outlined in the agenda.

2. Study Cicle for WRC-27 (2024-2027)

The study cycle for WRC-27 begins after the conclusion of WRC-23, which set the agenda through Resolution 813. This cycle,
spanning from 2024 to 2027, involves the First Session of the Conference Preparatory Meeting (CPM), which assigns the
agenda items to the relevant ITU-R study groups. These groups will conduct detailed technical analyses and compatibility.
studies for the 19 agenda items, including the five scientific topics: Lunar Communications, Radio Astronomy Protection,
Space Weather Sensors, Protection of Earth Exploration Services, and Earth Exploration Allocations. This process ensures that
each item receives focused attention and that regulatory decisions are well-founded.

Finally, six months before WRC-27, a Second Session of the CPM will be held, where the specific technical and regulatory
methods for concluding each agenda item will be established. The administrations will then make decisions on each item at
WRC-27.

3. Key Scientific Agenda Items for WRC-27: Significance and Studies Directives

The World Radiocommunication Conference 2023 (WRC), organized by the International Telecommunication Union (ITU),
approved Resolution 813, which establishes the agenda for the World Radiocommunication Conference 2027 (WRC-27). This
agenda includes 19 technical items, highlighting five key scientific topics that promise significant benefits for the planet,
humanity, and individuals. These topics are as follows.

Agenda Item 1.15 (Lunar Communications Development) under Resolution 680 (WRC-23) [2], focuses on enhancing lunar
surface and orbit communications to support scientific research and sustained human presence on the Moon. Studies will
evaluate spectrum needs for systems in frequency ranges: 390-406.1 MHz, 420-430 MHz, 440-450 MHz, 2 400-2 690 MHz, 3
500-3 800 MHz, 5 150-5 570 MHz, 5 570-5 725 MHz, 5 775-5 925 MHz, 7 190-7 235 MHz, 8 450-8 500 MHz, and 25.25-
28.35 GHz. They will consider technical characteristics, protection criteria, and propagation to ensure compatibility with
existing services and protect radio astronomy in the Shielded Zone of the Moon (SZM).

Agenda Item 1.16 (Radio Astronomy Protection) under Resolution 681 (WRC-23) [3], focuses on protecting radio astronomy
services from interference by non-geostationary satellite systems. Studies will assess the impact of unwanted emissions on RAS
frequency bands: 10.6-10.7 GHz, 42.5-43.5 GHz, 76-77.5 GHz, 94.1-95 GHz, 100-102 GHz, 114.25-116 GHz, and 130-134
GHz. The aim is to develop methodologies for separation distances between non-GSO satellite gateways and radio astronomy
stations and devise coexistence strategies for Radio Quiet Zones (RQZs). This item also considers formal recognition of RQZs,
aiming to integrate such protections into international regulations to minimize interference before satellite operations begin,
ensuring astronomers can study cosmic phenomena without interference.

Agenda Item 1.17 (Space Weather Sensors) under Resolution 682 (WRC-23) [4] discusses regulatory measures to protect
receive-only space weather sensors for monitoring solar activities affecting satellites, power grids, and aviation. Studies will
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focus on frequency bands: 27.5-28.0 MHz, 29.7-30.2 MHz, 32.2-32.6 MHz, 37.5-38.325 MHz, 73.0-74.6 MHz, and 608-614
MHz. The goal is to develop sharing and compatibility criteria, ensuring these sensors operate without interference, and explore
their inclusion in the Master International Frequency Register.

Agenda Item 1.18 (EESS and RAS Compatibility) under Resolution 712 (WRC-23) [5], aims to ensure compatibility between
the Earth exploration-satellite service (EESS) (passive), the radio astronomy service (RAS), and active services above 76 GHz.
Studies will assess the impact of unwanted emissions on EESS and RAS in bands: 86-92 GHz, 92-94 GHz, 114.25-116 GHz,
164-167 GHz, 167-174.5 GHz, 200-209 GHz, and 209-217 GHz. The goal is to set threshold levels for unwanted emissions
and update resolutions to protect passive and radio astronomy observations from interference.

Agenda Item 1.19 (Earth Exploration-Satellite Service Allocations) under Resolution 674 (WRC-23) [6] considers new
allocations for Earth exploration services to enhance sea surface temperature (SST) measurements. Studies will focus on
frequency bands: 4 200-4 400 MHz and 8 400-8 500 MHz, conducting sharing and compatibility analyses. The goal is to ensure
these allocations do not interfere with existing services, supporting SST measurement capabilities for climate science.
Collectively, these agenda items promote a safer, more knowledgeable, and sustainable world.

4. Status of discussions and next steps

The status of discussions for all agenda items is at the initial stage of gathering technical characteristics to conduct sharing and
compatibility studies necessary for their implementation. Each item is being conducted by its pertinent ITU-R study group,
ensuring focused and specialized attention to detail. These studies will lay the groundwork for detailed analyses and regulatory
measures to ensure the effective and interference-free operation of various radiocommunication services as outlined in the
agenda.

5. Conclusions

The WRC-27 agenda outlines studies on critical issues like lunar communications, radio astronomy protection, space weather
sensors, and Earth exploration-satellite service allocations. These efforts aim to enhance scientific research, improve
technological capabilities, and ensure sustainable use of radio frequencies. Conducted by ITU-R study groups, these discussions
will inform regulatory decisions, fostering a safer, more knowledgeable, and sustainable world, benefiting global
radiocommunication services.
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1. Introduction

Since the dawn of the space age, the exploration and utilization of space have provided significant benefits to humanity. Among
the many advancements are scientific services that use satellites for Earth exploration, remote sensing, radio astronomy, space
weather sensors, and meteorology. However, these services are increasingly vulnerable to the challenges of space sustainability,
highlighting the urgent need to adopt responsible practices to ensure their continuity.

2. History of Space Sustainability

The space race between the United States and the Soviet Union in the 1950s and 1960s heralded the dawn of the space age.
This era was further defined by the establishment of critical international treaties in the 1970s, notably the 1967 Outer Space
Treaty [1], which laid the legal groundwork for the peaceful use of outer space.

As commercial, scientific, and communication satellites proliferated, the space environment became increasingly congested.
The accumulation of space debris, arising from decommissioned satellites and rocket fragments, began to present a serious
hazard to space operations. This growing concern was highlighted by Kessler and Cour-Palais in their seminal work on collision
frequency [2]. Additionally, the deliberate destruction of satellites, such as the 2007 anti-satellite test, intensified the problem,
amplifying global awareness about the urgent need for effective space debris mitigation strategies.

3. International Initiatives

International organizations, such as the International Telecommunication Union (ITU), the United Nations Office for Outer
Space Affairs (UNOOSA), and the International Academy of Astronautics (IAA), have played crucial roles in promoting space
sustainability.

The ITU has been notable through specific resolutions, such as Resolutions 218 and 219 from the 2022 Plenipotentiary
Conference and Resolution 74 from the 2023 Radiocommunication Assembly [3], [4], [5]. These resolutions establish standards
and recommended practices for mitigating space debris and promoting safe and sustainable operations in space.

UNOOSA promotes international cooperation and the development of guidelines to mitigate space debris and ensure the
sustainable use of space [6], [7]. The IAA, in turn, organizes conferences and studies, providing an important platform for
discussing sustainable practices and publishing reports on space debris management and operational sustainability [8].

4. Importance of Space Sustainability for Scientific Services

Earth Exploration by Satellite: Earth observation satellites are essential for monitoring environmental changes, natural disasters,
and human activities. Space sustainability is crucial to ensure these satellites can operate safely and provide accurate and
continuous data.

Remote Sensing: Used in a wide range of applications, from precision agriculture to natural resource management, remote
sensing relies on the integrity of satellites in orbit. Mitigating space debris and implementing sustainable practices ensure that
these satellites continue to provide vital information.

Radio Astronomy: Radio astronomy uses radio telescopes to study the universe. Interference from space debris and radio

pollution can hinder astronomical observations. Sustainable space practices help minimize these interferences, ensuring the
quality of research.
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Space Weather Sensors: These sensors monitor and predict space weather events, allowing mitigation of their adverse effects.
Space sustainability is essential to keep these sensors operational and effective, protecting other satellites and terrestrial
infrastructure.

Meteorology: Meteorological satellites provide essential data for weather forecasts and climate monitoring. The integrity and
functionality of these satellites depend on a safe and sustainable space environment, free of debris that could cause damage or
interference.

5. Space Sustainability and the Future of Scientific Services

To ensure the continuity and effectiveness of scientific services, it is vital to adopt space sustainability practices. The
international community is working to develop guidelines and technologies that mitigate the risks associated with space debris.

Space Debris Mitigation: Implementing technologies to remove or avoid the creation of space debris is essential. This includes
developing deorbiting systems for satellites at the end of their life cycle and promoting responsible launch practices.

Strengthening Satellite Resilience: Designing satellites with greater resistance to space weather and debris perturbations is
crucial. This can include using more robust materials, system redundancy, and the ability to perform evasive maneuvers.

International Cooperation: Collaboration between countries and international organizations is fundamental to monitor space
weather and develop coordinated responses to adverse events. Initiatives like the International Charter on Space and Major
Disasters [9] and ITU projects are important examples of joint efforts.

6. Conclusions

The importance of space sustainability for the continuity of scientific services cannot be overstated. Earth exploration by
satellite, remote sensing, radio astronomy, space weather sensors, and meteorology depend on the integrity and functionality
of satellites in orbit. Adopting sustainable practices and cooperating internationally are essential steps to protect these vital
services and ensure they continue to benefit humanity safely and efficiently.

The scientific community must remain vigilant and proactive in implementing and promoting space sustainability practices,
collaborating with international organizations, and adopting technological innovations that mitigate risks. The future of
scientific services, and by extension, global knowledge and well-being, depends on our actions today.
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Radio astronomy is crucial for advancing our understanding of the universe. However, safeguarding radio astron-
omy from radio interference is becoming increasingly challenging as spectrum usage grows for both terrestrial and
space-based services. On behalf of European radio astronomers, the Committee on Radio Astronomy Frequencies
of the European Science Foundation (CRAF) coordinates activities to keep the frequency bands used by radio
astronomy and space sciences free from interference. It aims to provide a cost-effective single voice on frequency
protection issues for European radio astronomy observatories and research institutes, achieving a significantly
greater impact than that achievable by individual national institutions. By working together, European observato-
ries and institutes can profit from synergy effects, cover many more topics and learn from each other. In recent
years, work in CRAF has been allocated to small teams, so-called Work Item teams, which deal with well-defined
topics such as satellite services, international Mobile Telecommunications Service, or questions of spectrum engi-
neering. This presentation will provide an overview of CRAF’s initiatives at both national and international levels,
highlighting our preparations for the World Radio Conference 2027.
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1. Introduction

This study focuses on the potential degradation of receivers caused by nearby transmitters, both in terms of dis-
tance and frequency, due to coupling between antennas mounted on large electrical structures. In environments
where transmitters and receivers must coexist, the goal is to find methods to position antennas in such a way that
prevents self-generated interference from their own transmissions. As a specific case study, this paper examines
a communications satellite and its Telemetry, Command, and Ranging (TCR) service in the Ka band. Beyond
addressing the specific technical issue, the proposed strategy aims to develop a systematic analytical process that
minimizes computational resources and engineering hours. This work presents results from simulations using CST
Studio Suite 2021 software and validation through measurements.

2. Modelling of large electrical structures in Ka Band

The strategies considered when simulating structures with dimensions much larger than the operational wavelength
on conventional computers, rather than on a more powerful computing cluster, involve simplifying the structure.
These simplifications include avoiding small-scale details, using Perfect Electric Conductor (PEC) as the material
for conductive structures (assuming zero thickness), and simulating antennas separately. Additionally, it is ana-
lyzed whether it is appropriate to import simulated antennas as far-field sources or near-field sources (files usually
provided by suppliers in the case of commercial antennas) depending on the regions of the radiation pattern[1].
The integral and optical methods accept these imports, discarding the use of other methods[2].

3. Validation

The coupling between a horn antenna and a waveguide transition in the Ka-band mounted on a structural satellite
model with a maximum dimension of 4.4 m (292 A) was measured. The horn antenna was fed through an RF
generator, and the power received in the waveguide transition was measured using a spectrum analyzer, with RF
absorbers being used to reduce measurement errors due to unwanted reflections. Measurements were taken on the
front face of the platform at a height of 16.2 cm from the antennas at an elevation angle of 0° (aligned) as a function
of the distance between antennas, as shown in Figure 1, and at a height of 23.2 cm with an elevation angle of 90 .

The coupling with the waveguide on the top face of the platform was then measured in two positions, referred to
as case A and case B. In case A, the simulated value was -47.5 dB, and the measured value was -49.9 dB. In case
B, the simulated value was -62.7 dB, while the measured value was -65.2 dB.

Different simulation methods were compared against the measurements to determine the preferred values to report.
Percentage summations (in times) of simulation errors for each method were performed, contributing to total errors
when the simulation value was below the measurement range. In this way, simulating a value lower than the
measured one was penalized, whereas simulating a higher coupling value than the measured one (a false positive)
was not penalized.
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Figure 1. Coupling between the horn antenna and waveguide transition on the satellite platform was measured as

a function of the distance between them at 20.1 GHz. The antenna height was 16.2 cm, with an elevation angle of

0°. In the near field, the integral method was used with near-field sources, while in the Fresnel zone and far field,
the optical method with far-field sources was employed.

4. Results for a typical TCR

The TCR system transmits sensor data and the operational status of a geostationary satellite, enabling the mea-
surement of the Earth-satellite distance and the satellite’s location to determine orbit parameters. It also receives
control commands from the ground.

The frequencies of interest analyzed are 20.1 GHz, where the transmitter operates with higher power and has an
interference immunity of -25 dBm, and 28.7 GHz, where the receiver has the highest sensitivity and an interference
immunity of -142 dBm. The CAD model of the satellite and the far-field sources of the antennas were available, so
the coupling between the antennas mounted on the satellite was simulated to analyze whether the received powers
at the receiver comply with the interference immunity values with a safety margin of 6 dB[3].

5. Conclusions

A criterion was established to simplify the modeling of large electrical structures from an electromagnetic perspec-
tive and to define whether far-field or near-field sources are required when introducing antennas into the platform.
Additionally, information on the most appropriate simulation method was provided.

The interference between the reception and transmission subsystems of a commercial TCR mounted on a geosta-
tionary satellite was analyzed by simulating the coupling between antennas to evaluate the power levels in the RF
chain, concluding that the receiver will not suffer EMI from the transmitter. Furthermore, a coupling limit was
identified for a typical TCR system in the Ka-band, avoiding the need for detailed analysis, ensuring that there will
be no EMI with fewer requirements.

The analysis was optimized by providing recommendations for future work, covering the CAD modeling of struc-
tures and simulation configuration, aiming to reduce engineering hours and computational resources when analyz-
ing antenna coupling on electrically large structures, such as a geostationary satellite operating in the Ka-band, but
also extrapolating this approach to analyze any large platform (in terms of wavelengths) where transmitters and
receivers coexist.
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1 Introduction

Coherent pulsed radars measure the Doppler frequency shift due to the movement of a target. Thereby, Doppler
weather radars leverage this principle to estimate the Doppler spectrum of the hydrometeors [1]. The power
spectral density provides insight about the nature of the weather phenomena (snow, rain, or hail) and helps to
forecast severe storms.

Typically modeled as a Gaussian function [2], the Doppler spectrum for single-channel radars is characterized by
power, mean frequency, and spectrum width. Nevertheless, the signal of interest is contaminated by internal and
external noise and ground clutter. While noise presents as a flat spectrum, ground clutter exhibits a zero-centered
Gaussian spectrum with a narrower width compared to the weather signal. Ground clutter is often the strongest
component of the radar signal, overwhelming the signal of interest by tens of decibels. Figure 1 shows an example

of a typical weather radar spectrum.
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Figure 2. Computation time of GMAP-TD and Figure 3. Bias and standard deviation in the esti-
GMAP-TD-FC. mation of weather parameters.

In weather radars, the clutter spectrum competes with the spectrum of the signal of interest, masking the weather
echos from possible detection. Therefore, efficient signal processing techniques are crucial to mitigate clutter
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interference while the impact on the weather spectrum is minimized. Simple solutions, such as moving target
indicator (MTI) techniques and notch filters, are ineffective for weather radars. Owing to the spectral overlap,
these filters remove clutter but also shear the weather spectrum, leading to biased weather parameter estimates.
The Gaussian Model Adaptive Processing (GMAP) algorithm addresses this drawback by first filtering out clutter
and then attempting to recover the removed section of the weather spectrum [3]. However, GMAP operates in the
frequency domain, suffering from energy spillover from strong clutter into the weather spectrum as a consequence
of the use of finite series. In order to mitigate this, GMAP employs aggressive tapering windows that reduce
spectral leakage but also decrease the operational SNR and increase the uncertainty of weather parameter estimates.

Adaptive time domain filtering methods, like the parametric time domain method (PTDM), offer superior perfor-
mance to GMAP but are computationally expensive [4]. On the other hand, the algorithm GMAP in the time
domain (GMAP-TD) has improved performance than GMAP by operating the filtering stage in time domain [5].
Moreover, it can be applied to staggered pulse repetition intervals.

In this paper, we present the Fast Computation GMAP-TD (GMAP-TD-FC) algorithm. The proposed algorithm
does not alter the fundamentals of the original GMAP-TD, achieving identical estimation performance. However,
itreduces the computation time, at the expense of larger memory requirement. The faster computation makes
GMAP-TD more suitable for real time applications.

2 Preliminary Results

To assess the performance of the proposed GMAP-TD-FC algorithm, simulated weather radar data was processed
using both GMAP-TD and GMAP-TD-FC. The complete article will detail the mathematical development of
GMAP-TD-FC and evaluate its performance using real weather radar data.

2.1 Computation Time Reduction

Figure 2 illustrates the significant reduction in computation time (around 50%) achieved by the GMAP-TD-FC
algorithm compared to the original GMAP-TD method. It is worth noting that for frequencies close to 0, the
computation time of both algorithm is slightly higher. This behavior reflects the requirement for more iterations to
reconstruct the Gaussian shape of the spectrum due to the greater overlap between the weather spectrum and the
clutter spectrum in that region.

2.2 Estimation accuracy

Figure 3 shows the mean and standard deviation in the estimation of the parameters of interest for both algorithms.
The results indicate that there is no degradation in the estimation accuracy of the parameters when using the
GMAP-TD-FC, verifying that the reduction in computation time does not compromise the estimation quality.
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1. Introduction

Radio Frequency Interference (RFI) is a growing threat for Earth Observation (EO) sensors, in particular for passive microwave
sensors. Since these instruments measure the natural electromagnetic emissions from ground, any unnatural emission will affect
negatively the observations. If RFI-affected data is used to feed Numerical Weather Prediction (NWP) models, it could lead to
weather forecast errors. This data needs to be flagged as contaminated, and these RFI sources reported to the authorities.

The Earth Observation RFI Scanner (EORFISCAN) is an ESA project to assess the presence of RFI in most EO frequency
bands. EORFISCAN is the natural continuation of the Ground RFI Detection System (GRDS) [1], developed by ZenithalBlue
Technologies in collaboration with Research and Development in Aerospace GmbH. EORFISCAN reads EO products, applies
a combination of multiple RFI detection techniques (such as intensity, cross-polarization, kurtosis, spatial variability or the
generalized RFI Index [2]), and flags the data according to three different threshold levels. These thresholds are different for
each terrain type, depend on the incidence angle, azimuth angle, and latitude, and are statistically determined. The system
adjusts the thresholds according to a database of previous RFI detections to make the thresholds stricter in regions prone to
RFI. Once processed, the EO input products can be modified to include these results without modifying the product structure,
so the products can still be read by the users with their normal software.

2. Results

Previously, the software was validated for the SMOS mission in collaboration with ECMWF. Now this partnership has extended
to validate most of passive EO frequency channels for a full survey of the RFI presence in passive sensors. To this goal,
observations of AMSR2, AMSU-A, MWHS-II, and AMR-C sensors were selected to be fed to the EORFISCAN. The
combination of these 4 sensors covers a survey of all passive microwave Earth Observation bands as shown in Table 1.

Table 1 Sensors used to cover the main passive microwave Earth Observation bands

.(GHz) | 64- 10.6- 18.6- 23.6- 31.3- 33.5- | 36- | 50.2- | 52.6- | 86- | 114.25-
Sensor 7.7 10.7 18.8 24 31.8 34.5 37 50.4 59.3 92 122.25
AMSR2 X X X X X X
AMSU-A X | X X | X | X
MWHS-II X X
AMR-C X

Only surveys of the first three frequency bands from ;Error! No se encuentra el origen de la referencia. can be found in the
literature; there little or no information on the rest of the bands. Besides, the analyses are conducted with different RFI detection
techniques between studies. On the contrary, EORFISCAN analyzes all bands with the same techniques, although the thresholds
depend on each instrument, allowing a fair intercomparison between bands or sensors.

The first three AMSR2 frequencies show more contamination than the typical found in literature [2], or that is more extensive,
as seen in Figure 1. New contamination is found in the North Sea and the Yellow Sea at 6.9 GHz, and over land at the very tip
of South of Africa. At 7.3 GHz, reflections from satellites [3] not only have a larger extension such as in Japan, but also can be
seen near the Arabian sea, the Gulf of Mexico, and the US west coast. At 10.65 GHz, the reflection from geosynchronous
satellites, typical in Europe, can be also seen in the coast of the Bay of Bengal.
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Figure 1 RFI Probability in AMSR?2 in a) 6.9 GHz, b) 7.3 GHz, ¢) 10.7 GHz, and d) 18.7 GHz, for March 2022.

Note some false positives in all bands due to the sea ice edge misclassification (e.g., northeast from Greenland, near the
Antarctica coastline, in the Ojotsk Sea, and near Terranova coastline).

The results at higher bands, where less RFI is expected, are still under assessment and will be presented at the conference.

In collaboration with ECMWF, the flagged data from AMSR2 and AMSU-A were assessed via all-sky radiance departures
using their NWP model. The majority of flagged points exhibit positive departures, indicative of skillful RFI detection. This
corroboration of the RFI identification methods demonstrates good skill in C-band in particular, where the removal of
contaminated observations leads to a much more symmetric PDF of departures over sea, for example. There was no clear signal
of interference corroborated at AMSU-A frequencies.

[1] R. Onrubia, R. Oliva, P. Weston, P. de Rosnay, S. English, J. Barbosa, I. Nestoras, “The Ground RFI Detection System
(GRDS), a New Concept for RFI Detection in Earth Observation Missions”, ESA Living Planet Symposium 2022, Bonn
(Germany), 2022.

[2] D. W. Draper, “Radio Frequency Environment for Earth-Observing Passive Microwave Imagers,” IEEE Journal of Selected
Topics in Applied Earth Observations and Remote Sensing, vol. 11, no. 6. Institute of Electrical and Electronics Engineers
(IEEE), pp. 1913-1922, Jun. 2018. doi: 10.1109/jstars.2018.2801019.

[31 Y. Wu, M. Li, Y. Bao, and G. P. Petropoulos, “Cross-Validation of Radio-Frequency-Interference Signature in Satellite

Microwave Radiometer Observations over the Ocean,” Remote Sensing, vol. 12, no. 20. MDPI AG, p. 3433, Oct. 19, 2020.
doi: 10.3390/rs12203433.
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1. Introduction

There are thousands of satellites in planning by the end of the decade. Depending on the source, the estimated numbers of
satellites to reach orbit by the next decade range from 20,000 to 65,000 satellites. Considering the planet has approximately
25% - 30% of the most conservative number listed above (i.e., 20,000) of satellites currently in orbit, these numbers represent
unprecedented growth. The demands on the radio spectrum to communicate with these constellations, are driving usage higher
and higher in frequency, often in proximity to the passive bands where no radio frequency transmissions occur.

The paper will discuss the history of using microwave sounders for temperature and humidity measurements and how growth
in spectrum use increases the potential risk for adjacent band interference. Scientists performing data assimilation for numerical
weather prediction in support of weather forecasting depend on passive bands that are not affected by out-of-band emissions
from nearby sources to detect critical features of the atmosphere.

Frequency allocations for transmissions in proximity of the 50.2 — 50.4 GHz vertical temperature passive band, terrestrial
broadband near the 23.6-24.0 GHz passive band, among others, and future regulatory actions proposed in the International
Telecommunications Union (ITU) are discussed with a description of satellite instruments in those passive bands.

Due to increased utilization of frequency bands adjacent to Earth Exploration Satellite Service (EESS) allocated bands and, in
some cases, increased in-band (shared) use of EESS bands, there have been increasing instances of RFI contamination of EESS
measurements. New and proposed use of spectrum in EESS adjacent bands includes space-to-Earth satellite links adjacent to
the 10.6 — 10.7 GHz EESS band, proposed new Earth-to-space links near 50.3 GHz that will operate in bands adjacent to EESS
allocations in the 50.2 — 50.4 GHz and 52.3 — 55.5 GHz bands, and Earth-to-space links in the 81 — 86 GHz band that is adjacent
to the EESS band 86 — 92 GHz. What is different for the current vs. past proposals for new utilization is the global nature of
the proposed radio service, and the high volume of radio transmitters and satellites planned to realize the global service. The
global extent of new systems and the level of traffic proposed results in increased risk of contamination to existing EESS.

Other examples where the trend to increase spectral utilization may impact EESS include the band segment 36 —37 GHz EESS
band where an adjacent band segment, 37 — 37.6 GHz currently allocated for Government systems use, is being considered for
re-allocation for commercial use and with dense radio systems. If this change is approved, there will be increased risk of
contamination to EESS measurements in this region. There is also the case of the EESS band segment 18.6 — 18.8 GHz that is
shared with Fixed Satellite Service (FSS), where space-to-Earth transmissions reflected from oceans and lakes routinely
interfere with EESS measurements near the coasts of North and South America, Australia and many other regions of the ocean
that are close to populated areas. Expansion of FSS services both in-band and adjacent to the 18.6 — 18.8 GHz band are likely
to increase the current impact to global EESS observations in this band.

Other non-satellite applications near passive bands include broadband connectivity to aircraft in flight and ships at sea.
Specifically for NOAA’s Advanced Technology Microwave Sounder (ATMS) instrument, Channels 1, 3, 4 and 16 appear to
be at risk for interference, both over land and over ocean areas from these new spectrum users. Regulators appear to agree that

the passive sensing missions from scientific satellites are important, but there are concerns about adequate protection from
harmful interference as more and more systems are approved for operation.

2. Satellite Constellations and Adjacent Passive Band Usage

As Dr. Stephen English of ECMWF summarized after RFI12022, “<the speakers confirmed> the observations between 20 and
200 GHz have the largest impact on the skill of NWP of any observation type.” Temperature profiles in portions of the 50 — 63
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GHz band and precipitation data acquired in the 86 — 92 GHz segment, are likely to join a list of lower frequency passive bands
potentially or significantly impacted by unwanted emissions.

A subset of planned or proposed or licensed satellite constellations are shown in Table 1 below:

Table 1. Selected Satellite Systems, adjacent to the 50.2-50.4 GHz or 81 — 86 GHz Passive Bands

System Name No. of Lifetime | 24.25 | 472 — | 504 — | 81— | Other Comment
Satellites -27.5 | 50.2 514 86
GHz GHz GHz GHz
60Starlink 1296 Unkn. X X TBD Sponsored by  Shanghai
(CHN) expanding government in Ku, Q and V-
to 12,000 band
Athena-5 120 12 yrs. X X X Originally known as Theia
(USA:
EMTECH)
Kuiper (USA: 3232 to 7 yrs. X X X System filed for V-band
Amazon) 7774
One Web Up 10 yrs. X X X
(Europe: To
EUTELSAT) 6372
Starlink Gen2 7500 X X X X Gateway  Uplinks  have
(USA: granted temporary authorization now
SpaceX) 29988
requested
ViaSat (USA) 20 20 yrs. X X X
Multiple More than 15 yrs. X X
GEOs 12
Broadband Multiple | Permanent X Roll out varies. Subject to
Terrestrial Countries ITU Res 750 (WRC-19)

For commercial systems that are authorized in the United States, some bands do not have formally established service rules
which can impact out-of-band emission (OOBE) requirements levied upon the systems. The combined effects of multiple
sources of OOBE and the worldwide nature of the ground uplinks for non-geostationary satellite constellations have the
potential to create unwanted interference over portions of land areas on multiple continents.

Contamination of EESS measurement is exacerbated by the trend of EESS systems to utilize adjacent spectrum to the primary
EESS band segment allocations in order to improve the radiometric performance of space-based systems. In Low Earth Orbit
(LEO) the satellite ground track speed is determined by the orbital dynamics which in turn limits the dwell time of the scanning
instrument. To improve sensitivity without increasing the complexity of the instrument, wider bandwidths are sometimes
utilized to improve the radiometric sensitivity (Noise Equivalent Difference Temperature) and improve the sensor’s
environmental parameter retrieval capability. However, with increased use of adjacent bands, globally, this technique to
improve radiometric sensitivity results in significantly increased impacts from Radio Frequency Interference even though usage
of adjacent bands for the radiometer receiver has no impact on the radio service utilizing the adjacent bands. As a result,
increased utilization of adjacent bands also limits the ability of EESS sensors to utilize extra bandwidth to improve their
performance — even in areas of the globe that are sparely populated such as open ocean areas.

Due in part to increased spectral utilization, it becomes even more important to effectively determine when a measurement has
contamination due to RFI. However, modern communications waveforms are often spread over wide-band frequency channels
which tend to mimic the characteristics of naturally occurring Gaussian background noise. As a result, it becomes increasingly
difficult to determine the level of contamination using Kurtosis-type tests which depend on a waveforms departure from
Gaussian characteristics to identify contamination of the naturally occurring upwelling energy received at the radiometer in
orbit.

This paper will discuss these factors and urge better coordination of how we advocate for protecting these passive bands.
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1 Introduction

The SKA Observatory’s mid-frequency radio telescope (SKA-MID) will consist of 197 15 m-diameter dishes
operating between 350 MHz and 15.4 GHz. Construction of SKA-MID is currently underway in the Northern
Cape of South Africa and will eventually integrate the existing 64-element MeerKAT array. The pristine radio-
quiet MeerKAT National Park in the Karoo is home to a number of operational telescopes. Therefore, the
management and control of RFI during the SKA-MID construction phase are critical. This paper proposes the use
of pre-generated integrated RF attenuation maps to streamline interference impact assessments of large, complex
telescope sites.

2 RFI Controls Process

The South African Radio Astronomy Observatory (SARAO) RFI team is responsible for establishing controls to
minimise interference and maximise the scientific return of the radio astronomy telescopes in the national park.
One such RFI control is the issuing of valid RFI permits or Certificates of Compliance (CoC) for temporary or
permanent equipment to be installed on the observatory site. Interference management is done through RFI impact
assessments that make use of RF propagation modelling to determine path loss between an interference source
and a sensitive telescope receiver. Eligibility of RFI permits, or CoCs, is dependent on whether the levels of
characterised radiated emissions from the devices in question are below the telescope protection thresholds [1,
2]. This is determined by evaluating the path loss available at a device’s intended location toward any telescope
receiver. With several operational radio telescopes in the MeerKAT National Park, and more set to be built in
the near future, the required number of RFI impact assessments and path losses calculated drastically increase as
construction continues. Pre-calculated integrated RF attenuation maps (Section 3) provide a much faster way of
determining where a device is likely to interfere with surrounding sensitive receivers.

3 Integrated RF Attenuation Maps

The attenuation maps are based on the principle of RF propagation reciprocity. Rather than running point-to-
point predictions for every unique interference assessment case (i.c., transmitting devices to the nearest receiving
telescope), the maps use the various radio telescopes as "transmitters" in the propagation modelling point-to-point
calculations for a fixed, meshed grid area. The point-to-point predictions for each radio telescope are generated
using the Longley-Rice irregular terrain model (ITM) in SPLAT-RF! [3] with Shuttle Radar Topography Mission
(SRTM) 1-arc second Digital Elevation Model (DEM) data for a radius of 20 km and a receiver height of 1.5
meters around each telescope. This leads to a data file, per emitter height, with path loss entries in decibels for
every 30 meters in a grid with the telescope in question at the centre. This is done for every element in the array
(i.e., 64 for MeerKAT or 197 for SKA-MID) and saved as individual attenuation maps. The individual receiver
maps are integrated into a single map for a complete telescope array, and are produced over a range of frequencies
between 50 MHz and 26 GHz. The aggregation is done by taking the minimum attenuation available in a grid block
between all the individual maps. The result is a 3D dataset that is a function of longitude, latitude, and attenuation
per frequency that can be interpolated per coordinates and frequency to determine the attenuation budget for that
location. An example of an integrated attenuation map for the SKA-MID array at a frequency of 6 GHz is shown
in Figure 1.
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Figure 1. SKA-MID integrated attenuation map at a Figure 2. Zoomed in MeerKAT RFI risk map for a
frequency of 6 GHz. modern crane.

4 RFI Risk Assessment

Risk assessment tools were developed by both SARAO and the SKA Observatory [4] to reduce analysis time
in determining where, and to what extent, devices might interfere with the operational telescopes. The input is
an Effective Isotropic Radiated Power (EIRP) measurement file, or commercial/military EMC standards radiated
compliance limits, and the output is a KMZ file that can be used in a GIS application. These tools use the pre-
generated RF attenuation maps to quickly interpolate the path loss profiles, given the intended location of use, and
produce RFI risk maps. The attenuation profile calculated is a list of attenuations applicable for various frequencies
for that location. The RFI risk map in Figure 2 shows where an example temporary device will likely cause
interference levels higher than the telescope protection thresholds (shown as yellow), as well as where it might
exceed the radio telescope digital saturation levels (shown as red). When a location is highlighted as medium or
high risk, a more detailed propagation analysis can be considered.

5 Conclusions

This paper highlighted the use of integrated RF attenuation maps to streamline interference impact assessments
of large, complex telescope sites. The attenuation maps are based on the principle of RF propagation reciprocity.
The maps are pre-generated by considering the radio telescopes as "transmitters" in the propagation modelling
whilst determining point-to-point path loss calculations for a meshed grid surrounding the telescope receivers. An
overview of risk assessment tools developed by both SARAO and the SKA Observatory was provided. The tools
reduce analysis time in determining where devices are likely to interfere with the operational telescopes, thereby
shortening turnaround time for RFI impact assessments. When a device at a specific location is highlighted as a
medium or high risk, a more detailed propagation analysis can be considered to ensure compliance to the telescope
protection levels.
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1. Introduction

Across the industry, EMI hardened enclosures and interfaces are imperative to ensuring compliance with various EMI/RFI
standards for radiated emissions and susceptibility. The application of such enclosures and interfaces are broad and often require
further investigation once implemented into a final design to confirm their theoretical achievable shielding effectiveness
through empirical measurements. The reconfigurable test setup XBox (“EXperiment Box™) aims to aid the design process by
providing a method to test and qualify subsystem level components during the prototyping stage before a final system design
is assembled for compliance testing. This paper presents the results of different test methods using the XBox and their
advantages and disadvantages.

2. Reconfigurable test setup

The XBox was derived from a method “fields in a single-fed partially loaded rectangular multimode cavity” [1] and a nested!
Reverberation Chamber (RC) measurement technique. The Xbox is fitted with an interface panel, which provides conductive
continuity between the enclosure and an N-type RF connector. The N-type connector has a probe connected on the inside acting
as a loop antenna, exciting magnetic fields which have perpendicular EM waves. The setup is seen as a two-port system
measuring the scattering parameters between the two ports, with port 1 connected to the antenna in the RC and Port 2 connected
to the Xbox’s probe on the outside. The attenuation values of the open and closed Xbox can be subtracted to determine the
shielding of the material. Initial investigations were done to ensure measurement efficiency and indicated that different probe
locations excited several modes, but the typical attenuation difference was similar. That indicated that each of the probe
locations excited sufficient modal distributions for a valid measurement to be made with one probe in one orientation.

(a) Xbox inside RC with Antenna (b) Loop antenna on inside of XBox
Figure 1. Xbox two-port system setup

2. Investigations

Copper gland and braided cable.

A shielding prototype such as a copper gland and braided cable was measured using the two-port Xbox system. First the s-
parameters of the two-port system were captured with the XBox open as the baseline to use in shielding calculation. Then the
s-parameters of the two-port system were captured with the Xbox closed with the original solid metal plate as a reference for
shielding comparison. Lastly the s-parameters of the two-port system were captured with the new metal plate with a braided
cable going through a gland interface. The raw s-parameter data were processed to define the attenuation values between the
open box and closed Xbox. This was used to compare the difference in attenuation (shielding) between the solid metal plate
and the metal plate with the interface, which showed similar results, concluding good shielding on the interface. But because
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of the use of a loaded multimode cavity technique with the two-port system, it is important to understand that the screened test
box had modal excitation frequencies where resonant modes are excited according to the size of the test box. Therefore, the
same measured values were plotted for the modal excitation frequencies to clearly see the attenuation comparison between the
two different test setups.
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(a)Shielding attenuation (b) Shielding attenuation at modal excitation frequencies

Figure 2. Shieling results using the Xbox with the two-port system.

The advantage of the test setup is the exact known source projected in at port 2, however the disadvantage of this setup is that
the system creates modal resonances due to not being able to stir the modal excitations within the enclosure, the enclosure size
limits the test frequency range and needs calibration of the two-port system before measurement can be started.

Rotary gasket

Another shielding measurement method with the Xbox is to use a reference RF source. In this case a comb generator is used to
test the SE of a copper rotary gasket. The comb generator is placed inside of the Xbox. The RC antenna measures the max
emissions from the comb generator when Xbox is open as well as closed with the interface plate in place. The shielding of the
interface plate is calculated by deducting the max emissions received of the two setups seen below. The example below shows
the shielding properties of an EMI rotary gasket with and without a penetrating shaft.

(a) Measured Power Delta (b) Calculated Shielding Effectiveness
Figure 1. Xbox comb generator setup

The above-mentioned method has proven to be less time consuming as there is no need for VNA calibration. It must be noted
that this method has the disadvantage of loading the comb generator’s antenna by placing it in the Xbox resulting in the actual
radiated power being ambiguous. Further work is required to improve the field uniformity within the Xbox with this setup.

3. Summary and Conclusion

The investigations show that both methods with the Xbox works efficiently in determining the shielding value of a particular
interface or material. This is valuable as more mitigation methods and materials have been needed to avoid EMI/RFI. The
SARAO team evaluate shielding properties of many RFI mitigation solutions before implementation. It is recognized that
future measurements are needed such as comparing the two methods results on the same interface, stirring and unstirring
operation inside of the Xbox and orientation changes of the comb generator to conclude the investigation properly.

[1] Tse V. C. T. Chan and H.C. Reader, “Understanding Microwave Heating cavities” Artech House, 2000, pp. 102-105, ISBN
1-58053-094-X.
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1. Abstract

The present work shows Cordoba province's experience on Wi-Fi interference removal and mitigation for the RMA series
weather radars, manufactured by INVAP SE. Specifically, the RMA-1 case is elaborated as it best illustrates how a heavily
contaminated weather radar can become one of the cleanest in the network provided proper resource management and
inter-institution collaboration. Materials and methods for detecting and removing/mitigating Wi-Fi interference are presented,
as well as the necessary procedures to avoid incidence repetition. Finally, historical radar images are compared against actual
ones in order to illustrate the implemented mechanism's performance.

2. Introduction

Argentina's weather radar network, known as SiNaRaMe, is one of the most advanced technologies for large-domain
nowcasting in Latin America and the first network, south of the United States, to integrate both C-band and S-band weather
radars along with other remote sensing instruments (e.g. disdrometers or automatic weather stations) [1]. By far, the most
prominent sensors in this network are the C-band RMA series weather radars, manufactured by INVAP SE.

The RMA weather radar series represent more than 90% of the existing radars in the network. Deployed over 20 provinces,
these systems provide hydrometeorological service for more than 95% of Argentina's population. Due to its operating
frequency, nowadays point to point Wi-Fi signals represent an important threat to the radar's performance capabilities,
especially under severe weather conditions [2].

Since its installation in 2015, the RMA-1 weather radar has been largely affected by Wi-Fi interference as it is deployed in the
very core of Cordoba's capital, the second most populated city in the country. Taking this into account, two faculties from the
National University of Cérdoba (UNC) decided to join efforts and collaborate in overcoming this difficulty: the Faculty of
Mathematics, Astronomy, Physics and Computer Science (FaMAF) and the Faculty of Exact, Physical and Natural Sciences
(FCEFyN).

3. Material and Methods

In order to be able to detect and measure these unwanted Wi-Fi signals, the aforementioned academic units decided to invest
in dedicated equipment from the ANRITSU brand: a portable vector network analyzer (VNA MS2038C) and an interference
hunter equipped with a directional antenna (MA2700A). Additionally, a protocol for interference removal and mitigation was
developed by the Radar and Remote Sensors Laboratory at FAMAF, and an assessment of the RMA series pointing accuracy
and receiver's performance and selectiveness was carried out in collaboration with INVAP SE.

In parallel, the necessary permits and authorizations were requested and subsequently obtained from the competent authority
(ENACOM, formerly CNC) to establish a regulatory framework for weather radars in Argentina, allowing its use as a radio
frequency device and reserving its corresponding operating bandwidth. Furthermore, a job position was created for RMA-1's
health status monitoring and a corresponding radar engineer was designated. This professional also acted as a contact point
for the ENACOM's staff in order to coordinate actions for better effectiveness and smoother cooperation in the detection and
neutralization of interference sources on a daily basis. All these measures allowed for the inclusion of the weather radar into
ENACOM's operational work agenda as a priority asset.

Regarding the actual method for detecting and neutralizing an interference source, the main steps involved are the following:
firstly, the direction of the interference source is estimated, at a broad level, by inspecting the radar's L2 imagery. The relevant
images are then georeferenced on a GIS software (i.e. Google Earth) and radial traces are drawn over the interference line for
finner direction detail. Subsequently, the interference is classified as being either near or far away from the radar based on its
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characteristics and taking into account the radar's antenna specifications (i.e. directionality, location and secondary lobes
gain). This procedure defines a potential geographic area for the location of the interference source. At this point, a vehicle
campaign is initiated, equipped with detection tools (VNA and interference hunter) with the objective of assessing the area.
Once the source of the interference has been identified, the owner or person in charge of the transmitting device is contacted
and instructed to correct the issue immediately or else proceed with the equipment's deactivation and confiscation by the
ENACOM.

4. Results

Since the RMA-1 became operational, a number of campaigns have been conducted with the objective of detecting and
neutralizing a variety of sources of interference. As a result, the RMA-1 is now considered to be one of the cleanest weather
radars in the network in terms of interference and it is continuously monitored. Figure 1 illustrates the last recorded event
where intense interference was registered (mainly at the south-west of the radar) in May 2022 (left panel) and the resulting
status after several campaigns implementing the protocol over a two-month period (right panel).
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Figure 1. Before and after L2 Radar Reflectivity Factor COLMAX.

Currently, the RMA-1's health is being continuously monitored by the Radar and Remote Sensors Laboratory personnel as
C-band communications are increasingly dense and the allocated bandwidth gets interfered every now and then by illegal
unregistered transmitters.

5. Conclusions

The present work shows Cordoba province's experience on Wi-Fi interference mitigation for the RMA series weather radars
manufactured by INVAP SE. This series represents more than 90% of the existing radars in the network. Deployed over 20
provinces, these weather radars provide hydrometeorological service for more than 95% of Argentina's population.

Due to its operating frequency, nowadays point to point Wi-Fi signals represent an important threat to the radar's performance
capabilities. This work shows how inter-institution collaboration and proper resource management make possible the removal
or mitigation of Wi-Fi interference on C-band weather radars. As a result of Cordoba Province's effort and state policies, the
RMA-1 is nowadays one of the cleanest and most interference-free weather radars in Argentina and the developed know-how
is available for replication across the RMA series and other weather radars in the region.
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1. Introduction

Weather forecasting beyond a few hours into the future relies on accurate computer simulations known as Numerical Weather
Prediction (NWP). NWP in turn relies on millions of accurate observations to create the initial state for these computer
projections. In the past these were primarily atmospheric weather observations and satellite measurements sensitive to weather
parameters, but NWP now adopts an Earth System approach where observations of the earth’s surface (e.g. land, snow, sea ice,
ocean) and atmospheric composition (e.g. ozone, aerosol) are equally important. These observations rely on a number of narrow
discrete spectral bands, each with unique properties, from 1.4 GHz to 190 GHz, with in the very near future additional bands
up to 670 GHz. Many of these bands are afforded protection under footnote 5.340 of the Radio Regulations. However as
pressure grows on some of these bands, efforts both to demonstrate their value and to monitor the status of RFI are vital. This
abstract will describe current approaches and results from NWP centres, and will highlight the need to further develop enhanced
bespoke RFI monitoring.

2. Current value of bands
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Figure 1. Current impact of main observing systems at ECMWF in 2023 (averaged over the whole year).

Figure 1 shows the latest contributions of different observation types at ECMWF to the skill of short-range weather forecasts
through a technique known as Forecast Sensitivity Observation Impact, FSOI (Baker and Langland, 2004). Passive microwave
observations account for around 36% of impact and active microwave around 17%, so 53% of the impact of observations on
short range forecast skill came from microwave observations at ECMWF in 2023. Infrared satellite observations contribute
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around 18%, surface and aircraft data 13% and 10% respectively and feature tracking in satellite images around 7%. This shows
very clearly how important microwave observations are to numerical weather prediction, and thus the high societal and
economic benefit of these observations.

Discussions concerning bands generally consider one band at a time. But in practice operational systems need a set of bands to
uniquely separate different signals, from changes in temperature, water vapour, liquid water, precipitation, and changes in the
earth’s surface. The simplest way to consider this is if you have ten unknown quantities, you need ten independent observations.
If you lose one, then the problem becomes mathematically ill-posed. This is a simplification but gives a general idea. It is
challenging to isolate the value and impact of a single band, as it’s loss or degradation will impact the correct interpretation of
other bands, making the analysis more dependent on other prior information to solve the ill-posed inversion. However, in the
broadest terms the bands between 50 and 58 GHz and between 175 and 192 GHz are the most critical, because they provide
three-dimensional temperature and humidity information respectively. However, bands close to 10, 18, 24, 31, 89 and 150 (or
166) GHz are critical to correctly allow for the impact of clouds and rain on the signals. The bands close to 1, 7, 10 and 18 and
31 GHz are also critical for allowing for changes in the earth’s surface. The loss of any one band undermines the integrity of
the system that delivers the impacts described in the previous paragraph.
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Figure 2. Impact of RFI on L-band (SMOS) 1.400-1.427 GHz in ECMWF NWP system shown as standard deviation of
SMOS brightness temperature (in K), at 30 degrees incidance angle, x polarisation), before (left) and after (right) filtering, for
land (top) and ocean surfaces (bottom), for April 2024.

The DA component of the NWP system is also used to produce a high-quality historical reanalysis datasets e.g. ERA-5
(Hersbach et al. 2020). Any impact of RFI on data used by reanalysis makes the assessment of climate trends more difficult
especially if the level of RFI is changing with time. The impact of RFI on current reanalysis products is considered to be
negligible. However, if there is a future increase in RFI in key bands, this could undermine their interpretation and our ability
to accurately monitor climate change. This can occur both through sampling changes due to screening out some data and also
the impact of undetected RFI.

3. Monitoring and detection

As shown in Weston and de Rosnay (2021) RFI screening of SMOS L-band data has been significantly improved in recent
years but remains sub-optimal and fails to screen all SMOS observations which are affected by RFI (Figure 2). ECMWF was
part of the ESA RFI4EO project led by Zenithal Blue Technologies aiming at using various statistical and pattern recognition
algorithms (ground RFT detection system - GRDS) to improve the RFI screening (Oliva et al., 2021). Results using a month of
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SMOS data indicated that the GRDS system demonstrate
enhancement.

4. Attribution

s significant improvements. Standard NWP monitoring and ML
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Figure 3: Maps for 2022-07-15T00 for (a) background departures due to RFI contamination and the glint angles of the
observations with geostationary satellites placed at (b) 30°W, (b) 13°E and (c) 38°E.
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Figure 4: With geostationary satellites placed at 1°longitude spacings (at the equator), the mean of the background departures
over Europe is calculated for the locations where the corresponding glint angle is less than or equal to 3°.

With the recent introduction of low frequency MW channels to support ocean analysis, it has been seen that the 10.65v GHz
channel on AMSR?2 suffers from large positive background departures over Europe (Figure 3a) in the descending node which
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are suspected signals from broadcast satellites being reflected off the ocean. These departures align with low glint angles (below
3 degrees) between AMSR2 and specific theoretical geostationary satellites placed at 1 degree spacings around the equator.
Figure 4 shows the peaks in the background departures relating to specific theoretical geostationary satellite locations with the
related glint patterns shown in Figure 3 (b to d).

5. Summary

Clean spectrum in critical bands underpins the performance of modern NWP systems, which in turn underpin the reliability
and accuracy of warnings, resulting in saving of life and property, in addition to day-to-day socioeconomic benefits. This clean
spectrum cannot be taken for granted and enhanced monitoring of interference is being developed. This is showing increased
occurrence of RFI in bands below 20 GHz, and in some cases it is possible to identify the likely source. However enhanced
monitoring and on flight filtering need to be backed up by strong and effective regulation based on international agreement, at
the World Radiocommunication Conferences.
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1 Introduction

As radio environments become more occupied, and radio frequency interference (RFI) monitoring efforts increase
to wider bandwidths, there is a huge amount of RFI data being collected. At the Dominion Radio Astrophysical
Observatory (DRAO), a progression of work has led from building a wideband RFI monitor [1], to finding a method
for detecting signals in wideband spectra [2], and finally extracting baseband time series of these detected signals
[3] while discarding the rest of the wideband spectra. This process not only reduces the data volume, it recovers the
time-domain characteristics of the interfering signals. These time-domain characteristics are lost in other common
stored data types like integrated power spectra and occupancy.

Collecting data in this way enables rich RFI science, such as RF site characterization and signal identification, to
be done without storing large data volumes. However, a major challenge posed by this type of dataset is that it
lacks labels, which makes tasks such as modulation recognition, feature vector extraction, and novelty detection
difficult.

2 This work

In this work we demonstrate a method of both modulation detection and novelty detection on an unlabelled dataset.
The dataset contains 53 modulations and more than one million unique signals. It was generated using TorchSig
[4]. This large signal count is necessary for self-supervised deep learning methods. One such method is called
contrastive learning, which is renowned for its excellent performance and ability to accurately detect and label
objects in images [5]. This method is more accurate than state-of-the-art supervised methods such as ResNet-50,
butrequires a far larger training set.

We introduce our model architecture, SigCLR, in which we adapt and apply the image-based contrastive learning
method to complex-valued radio time-series data from the TorchSig dataset.

Figure 1 shows the architecture and training process for the model. Each time-series signal s(t) is duplicated
and a different RF-specific augmentation, a; and a; such as gain drift, clipping, or spectral inversion are selected
from the same family of augmentations A. The now differently augmented copies si(t) and sz(t) are passed
through identical encoders, and projection heads. The resulting representations z1 and zz are compared at the
output of the projection heads using a cross-entropy function which teaches the network that the signals should be
identical. Once trained, the augmentation pipeline is removed from the start of the network and the projection head
is removed from the end of the network, leaving the encoder. The encoder is used alone as the input to downsteam
tasks. Some downstream tasks we show include SigCLR’s ability to cluster similar types of signals, which results
in a modulation detector, and identify anomalous signals which weren’t well represented in the training data.

We intend to show SigCLR working on real signals collected at DRAO, and eventually integrate it into our opera-

tional RFI monitor where it will be used to help characterize the sites RF environment as well as alert site operators
to anomalous signals in real-time.
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Figure 1. SigCLR model architecture
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1. Introduction

The global Radio Frequency Interference (RFI) environment is deteriorating, affecting even the most remote and sparsely
populated regions that were prime candidates for radio telescopes [1]. This decline is largely due to the proliferation of
ubiquitous terrestrial wireless communications systems and thousands of satellites providing communication, broadcasting,
sensing, and navigation services [2]. Recently, the wireless communication industry has been pushing for the allocation of
spectrum frequencies beyond 100 GHz, which were traditionally reserved for radio astronomy and other passive observations,
for both terrestrial and space communications [3-4]. This will further exacerbate the impact of RFI for existing and future radio
telescopes. Historically, astronomers humorously suggested placing highly sensitive radio astronomical observatories on the
far side of the moon to shield those from Earth's RFI. This idea, once a mere jest, is becoming a reality with plans to launch
telescopes such as the Lunar Crater Radio Telescope (LCRT) [5] and LuSEE-Night [6] projects to the moon's far side in the
near future. However, these facilities will still require a communication system with satellites orbiting the moon to relay
observed data back to Earth. Also, there is the risk of self-interference from the electronics and power systems of the radio
telescope itself. Moreover, the moon risks becoming crowded with RFI as additional lunar exploration missions, such as those
planning to establish communication networks like Nokia's proposed 4G lunar network [7], move forward. Given these
challenges, it is crucial to explore other RFI mitigation strategies that can be applied for Earth-based radio telescopes. The
following study focuses on maintaining the linearity of the signal processing chain to prevent strong RFI from contaminating
the spectral ranges critical for key radio astronomical experiments.

2. Maintaining the Linearity of the Signal Chain

One of the primary goals of radio telescopes is to achieve high dynamic range observations across a wider spectrum. The
forthcoming 2030 Wideband Sensitivity Upgrade (WSU) for the Atacama Large Millimeter/sub-millimeter Array (ALMA) is
set to significantly enhance its capabilities. This upgrade will double the instantaneous bandwidth processed by the telescope
to 16 GHz, and later increase it to 32 GHz, while also achieving an imaging dynamic range of approximately 42 dB (15,000:1)
[8]. Similarly, the next-generation Very Large Array (ngVLA) telescope, an advanced and expanded version of the existing
Very Large Array (VLA) in New Mexico, USA, plans to introduce a new frequency band (Band 6) covering 70 — 116 GHz [9].
The ngVLA aims for a dynamic range of 45 dB across its full operational frequency range from 1.2 GHz to 116 GHz [9]. For
these advanced radio telescopes, the current development efforts are concentrated on enhancing antennas, feeds, receivers,
clock distribution networks, and digitizers to capture celestial signals with high fidelity. The following sections will delve into
the processing of these digitized signals, focusing on the generation of visibilities and beams with high dynamic range.

Achieving a high dynamic range in visibilities and beams is crucial along with high linearity throughout the signal chain of the
correlator and the beamformer [10]. A highly linear signal chain not only ensures that visibilities and beams accurately reflect
the signal strengths of celestial phenomena but also helps to avoid spectral confusion from harmonics and intermodulation
products. This is particularly important when strong RFI signals are present, as non-linearities in the signal chain can create
spectral artifacts that obscure faint celestial signals, thereby reducing dynamic range and leading to false detections [10].
Traditionally, the digital signal chain of a correlator or a beamformer is implemented with fixed-point arithmetic [11] that offers
deterministic precision and simple hardware implementation [10]. To maintain linearity with fixed-point arithmetic, especially
when the signal bandwidth changes significantly, it is essential to increase the resolution and/or scale the signal appropriately
at each stage [11]. This often involves extending the bit width to accommodate the full dynamic range of the signal without
overflow or underflow, and carefully applying scaling to preserve precision [10]. Therefore, designing fixed-point signal chains
requires extensive analysis and verification to balance precision, dynamic range, resource utilization and power dissipation.

51



On the other hand floating-point number representation offers a way to achieve a higher dynamic range using a fixed bit-word
size, though it can compromise linearity to some extent along with higher hardware complexity [11]. Low precision floating-
point formats such as Floatl6, bFloat16, TensorFloat32, and Float32 are increasingly used in deep-learning neural network
implementations and are supported natively by major Graphics Processing Unit (GPU) vendors like NVIDIA, Intel, and AMD
[12]. For Field Programmable Gate Arrays (FPGAs), Intel-Altera has also integrated native support for addition, subtraction,
and multiplication operations in Float16 and Float32 formats within the DSP blocks of their Agilex-7 series FPGAs [13]. AMD-
Xilinx has followed through with the support for Float16 and Float32 formats in their Versal devices [14]. We hypothesize that
the signal chain for the correlator beamformer in next-generation radio telescopes could be efficiently implemented using these
low-precision floating-point numbers, potentially reducing resource consumption and power dissipation while still meeting the
requirements for linearity and dynamic range. To this end, we have initiated a quantitative study to assess the linearity and
dynamic range of a correlator beamformer implemented with Floatl6, TensorFloat32, and Float32 formats along with fixed-
point formats of the same length 16-, 19- and 32-bits under various RFI conditions. In this study, test vectors representing
expected RFI levels at a remote site at the 10th, 50th, and 90th percentiles are used. These vectors are processed with a typical
‘FX’ type correlator [10] that has been designed to achieve a dynamic range of 50 dB using the proposed floating-point formats,
and the resulting visibilities are compared with those from a ‘golden reference’ model using Float64 format. Similarly, an end-
to-end simulation of a ‘phase-delay’ beamformer using the candidate floating-point formats and related fixed-point formats
will be conducted to compare the generated beams against the golden reference.
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1 Introduction

Extragalactic fast radio bursts (FRBs) are bright (1-100]y) millisecond-duration radio pulses of unknown astro-
physical origins. Thanks to its large field of view (~ 200 sq. deg.) the Canadian Hydrogen Intensity Mapping
Experiment (CHIME) telescope has emerged as the world’s leading detector of FRBs. CHIME is a phased ra-
dio interferomter operating from 400-800MHz, making it a powerful instrument for measuring frb morphology,
polarimetry, and more recently angular positions with very long baseline interferometry (VLBI) [1]. However, a
broad range of RFI sources typically renders ~ 40% of the band unusable, limiting the accuracy of measurements
that require broad band information such as VLBI fringe fits and rotation measure fits.

One type of RFI mitigation strategy permitted by phased antenna array radio telescopes such as CHIME is spa-
tial filtering of RFI from the desired signal through adaptive beamforming. The primary advantage of adaptive
beamformers is that they are non-parametric-no a priori knowledge about the RFI source is required, which is
particularly useful for types of RFI that are unpredictable in time and frequency.

Here we present one type of spatial filter based on the Karhunen-Loéve (KL) transform and demonstrate its per-
formance on CHIME/FRB channelized raw voltage data.

2 Implementation

Suppose we have voltage data measured over N antennas represented by the vector d. This dataset consists of the
desired astrophysical signal s as well as signals from interfering sources f. Assuming the signal to be uncorrelated

with the noise, the full array covariance of the dataset D’ is then
D =(ddty=S+F,

where §" and F’ denote the array covariance of the desired signal and unwanted interference, respectively. In most
cases, the principal components of these constituent signals occupy different vector subspaces. For instance, in the

case that the desired signal is from a a single point source in the sky, S will be rank 1. So long as the source of
interference does not exhibit a spatial signature identical to the desired signal, the eigenvectors corresponding to

the largest eigenvalues of F* will occupy a subspace that is distinct from the subspace occupied by .

The KL filter rotates the data into a vector space where S” and F are simultaneously diagonalized such that diag-
onal elements of the total covariance matrix, which we will denote as A, are a direct measurement of the signal-
to-contaminant ratio of a given mode. The corresponding change of basis matrix R can be obtained from the
generalized eigenvalue equation

AA

R =FRA. (1)
Thus the full KL filter operation on the voltage data can be expressed as
dfitered = RA)?RA_I d (2)

where X is a diagonal matrix with zeroes corresponding to the modes we wish to remove.
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For CHIME/FRB data, we make two important notes. First-because all our sources of interest are point sources,
we only require a single mode from our data. In this case the filter operation can be re-cast as a beamformer:

b(t) = stdsitered 3)
=stRXR™'d 4)
x R-d (5)

where stR'X reduces to a constant in the case that X is rank 1. This is another form of the well-known maximum
signal-to-noise beamformer or MVDR beamformer where the constant is set by the desired normalization of the
beam[2]. Second—we note that this filter requires a model for §” and an estimate for F’. S" is well modeled for

CHIME as long as the steering vector of the beam is specified. For frequency channels that are heavily RFI
contaminated, the eigenvalues characterizing all contaminants will be much larger than those characterizing the

desired signal, in which case F* can be obtained from the sample covariance of the data. In the case of transients

where the expected arrival time of the astrophysical pulse is already known, F' can be obtained for any frequency
channel by computing the sample covariance immediately before or after the pulse (typically ~ 10ms long), under

the assumption that F is stationary under short timescales.
3 Results and Conclusions

Figure 1 shows a comparison between the sensitivity of an FRB observation obtained from conventionally beam-
forming to the observation obtained after applying the KL filter over the frequency range 730-750MHz, a portion
of the CHIME band where RFI is typically ~ 20 — 30dB stronger than the sky. While the observation without the
filter is completely corrupted by rfi interference, the data post-cleaning recovers a measurement of the FRB pulse
that otherwise would have been un-observable in this part of the band.
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Figure 1. Waterfall plot of the power measured by CHIME post-beamforming towards the fast radio burst
FRB20191219F without applying the KL-filter (left) and after applying the filter (right) for RFI contaminated
channels.

This example demonstrates the potential for our KL-based RFI mitigation technique for observing transients
with the CHIME instrument, as well as next-generation radio inteferometers for transients more broadly such as
CHORD, BURSTT, and CHARTS. Finally, while the example provided demonstrated the recovery of pulse mor-
phology, this filter can be applied to a broad range of applications that require broad band information, including
polarimetry, scintillometry, and VLBI.
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COPERNICUS IMAGING MICROWAVE RADIOMETER SATELLITE
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The Copernicus Imaging Microwave Radiometer (CIMR) satellite with its on-board Radio Frequency
Interference (RFI) processor has been under design, development and manufacturing for some years now.
Compared to previous microwave imaging satellites CIMR has significantly increased requirements for both
spatial and radiometric resolution in order to improve monitoring of a large number of geophysical
parameters. This has led to a significantly larger analogue input bandwidth, and with the growing amount of
RFI within the microwave frequency bands used by CIMR, RFI detection and filtering is paramount.

Algorithms for detection and filtering of RFI in radiometer data have been developed for at least two
decades. These algorithms require Analogue to Digital Converter (ADC) sampling of the full radiometer
bandwidth without aliasing as well as digital processing at the sampling data rate. This has to be done on-
board as it is impossible to downlink the number of raw ADC samples needed to hold the full analogue
bandwidth. On-board processing can be done using modern high-speed ADCs and the large Field
Programmable Gate Arrays (FPGA) available today.

The first ESA effort to perform in-flight on-board RFI detection and filtering will be done at Ku-band on
the meteorological satellite MetOp-SG-B which comprises a microwave imager that includes Ku-band. This
satellite is now expected to be launched in 2026 so unfortunately no in-flight experience is available yet.
The CIMR satellite, a high priority Copernicus mission satellite, comprises L-, C- X-, Ku- and Ka-band
radiometers with a total of 25 fully polarimetric radiometers as shown in Table 1. Additionally, the total
analogue bandwidth that needs to be processed for RFI is approximately 17 GHz for CIMR compared to 400
MHz for MetOp-SG-B, so CIMR represents major increase in complexity even though it is expected to be
launched just a few years after MetOP-SG-B.

Table 1: CIMR radiometer bands and channels.
Band | Center Band- | Channels Spatial

Freq. width Resolution
(GHz) (MHz) [km]

L 1.4135 25 1 <60

C 6.925 400 4 <15

X 10.65 100 4 <15

K 18.7 200 8 <5.5

Ka 36.5 300 8 <4

Using modern high speed ADCs it is possible to digitize multiple analogue stacked radiometer bands in
one ADC input thus reducing the number of ADCs required, and with large FPGAs, hardware is reduced to a
reasonable amount. Additionally, modern high-speed ADCs often have two parallel analogue inputs sampled
by the same clock. Using these features, multiple polarimetric radiometer bands are merged into one
wideband digital input that is on-board processed into separate radiometer bands.
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Figure 1: The block diagram of an RFI processor board (Thales Alenia Space Italy).

Figure 1 shows the CIMR RFI processing board implementation block diagram. Two dual input ADCs
operating at 1430 MSamples/s having H- and V-polarization as their respective inputs can digitize two 715
MHz wide polarimetric inputs. This bandwidth enables analogue stacking of two polarimetric radiometer
bands in each ADC. The FPGA performs RFI detection and filtering of the digital input from the two ADCs
thus handling four polarimetric radiometer bands. The 25 radiometer channels in Table 1 can therefore be
processed by seven boards. Six boards would have been sufficient if analogue stacking of three radiometer
bands were applied, however, this would provide very little redundancy. The digital processing architecture
for the FPGA has been developed and is being tested at the time of writing. Design, implementation and test
results will be presented.

Index Terms — Radiometer, RFI, detection, filtering, mitigation, CIMR
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Sea Surface Temperature (SST) is a critical parameter for the prediction on tropical cyclones, fishery resources, and more.
Radiometry in C-band, i.e., near 7 GHz is needed for measurements of SST. In fact, SST can only be measured in the infra-
red domain (but only during clear-sky conditions, which occur globally around 40% of the time) or in C-band (in all-weather
conditions).

Given the importance of SST measurements, it is one of the longest-observed variables, dating back to the late 1970’s (and
much earlier if we consider measurements made from the surface).

Despite their importance, passive EO measurements near 7 GHz are affected by Radio Frequency Interference (RFI), as
documented extensively in the scientific literature. Furthermore, a significant increase in RFI in this band is expected in the
coming years due to:
- The WRC-23 decision of identifying the 6.425-7.125 GHz range for International Mobile Telecommunications (IMT)
in several countries
- The progressive adoption, in several countries, of new Wi-Fi systems in the range 5.925-7.125 GHz

One of the reasons why RFI is increasing in this band is that Earth Observation (EO) sensors have poor regulatory protection
in this portion of the spectrum: there is no formal allocation for them, and the Radio Regulations (RR) simply acknowledges
their presence.

Therefore, stakeholders of EO sensors near 7 GHz have two issues to address: 1) coping with more widespread RFI in the
measurements; 2) improve the regulatory protection for EO sensors in that band.

ESA is one of these stakeholders, since it plans to launch the Copernicus Imaging Microwave Radiometer (CIMR), who will
feature a channel near 7 GHz.

To address 1), ESA has worked on a sophisticated approach to detect and report RFI in all the CIMR channels. To address 2),
ESA has supported efforts the inclusion, in the agenda for the World Radiocommunication Conference 2027 (WRC-27), of an
item on two potential new primary allocations for EO sensors.

This new Agenda Item (Al 1.19) considers potential new bands at 4.2-4.4 GHz and 8.4-8.5 GHz. These new bands, which are
quite narrow when compared with the bandwidths needed by modern radiometers, would need to be used in conjunction with
the traditional channel near 7 GHz. The combined measured in the three bands is expected to provide benefits in terms of:

- Better scientific retrievals (i.e. multi-spectral approach)

- Improved capability to detect RFI (i.e. cross-frequency detection)
To study these aspects, and therefore to start assessing the usefulness of the potential new bands, ESA is starting to develop
plans for an experimental campaign in which water bodies will be observed simultaneously in the three bands.

This paper will discuss the current status of RFI near 7 GHz, the expected impact of new RFI (from IMT and WiF1i), and it will
present the discussions and the possible outcomes of Al 1.19.

It will also describe what has been done within ESA to cope with RFI in CIMR and to plan the experimental campaigns to start
observing water bodies at the new bands.
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WRC and Earth observation — Impact of WRC-23 and work ongoing for WRC-27
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1. Introduction

The electromagnetic spectrum is an irreplaceable resource for EO. Remote sensing instruments are special users of the spectrum
in the sense that their ability to function properly is heavily dependent on the availability of usable specific portions of the
electromagnetic spectrum, which is determined by the geophysical characteristics and interactions that they aim to observe.
Naturally, there is a variety of other users of the spectrum, for example mobile networks, TV broadcasts, radio amateurs just to
name a few. Therefore, there are rules to coordinate how the spectrum should be used and thus reduce the risk of Radio-
Frequency Interference (RFI). The Radio Regulations (RR) is the international treaty describing the rules for use of the
electromagnetic spectrum. The RR are revised approximately every four years during the World Radiocommunication
Conferences (WRCs). The last WRC, WRC-23 deliberated on several topics which have direct consequences for Earth
Observation (EO). This contribution gives an overview of the relevant WRC-23 decisions for EO.

2. Changes to the Radio Regulations

For the Earth Observation community, the agenda of WRC-23 included both opportunities and threats.
2.1 Opportunities

2.1.1. New spectrum for ice cloud imaging near 243 GHz (41.14)

Ice clouds include very fine particles, that can be imaged only at very high frequencies [1]. The Ice Cloud Imager (ICI) is a
radiometer that will be dedicated to performing measurements of ice clouds. Two of the channels of ICI [2] aimed at operating
near 243 GHz, where there was no allocation to spaceborne radiometers. On this Agenda Item (AI), WRC-23 agreed to create
two new bands dedicated to passive remote sensing: 239.2-242.2 GHz and 244.2-247.2 GHz, which correspond to the
frequencies and bandwidths planned for ICI. The creation of these two new frequency bands will provide protection from
interference to any future radiometer that will operate there.

2.1.2. New spectrum for polar ice sheet sounding near 45 MHz (A1.12)

Building on the experience of sensors aimed at exploring below the surface of planetary bodies, there are candidate satellite
missions that would make it possible to observe below Earth’s ice sheets for the first time. These types of instruments need to
operate at very low (for remote sensing) frequencies. Within Europe, the STRATUS mission [3] aims at operating a radar in
the 40-50 MHz band. However, there was no frequency band allocated for active sensors in those frequencies. WRC-23 agenda
item 1.12 aimed at creating a new allocation for missions like STRATUS. WRC-23 agreed to create the new allocation, but
added that the new allocation could be used only under certain conditions, which limit radar operations to the polar regions and
limit the power flux density that the radar emissions can generate at the surface of the Earth. Even with these limitations, it is
expected that potential new sensors in the 40-50 MHz band would be able to operate correctly, and therefore this WRC-23
decision enables a new type of science retrieval over polar ice sheets.

2.1.3. Protection for radiometers in the 36-37 GHz band (Al 9.1 topic d)
WRC-19 had defined a regulatory framework for uplinks and downlinks of commercial satellite constellations, including in the

37.5-38 GHz band. However, it was highlighted that the new regulatory framework did not include the necessary restrictions
to protect radiometers operating in the 36-37 GHz band. Under Agenda Item 9.1 topic d, WRC-23 agreed to limit the EIRP
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density from commercial constellations into the 36-37 GHz band, in order to protect the radiometers in that band from
interference.

2.1.4. New inter-satellite links near 18 GHz (Al 1.17)

Communication links between satellites may be useful for future EO missions to coordinate operations of satellites and to
improve the downlink performance of science data. Under agenda item 1.17, WRC-23 agreed to create regulatory conditions
to allow new inter-satellite links which could be used by various spectrum users, including scientific satellites.

2.2. Threats

On the other hand, several Als of WRC-23 represented threats for the remote sensing community. These included:
e Potential interference near 2 GHz to the ground stations used by scientific satellites (Als 1.4 and 1.18);
e Potential interference to radiometers in various bands:
o near7 GHz (Al 1.2)
o 10.65 GHz (Al 1.2)
o 18.7GHz (Als 1.16 and 1.17)
o 22.3GHz (AI 1.10);
e Potential interference to SARs near 10 GHz (Al 1.2);
e Potential interference into several bands, used both for science measurements and data links (AI 9.1 topic c).

After numerous discussions held in the 4-year long preparatory process, for most of these threats, the WRC-23 agreed on
solutions that provide adequate protection to EO sensors and to the ground stations used by EO missions. The WRC decision
that does not sufficiently protect sensors was on Al 1.2, related to future 5G networks in the 6.425-7.125 GHz band.

2.2.1. 5G networks in the 6.425-7.125 GHz band

Under AI 1.2, WRC-23 agreed to identify the 6.425-7.125 GHz band for future mobile networks. For remote sensing, this band
corresponds (for most sea conditions) to the peak sensitivity to changes in the sea surface temperature [4], and in fact it has
been used by radiometers since the 1970s. However, radiometers operating near 7 GHz have no regulatory protection.
Therefore, protection of radiometers was not taken into account by WRC. 5G networks in the 6.425-7.125 GHz band are
expected to cause RFI to spaceborne radiometers. However, it should be noted that this band was not identified for 5G for all
the countries mentioned in Al 1.2, and that 5G will need to coexist with incumbent spectrum users on the ground (Wi-Fi and
ground stations used by commercial satellites), and that it will need to protect uplinks of commercial satellites. These elements
are expected to, indirectly, also reduce somewhat the impact of RFI from 5G into radiometers.

3. Start of preparation for WRC-27

WRC-23 has also defined the agenda for WRC-27 [5]. This agenda includes again several potential threats and some
opportunities for remote sensing. Probably the main threat for the upcoming WRC will be again related to mobile networks,
since the new targeted bands includes frequencies that are used by most scientific satellites to downlink their measurements to
their ground stations. The opportunities for remote sensing include potential new spectrum for radiometers in C-band and
potential additional protection for radiometers in certain bands above 86 GHz, as well as potential spectrum for space weather
Sensors.

4. Conclusion and discussion

The decisions taken at WRCs have clear consequences on the operations and on the RFI experienced by remote sensing
missions. However, the scientific community is only marginally involved in the discussions on WRC topics. More awareness
and more involvement of scientists in those discussions would be beneficial for the science community at large. \

One ongoing initiative to improve coordination between scientists and frequency managers, is the creation, by the European
Space Agency, of a new group called ESSEO (European Scientists on Spectrum for Earth Observation). ESSEO, which is

chaired by ECMWEF, will aim at describing in detail the connections between WRC topics and the current and foreseen remote
sensing applications.

5. References
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This paper aims to introduce a recently formed group relevant for frequency management and for the Earth Observation (EO)
science community.

The group is called ESSEO (European Scientists on Spectrum for Earth Observation) and was formed in early 2023. It was
formed as an ESA (European Space Agency) initiative, and it is chaired by the ECMWF (European Centre for Medium-range
Weather Forecast). Several European and international organizations are represented in the group, including universities,
meteorological, climate and research centers.

A major goal of this new group is to narrow the gap between EO science community and the frequency regulatory world.
EO scientists rely heavily on a “clean” electromagnetic spectrum. Yet, EO scientists are not always aware of
the discussions taking place in frequency regulatory fora that may have a direct impact on the availability of RFI-free data.
At the same time, frequency managers do need to be kept up to date with changes in the background in priorities, driven by
evolving science maturity in applications.

Since the major frequency regulatory activity is the preparation for the World Radiocommunication Conference (WRC), the
work of ESSEO has started there. In 2023, when the final agenda for the WRC-27 was not available yet, the group worked on
the preliminary agenda for WRC-27 as well as some additional topics that had been discussed within ITU. This work resulted
in a first publication by ESSEO titled “Views on Potential Topics for the WRC-27 Agenda”.

Since early 2024, the group has been building on this work, this time addressing the final agenda for WRC-27. The goal is that
a new document will be published before the end of the year.

The document will also spell out the connections between each WRC-27 agenda item, and the United Nations’ Sustainable
Development Goals (SDGs).

Further plans for the group include a document with detailed scientific background about the links between science applications
and frequency bands, which would complement the 2024 publication.
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In doing this work, ESSEO helps frequency managers in Europe (mostly in ESA and EUMETSAT) by providing a solid
scientific background for the frequency regulatory topics, and by providing additional information on the sensitivity/importance
of the different frequency bands.

In addition, the group provides informed views on the presence of RFI (Radio Frequency Interference) in various bands as well
as on their impact on scientific applications, and it could be useful in reflecting cases of RFI documented in the scientific
literature within ITU and other similar fora, when appropriate to do so.

ESSEO has started to interact with other relevant groups, such as the Committee on Radio Frequencies (CORF) in the US, the
WMO Expert Teams on Radio Frequency Coordination and on Space Systems and Utilization (ET-RFC and ET-SSU) and in
Europe with the ACEO (Advisory Committee on Earth Observation) and the ESSC (European Space Sciences Committee).

The presentation will introduce the group, its goals, the work already performed and discuss possible future plans.
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Spaceborne Earth observation (EO) missions play a vital role in monitoring the Earth system, enabling applications ranging
from sub-surface to atmosphere.

Some of its more scientific applications include, for example, the detection of sub-surface water reservoirs, the measurement
of soil moisture, ocean temperature and salinity, ice thickness and wind speed, the characterization of atmospheric temperature,
pressure and humidity, as well as of the different hydrometeors, essential in climate and weather operational services.

The range of EO enabled applications expand beyond the scientific applications and touch many governance areas including,
for example, the infrastructure, including heritage, monitoring and conservation, territorial defense, safety and security,
territorial planning and ordering, economic growth monitoring, commercial trading, transport and mobility efficiency, pollution
control and population health and wellbeing assessments.

From the regulatory standpoint, spaceborne EO missions are designated as radiocommunication space stations. They collect
data measured by instruments they carry onboard, and the effective and efficient reception of these data on ground, by the so-
called payload data transmissions (PDT), is critical to enable the abovementioned applications.

These EO data links are, typically, operated in the framework of the radiocommunication service designated by Earth
exploration-satellite service (EESS), defined in the International Telecommunication Union (ITU) Radio Regulations (RR) as
“a radiocommunication service between earth stations and one or more space stations, which may include links between space
stations, in which information relating to the characteristics of the Earth and its natural phenomena, including data relating to
the state of the environment, is obtained from active sensors or passive sensors on Earth satellites (...)”.

As the radio regulatory framework evolves, a number of challenges and opportunities arise. The effective continuous delivery
of EO data as a service requires that stakeholders take the opportunities and mitigate the challenges.

The agenda for the World Radiocommunication Conference (WRC) 2027 and the preliminary agenda for WRC 2031 include
several items that pose challenges to the current and future operations of EO data links, as well as open exciting opportunities
for future EO missions. The WRC-27/31 agendas will be reviewed and the relevant agenda items will be assessed from the EO
data links standpoint.

Future EO missions have increasing spectrum requirements for transmitting down to the ground the scientific data collected
on-board by payload instrumentation (passive and active). Innovative spectral-efficient microwave space communication
technologies (e.g. frequency-reuse schemes by means of polarization diversity) are key in maximizing the use of existing
spectrum resources and in meeting future EO mission spectrum requirements.
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Building a global map of low frequency radio interference from orbit with DORA
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(1) Arizona State University, Tempe, USA, amyzhao@asu.edu

1 Introduction

The existence of radio frequency interference (RFI), particularly human-made RFI such as FM radio, presents a
challenge to existing 21-cm experiments that aim to make the first measurements of hydrogen during the Dark
Ages, Cosmic Dawn, and Epoch of Reionization. Current 21-cm experiments aim to avoid RFI by building in-
struments in remote locations, far from human interference. However, usage patterns change with time, leading
to exploration for new sites and mitigation strategies. A global survey of usage could help identify quiet regions.
Meanwhile, space-based experiments have been proposed as alternative radio quiet locations. We evaluate the
feasibility of a space-based 21-cm experiment by evaluating the presence of RFI in different space environments,
including low-Earth orbits and high altitude balloons. We do this in two ways: with simulations of the RFI en-
vironment using FM radio databases, and with direct measurement with a radio spectrometer aboard the DORA
cubesat deployed in September 2024. Studying the presence of RFI from low-Earth orbit will allow for global
spectrum monitoring, which can help us plan for future 21-cm missions accordingly. In addition, DORA will raise
the technology readiness level (TRL) of key technologies needed for a space-based 21-cm experiment.

2 Background

One of the last unexplored epochs spans the time between the surface of last scattering, known as the Cosmic
Microwave Background (CMB), and Cosmic Dawn (CD), when the first stars formed and reionized the universe
during the Epoch of Reionization (EoR). We refer to this period as the Dark Ages. The only direct probe of the
Dark Ages is neutral hydrogen and its radiation from its spin-flip transition, which radiates at a wavelength of
21-cm. The redshifted 21-cm line of neutral hydrogen gas should be visible today as a spectral distortion in the
cosmic microwave background at frequencies less than 200 MHz, matching redshifts 25 to 6. The Dark Ages,
Cosmic Dawn, and EoR epochs can be studied using the redshifted 21-cm signal.

However, the difficulty of observing the 21-cm line from the early universe stems from its weak radiation sig-
nature and the existence of sky-noise and bright foreground radiation, which dominates the measurement. As a
result, instruments that measure in this bandpass need to be highly precise. Current instruments that measure in
this wavelength, such as the Owens Valley Radio Observatory Long Wavelength Array (OVRO-LWA) in Califor-
nia, the Low-Frequency Array (LOFAR) in the Netherlands, and the Experiment to Detect the Global Epoch of
Reionization Signature (EDGES) [2] in Australia are all terrestrial-based instruments.

Terrestrial factors greatly influence the sensitivity of these instruments. Modeling instrument variation has shown
that key systematics depend heavily on the beam of the antenna, and the beam is affected by factors such as the
composition of the ground plane, the shape of the ground plane, and even the shape of the horizon [1]. Soil,
vegetation, and atmospheric humidity also play an important role [3]. Other terrestrial factors include diffraction
in the ionosphere, which changes the effective beam pattern on the sky and absorbs incoming radio waves, and,
importantly, interference by radio signals such as the FM band which is visible most everywhere on Earth.

To mitigate the effects of human-made RFI, most 21-cm experiments are conducted in remote areas, where hu-
man activity is limited. Low-Earth orbit, or high-altitude balloon experiments, could possibly be an option for
alow-RFI environment. However, studies of the RFI environment for such experiments are needed. In addi-
tion, measuring the global 21-cm signal with an airborne instrument has not been attempted before, and requires
significant development to miniaturize the calibration and data recording hardware.
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3 RFI simulations of possible orbits and balloon tracks

To study the RFI environment in a near-space environment, population density maps, shipping routes, and FM radio
databases were surveyed, and simulations of the RFI environment for a hypothetical space-based 21-cm experiment
in low-Earth orbit or on a high pressure balloon were made. We compared the results of our simulations with RFI-
flagged data from EDGES, and Fig. 1 shows the results of these initial simulations. Over the same time period,
a space-based 21-cm experiment on a high pressure balloon flying at a roughly steady latitude of -47 * flagged
amuch lower percentage of RFI than EDGES did. The constant change in the RFI environment for an orbiting
space-based 21-cm experiment allows for a lower averaged percentage of data lost to RFI.

Figure 1. (top) Percentage of data flagged due to RFI on EDGES, a terrestrial global 21-cm experiment [2].
(bottom) Simulated percentage of data that would be flagged due to RFI on a hypothetical high-pressure balloon
experiment.

4 DORA Cubesat Spectrometer

DORA is a student-run cubesat program with a payload modeled after a miniaturized version of EDGES, sent to
low-Earth orbit for RFI monitoring of a space-like environment suitable for a 21-cm experiment. In this section,
[ will introduce the specifications of the "EDGES in Space" payload on the DORA cubesat. DORA has been
delivered to NASA in May 2024, is slated to launch in August 2024, and deploy from the ISS in September 2024.
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Figure 2. Block diagram of the DORA RF payload.
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The increasing demand for electromagnetic spectrum to support next-generation (xG) communication networks generates
unwanted radio frequency interference (RFI) in protected bands used for radio astronomy. Traditionally, RFI mitigation is
performed solely at the radio telescope without collaboration with the interfering sources. This study introduces a novel method
for signal characterization and subsequent cancellation by leveraging eigenspaces derived from both telescope and transmitter
signals. Unlike conventional time-frequency domain analyses, which are limited by fixed characterizations (e.g., complex
exponential in Fourier methods) and cannot adapt to changing statistics of the RFI observed in communication systems, our
approach provides a more adaptive solution. Using real-world astronomical signals and practical simulated LTE signals (both
downlink and uplink) as RFI sources, we evaluate our method's effectiveness under various propagation conditions based on
preset benchmarks and standards. Our analysis demonstrates that we can remove 89.04% of the RFI from cellular networks,
significantly reducing excision at the telescope and improving data throughput by making previously corrupted time-frequency
bins usable.

1. Introduction

Radio astronomy has significantly advanced our understanding of the universe through observations across the electromagnetic
spectrum. Despite this, only a small fraction (1-2%) of the spectrum below 50 GHz is allocated for scientific use, where most
commercial radio communication occurs. Expanding the observable spectrum is essential due to the red-shifting of spectral
lines caused by the expanding universe and the need for broad bandwidth radio continuum observations to increase the signal-
to-noise ratio of weak radio sources. To avoid RFI from human activities, radio telescopes are typically situated in remote areas.
However, with the increasing demand for spectrum by xG networks, the challenge of mitigating RFI in these protected bands
has become more critical.

This paper proposes a collaborative approach with cellular networks for RFI cancellation at radio telescopes. By utilizing
eigenspaces derived from both the telescope and transmitter signals, our method adapts to the changing statistical properties of
RFI, providing a more effective mitigation strategy compared to conventional time-frequency domain analyses.

2. Methodology

Our approach involves signal decomposition and reconstruction using singular spectrum analysis (SSA) based on the Karhunen-
Loéve transform (KLT, Figure 2). The LTE signal at the base station (BS) and the composite signal at the telescope are
decomposed to obtain eigenfunctions. In our SSA-based implementation of KLT, the window length (e.g. digital samples
window length) is empirically estimated to be L = 500, satisfying the necessary condition L > M, where M ~ 300 is the dominant
eigenspace dimensionality. RFI cancellation and reconstruction are performed under various wireless channel scenarios, with
reconstruction quality averaged over 100 simulations to smooth out any outlier behavior.
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Figure 1 Block diagram of the RFI collaborative cancellation concept between the antenna tower and the radio telescope.
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Figure 2 Geometry of KLT-based signal characterization.

3. Results

Experimental results using a downlink signal as RFI propagated through an AWGN channel establish a baseline for the
proposed RFI cancellation method. Parameter space exploration investigates the effects of interference-to-noise ratio (INR) at
the telescope, frame occupancy in LTE RFI, and time synchronization error between the RFI source and the telescope. Results

indicate that our method achieves a reconstructed quality factor (RQF) of 4.13¢e™ for the rectified astronomical signal at an
estimated INR of 5 dB at the telescope.

Further analysis shows that RQF decreases with increasing INR, as higher RFI power leads to better characterization and
improved reconstruction quality. The effect of time synchronization error between the BS and telescope is also investigated,
showing a maximum RQF of 4.6e™* at a 320 ns delay.
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Figure 3 Comparison between uncorrupted astronomical signal (galactic HI spectral line) in blue, RFI-corrupted signal involving a cellular downlink signal
(in yellow), and reconstructed signal in red after applying the proposed approach.

4. Conclusion

Our collaborative method with cellular networks for RFI cancellation significantly improves the quality of astronomical
observations by removing 89.04% of RFI from cellular networks. This approach reduces the need for excision at the telescope
and enhances data throughput by making previously unusable time-frequency bins available for scientific analysis. Future work
will focus on further refining the method and exploring its application to other communication systems.
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This abstract presents new results for pseudonymetry, a closed-loop feedback mechanism where active transmissions are
watermarked with a pseudonym that, if it interferes with a protected passive radio receiver, can be demodulated and used to
force the transmitter off the band. We focus on amplitude-based watermarking of orthogonal frequency division multiplexing
(OFDM) packets. Our findings quantify the ability of a passive receiver to decode the watermark at very low signal-to-noise
ratio (SNR) and assess the impact on the intended communication link. Using a testbed of software-defined radios, we
demonstrate that the experimental implementation of pseudonymetry closely matches the theoretical analysis. Our results
highlight a fundamental trade-off in the design of pseudonymetry for OFDM and provide a practical pseudonym receiver
design.

1. Introduction

The radio spectrum is a finite and crucial resource used for wireless communications, radio navigation, radio astronomy, and
Earth sensing services. Sharing spectrum between users is essential to meet growing demand in all these areas. However, radio
frequency interference (RFI) often dominates spectrum policy debates, leading to overly conservative propagation models that
protect primary users but limit reuse in areas where secondary users would unlikely interfere. For instance, the FCC allocation
of the 6-7 GHz band for indoor Wi-Fi 7 faced opposition from incumbent microwave tower operators, citing potential
interference and difficulties in identifying and removing specific interfering devices.

Despite large geographic radio quiet zones (RQZ) and regulatory interference protection rules, passive receivers like radio
telescopes increasingly suffer from interference from multiple sources. Coexistence between passive and active radio services
typically involves RFI detection and cancellation, interference thresholds and propagation models, or manual/nascent
technologies cooperation between users. Pseudonymetry, an interference remediation cooperative protocol, extends these
approaches by enabling the passive receiver to identify the interference source and submit its pseudonym to a database, ensuring
that the transmitter changes band.

2. System Model

Pseudonymetry involves passive receivers (primary users) and pseudonymetry transmitters (secondary users) using OFDM
modulation for data communication. The system includes a database for storing interference reports with decoded pseudonyms
and timestamps. Each pseudonymetry transmitter watermarks its transmitted signal with a low-rate pseudonym that can be
decoded by the passive receiver even when the received power is below the OFDM packet demodulation threshold. When
interference occurs, the passive receiver uploads an interference report to the database, and pseudonymetry transmitters must
periodically check the database and move off the channel if interference is reported.

'\\ = Measure Interference
Passive RX Level
« Decode pseudonym
Write Interference
Report

(@)
Pseudonymetry . Database
X Read Interference
Report

Figure 1 Pseudonymetry architecture with cooperation between the pseudonymetry transmitter and the passive receiver through a database.

Interference

3. Pseudonym Generation and Watermarking of OFDM
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We analyze the pulse amplitude modulation (PAM) watermarking scheme, where the watermarked transmit signal is given by:

N-1,K-1

) =[14+q®)] X VEsankpar(t — nTa)

n=0,k=0

where Ty is the data symbol period, ¢4 (t) is the orthonormal waveform for the data symbols, a, is the amplitude of the
waveform during the d-symbol period, and q(t) is the amplitude watermark signal.

The watermark signal q(t) is designed to be demodulated at very low SNR, balancing the trade-off between watermark
detection and the impact on data signal demodulation. Pseudonym bit decisions are made by comparing a short-term average
received power to a threshold.

A heuristic approach estimates the pseudonym receiver threshold by computing the average power for each p-symbol and
setting the threshold to the average of the middle 70% of the Z-values, disregarding the smallest and largest 15% of samples.
This method simplifies the receiver design and closely approximates the optimal threshold.

4. Performance Analysis

We derive theoretical formulas for the probability of pseudonym bit error at the passive receiver and the probability of data bit
error at the intended OFDM receiver. The average probability of error is a function of the modulation index, the number of data
samples per pseudonym symbol, and the energy per bit. Analytical results show that pseudonym bit detection is possible even
at low energy per bit Eb/NO values, while watermarking causes a small impact on the intended wireless system's data
demodulation performance.

5. Experiments

Experiments conducted on the Platform for Open Wireless Data-driven Experimental Research (POWDER) validate the
analysis. We use a testbed with software-defined radios (SDRs) to demonstrate low power pseudonym detection and compare
the heuristic threshold estimation with the Expectation Maximization (EM) algorithm and an ideal threshold. Results show that
the heuristic approach yields the best error performance.

P[Pseudonym Bit Error al Passive RX]

Eb/No [dB] at Passive RX

Figure 2 Probability of p-bit error vs. Eb/NO for the heuristic, EM, and ideal threshold estimation techniques.

6. Conclusion

Pseudonymetry is a cooperative spectrum sharing protocol enabling passive receivers and active wireless transmitters to coexist
by using RF signal watermarking and a database feedback loop to stop offending transmissions. Our study of OFDM signal
watermarking demonstrates that watermark detection is possible at low Eb/NO values, with minimal impact on OFDM data
demodulation. The practical pseudonym receiver implementation closely matches the theoretical performance, advancing
pseudonymetry system design for OFDM signals. Future work will explore further aspects of the pseudonymetry system,
including cost implications, integration with other sharing architectures, and security and privacy implications.
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Assessing and Mitigating RFI for the DSA-2000 : Comprehensive Analysis and Flagging Strategies
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The Deep Synoptic Array (DSA-2000) is a future survey radio telescope that will operate in the 0.7-2 GHz range, a frequency.
band heavily allocated to active services. This abstract provides a comprehensive list of radio frequency interference (RFI) in
the DSA-2000 band, describes the protocol to establish this list, and outlines the RFI mitigation strategies planned for the
telescope. Additionally, this paper addresses the problem of efficient and fast data flagging for the DSA-2000, which is crucial
due to its stringent requirements for real-time processing, sensitivity, and data quality.

1. Introduction

The DSA-2000, designed at the California Institute of Technology, is a planned survey radio telescope comprising 20005 -
meter dish antennas distributed over a 15x19 km elliptic area. It is optimized for radio surveys in terms of sensitivity and survey
speed, operating in the 0.7-2 GHz range. The telescope will achieve high sensitivity through a large collecting area and custom-
made non-cryo-cooled low-noise receivers, resulting in a system temperature of 25 K and a system-equivalent flux density
(SEFD) of 2.5 Jy. Survey speed is maximized by a wide field of view of 10.6 deg® and a near real-time imaging pipeline,
referred to as a "radio camera."

The DSA-2000 will face significant challenges from RFI due to its operating frequency range, which is nearly fully allocated
to active services. The Radio Astronomy Service (RAS) benefits from limited protections in approximately 3% of the DSA-
2000 frequency range through co-primary allocations enforced by the National Telecommunications and Information
Administration (NTIA). However, the remainder of the telescope frequency range is allocated to active services, including
terrestrial, airborne, and space-borne systems, which can cause interference.

2. RFI Levels and Survey

RFI impacts radio telescopes in various ways, classified into different levels based on their severity. Spectrum surveys have
been conducted at multiple DSA-2000 candidate sites to understand the RFI environment better. These surveys capture
spectrum data over the 0.5-2.5 GHz range using calibrated passive quasi-omnidirectional antennas connected to real-time
spectrum analyzers. The data collected are analyzed to identify active RF services that could interfere with the DSA-2000,
providing a comprehensive list of current and potential future sources of RFI.

The state of Nevada, with its low population density, low terrestrial radio infrastructure density, and topography featuring
natural radio frequency shielding, has been selected as the main candidate for hosting the DSA-2000 observatory. Despite this,
the telescope must still contend with terrestrial, airborne and space-borne services. Examples include terrestrial transmitters
such as cellular communications and point-to-point microwave links, aeronautical services (ADS-B), and satellites services
such as GNSS, satellite communications (Iridium, Inmarsat, Ligado), and NOAA satellites downlinks.
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Figure 1 Median and maximum spectra observed with a donut-shaped quasi-omni antenna from the DSA-2000 candidate site.
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Figure 2 Median and maximum spectra observed with a DSA-2000 prototype feed oriented towards the sky.

3. RFI Mitigation Strategies

The DSA-2000 will implement a multi-stage RFI mitigation strategy based on the present and future RFI surveys and the real-
time requirements of the telescope. These strategies include tunable notch filters in the analog signal chain to attenuate specific
bands, auto-correlation flaggers to identify misbehaving antennas, time-domain flaggers to blank high-power time samples
affected by wideband RF], visibility-domain flaggers to excise statistical outliers before the imaging process, and image quality
control flaggers to remove single-frequency channel images based on their noise properties.

4. Data Flagging in Real-Time Processing

Efficient on-the-fly data flagging is crucial for the DSA-2000 due to its real-time processing requirements. The data flagging
strategy for the DSA-2000 involves both the F-engine and X-engine levels. The F-engine, responsible for data digitization,
channelization, quantization, and packetization, deploys flaggers that detect data corruption by comparing the instantaneous
auto-correlation spectrum with a reference spectrum measured in a controlled environment. Deviations from the standard
spectrum indicate potential data corruption due to analog electronics failures or strong RFI.

At the X-engine level, more sensitive data quality assessments are required. The X-engine flaggers use spectral kurtosis to
detect non-Gaussianity in the data, which indicates the presence of RFI. The spectral kurtosis is calculated for local clusters of
visibilities, and clusters exceeding a specified threshold are flagged as erroneous and set to zero. This approach helps mitigate
the impact of RFI on the final data products by ensuring that corrupted data are identified and discarded before further
processing.

Figure 3 Clusters of visibilities at Dec = 88 degrees in the UV-domain for the DSA-2000 configuration.

5. Conclusion

The DSA-2000 faces significant challenges from RFI due to its operating frequency range. This paper provides a comprehensive
assessment of the RFI environment for the DSA-2000 and outlines the planned mitigation strategies. The implementation of
multi-stage RFI mitigation techniques and efficient real-time data flagging strategies will enable the DSA-2000 to achieve its
scientific objectives while minimizing the impact of RFI. Future work will focus on evaluating the performance of these
approaches with real and simulated telescope data to ensure their effectiveness and optimize the detection and false alarm rates.

71



6" RFI Conference, Bariloche, Argentina, 14-18 October 2024 n ﬂ
A An A l'\_,
WA

RFI 2024
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Abstract

The Giant Meter Wave Radio Telescope (GMRT) array is spread over 14 km radial distance with 30
antennas of 45-meter diameter covering 100 MHz — 1500 MHz frequency band'-2. The telescope is located
away from cities and free from industries with thin population in and around the array. Over two decades with
increase in human settlement, advancement in communication, transport, industries, electrical power lines and
modern equipment for better living standards have increased the radio frequency interference (RFI) to the
GMRT array telescope. Figure 1.0 shows the RFI ambience recorded over a decade at the upgraded GMRT
array. Ever-increasing interference affecting the RFI ambience around the GMRT and affect the sensitivity of
the telescope by increasing the receiver temperature with interference in addition to the loss of usable RF
spectrum.

Protecting the RFI ambience in and around GMRT is a challenge with a seamless frequency coverage using
wideband feed and receiver systems operating at lower frequency band. This paper presents the selective RFI
mitigation methods adopted for various internal and external sources of interference to the telescope, giving
the types of interferences with statistics over decades and different solutions adopted to each source of RFI-to
protect uGMRT from the ever-increasing RFI for continued quality of observation. The paper presents the
various solutions adopted to sustain with interferences like mobile signals®, satellite interference®, aircraft
signals, wireless signals and TV transmission.

In addition, the effect of strong interference on the receiver dynamic range and performance degradation
is studied and the modifications to the receiver system is presented here with a narrow band low noise
amplifier to reduce out of band interference, switchable notch filters down the receiver chain which can be
turned ON and OFF when needed, variable attenuator to bring the receiver to linear operation in the presence
of strong interference. Finally, the paper presents some of the other challenges in protecting the RFI ambience
around the uGMRT array with 5G transmission, Railway line, increasing industries, power line with
government regulatory authorities.

Keywords—Radio frequency interference, Radio astronomy, Radio Telescope, RFI Mitigation
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Figure 1. RFI ambience at uGMRT from the year 2015 to 2024.
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1 Introduction

In 2003 the International Telecommunication Union (ITU) decided to assign the frequency bands 5.150-5.350 and
5.470-5.725 GHz to wireless access systems, including Wireless/Radio Local Area Networks (WLAN/RLAN), as
long as they do not cause interference to existing systems that operate in these bands, such as C-band weather
radars. The idea was that they coexist with weather radars, requiring wireless access systems to use a dynamic
frequency selection function (DFS) to check for the presence of radar signals before transmitting on a given chan-
nel. However, even today interference caused by WLAN/LAN networks to C-band weather radars is one of the
limiting factors of their performance [1]. Figure 1(a) shows the reflectivity plan position indicator (PPI) of the
measurements collected by the RMA1 Argentinian C-band weather radar, located in Cérdoba city. The data were
recorded on September 7, 2018, under clear air conditions. The PPI corresponds to a complete sweep of the hor-
izontal polarization (HH), at 0.5 degrees elevation. In the image the segments of lines oriented radially of low to
medium reflectivity values correspond to received signals of telecommunication links devices. In general, they
are WiFi signals, i.e. signals of wireless local area networking devices based on the IEEE802.11 standard [2]. A
challenge of the signal processing stage consist in identify the WiFi interference in order to reduce its effect over
the weather radar products. There are techniques that identify the WiFi signals based on polarization properties
[3] and others that identify them by image processing methods [4]. It is also possible to detect the interference
using the deterministic waveform of the WiFi preamble at the matched filter output [5]. In this work, we tackle the
problem of identify the WiFi interference in the weather radar from the periodic components of its signal structure.

2 WiFi detection algorithm

The IEEE standards 802.11a,ac,ax describe the physical layer specifications for WiFi systems that use orthogonal
frequency division multiplexing (OFDM) in the 5 GHz band [2]. The data packets of the different clauses contain
a preamble compatible with standard 802.11a operating in a 20 MHz channel bandwidth in the 5 GHz band. This
preamble consists of a sequence of ten short symbols followed by a sequence of two long symbols. Each short
symbol has a duration of 0.8 us which results in a periodicity of this time interval. The long symbols have a length
of 3.2 us with a cyclic prefix of 1.6 us, which gives a total preamble duration of 16 us. Even when the C band
weather radar systems operate in the same carrier frequencies range, the WiFi signal is completely distorted by
the radar front-end and matched filter, because the system bandwidth and sample frequency are different to the
required for the interference signal. However, the periodic structures of the preamble remain after matched filter
output. This can be observed in Figure 1(b), where it is showed the in-phase component of a WiFi interference
at this radar matched filter output. The signal corresponds to one pulse of the dataset described in the previous
section, where there are only two WiFi signal packets plus noise.

In digital communication systems the periodic structures of the training sequences are used to symbol timing
detection and to measure the carrier frequency offset [6]. One simple method is the delay and correlate algorithm,
which searches for repetition in the received signal using a correlator and a maximum searcher. Lety[m] be the
received discrete-time baseband signal, then the auto-correlation, r[k], of the received signal is given by

M-1
K =S y'[m+kly[m+k+L], 1)
m=0

where M is the repetition interval length and L is the separation between two adjacent intervals.
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Figure 1. (a) PPI of reflectivity. (b) WiFi signal in weather data recorded. (c) Modulus of the weather data recorded
auto-correlation. (d) Block diagram of the detection algorithm.

In this work, we present an algorithm to detect the WiFi signal over the data acquired for weather radars, based on
the ideas used in digital communication systems. The detection strategy consists in an hypothesis test that employs
the modulus of the auto-correlation r[k] as the decision statistic, which is compared with a threshold, #. Figure
1(c) shows |r[K]| for the same signal of the Figure 1(b), where M and L have been set with the number of samples
corresponding to the half of the length of the short symbols training sequence. The result shows that |r[k]| has a
maximum peak at the beggining of each WiFi signal packet. Figure 1(d) shows the block diagram of the detection
algorithm, where y[m] represents the baseband radar received signal. The work includes the derivation of the test,
that allows to determine the threshold value, the performance evaluation and the validation using real weather data.
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1. Introduction

The radio spectrum is used by both ‘active’ services which radiate electromagnetic energy, and ‘passive’ services which
receive radiation emitted from natural sources. Active services include cellular telephony and wireless internet; passive
services include radio astronomy observations and remote sensing. So far, distinct frequency bands have been allocated for
the different services. It has now been realized that this classic model of spectrum allocation cannot accommodate the
demand for next-generation communication technology. One proposal to meet this mounting demand is for services to share
spectrum dynamically. New and advanced technological solutions are required before dynamic spectral sharing can be
implemented [1].

Our current research activities are centered around developing technology for dynamic spectrum-sharing to be used in radio
astronomy applications. The areas we focus on are the development of (1) high-dynamic-range receiver systems, (2) radio
frequency interference (RFI) mitigation techniques, and (3) an experimental setup for real-time implementation and testing of
mitigation algorithms. A development setup is being built at the Experimental Astronomy Lab (EAL), University of Central
Florida, to facilitate this research. We provide a description of the development setup in this paper.

2. Initial Development Setup

Our initial development setup consists of a 4-channel voltage recording system. Such a system will allow us to experiment
with developing high-dynamic range receivers [see 2] and also make it possible for us to obtain data for off-line development
of RFI mitigation techniques in the voltage and correlation domains. It would also be a prototype of the backend for the
experimental setup that we would like to establish in the future. A simplified block diagram of the system is shown in Fig. 1
(top left). The system consists of an analog part, RFSoC 4x2 based digitizers, a 100 GbE link to transport the digitized
voltages to a data acquisition computer and a Graphic processor unit (GPU) to accelerate signal processing. We implemented
the analog circuitry using commercial components to have a high dynamic range (> 40 dB). This dynamic range is adequate
to interface the system to the Deployable Low-band lonospheric and Transient Experiment (DLITE) facility at Malabar,
Florida, for initial testing and experimentation.

The RFSoC 4x2 board provides access to four 14-bit analog to digital converters (ADCs) in the AMD XCZU48DR Field
Programmable Gate Array (FPGA). We have two modes of operation implemented in the FPGA firmware. In the first mode,
the four analog inputs are sampled at 61.4 MHz, which provides a maximum operating baseband bandwidth of ~30 MHz. The
digitized data from the four channels are transported to the acquisition computer through a 100 GbE link. The data rate to the
acquisition computer is 3.7 Gbps. We record the data to 4 solid state disks (SSDs) attached to a PCIe SSD expansion card.
The 4 TB capacity of the SSDs allows us to record data up to 2 hours from the 4 channel. In the second mode, the four analog
inputs are sampled at 245.76 MHz, which provides a maximum operating baseband bandwidth of ~122 MHz. We plan to pass
the data through the GPU in this mode for real-time implementation and testing of RFI mitigation algorithms. Currently, the
digitized data taken with the second mode is recorded to the SSDs in a non-contiguous fashion for testing. Results from lab
tests of the system are shown in Fig. 1 (right).

We are in the process of connecting the system to the DLITE-Malabar station. Two channels will be connected to the
telescope, and the other two will be connected to a dual polarization reference antenna. These data sets will be used to
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develop and test RFI mitigation strategies and techniques. We envision that our current efforts will lead to the creation of an
experimental setup capable of acquiring data from a telescope and multiple reference antennas. This setup will help develop
and test the real-time implementation of RFI mitigation techniques for radio astronomy.
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Figure 1. (top-left) A block diagram of the development setup built at the Experimental Astronomy Lab, UCF.
(bottom-left): Undergraduate students working at the EAL. From left to right: N. Patel, W. Dellinger and E. Armas. (Right):
The measured spectrum of a 96 MHz sine wave input to the system is shown in the bottom. For comparison the spectrum of

the input signal measured using a spectrum analyzer is shown on the top. The level of the second harmonic relative to the
fundamental is similar in both cases. The sampling frequency used was 245.76 MHz and so the second harmonic appears at
the aliased frequency in the measured spectrum.
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1 Abstract

The study of transient cosmic radio signals in astronomy has become extremely attractive in the last two decades,
with discoveries such as Fast Radio Bursts (FRBs) and the presence of transient radio pulses in sources such as
magnetars [1,2]. One of the major challenges in this field is to determine whether detected pulses are from an
astronomical source or from terrestrial radio frequency interference (RFI). In the search for single pulses from
both known astronomical sources, such as magnetars, and unknown sources, a dispersion measure (DM) search for
single pulses is one of the main methods to detect them [3]. When the DM of the source is known, it is common
practice to dedisperse the observation file only at the source’s DM to search for single pulses, or to record the data
using coherent dedispersion, which produces a file that is dedipersed at the specified value. When searching over
arange of DM values, one would expect RFI to appear at low DM values. Only in cases where the RFI is intense
could it be seen at higher values of DM, as shown in Figure 1.
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Figure 1. Figure taken from Cordes & McLaughlin work [3]. It shows a single-pulse search for the Crab pulsar.
The pulsar has a DM of 56.8 pc cm3. The lower plot shows all pulses detected in each time series that were
dedispersed at a different DM value. The size of the circle is linearly proportional to the S/N of the pulse. Pulses
from the Crab are detected around the DM channel of 60. At 90 sec we see a column that crosses all DM channels,
corresponding to a strong RFI.
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We conducted a 10-day monitoring campaign of the radio-loud magnetar J1622-4950 from March 3, 2023 to March
12,2023. We performed a single pulse search using the PulsaR Exploration and Search TOolkit (PRESTO) [4]
software. We observed with the Instituto Argentino de Radioastronomia (1AR) radio telescopes "Carlos Varsavsky"
(A1) and "Esteban Bajaja" (A2). Each antenna used a ROACH board in the receiver. For both antennas, the
acquisition configuration was two circular polarizations with a center frequency of 1400 MHz and a total bandwidth
of 400 MHz, with 512 frequency channels. Both antennas had a sampling time of 82 us. This report focuses on
the observations made with A2 because they were cleaner in terms of RFL

While searching for pulsed radio emission from the magnetar, we found a periodic RFI with a period of about 10
seconds, consisting of a group of narrow pulses. The intriguing feature of this interference was that, after appearing
and disappearing atlow DM values, it reappeared at at least two specific higher DM values. We observed this
feature on at least two of the ten days of observation. This behavior suggests that the interference was reconstructed
atthese DM values. At higher DM values, the RFI appears slightly shifted in time compared to the time series
at DM=0. The general shape changes a little, but still consists of a group of narrow pulses. The presence of
this RFI encourages us to be even more cautious when looking for transient emission in a limited DM range, as
simply analyzing a limited range could lead to misinterpretation. It also emphasizes the importance of algorithms
to distinguish between astronomical signals and RFI.
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Figure 2. Single pulse search on March 6, 2023 for magnetar J1622-4950. The search was performed in a DM
range of 0 < DM < 900. We can see that there is a lot of RFl at low DMs, and at DM ~ 520 and DM ~ 780 some
RFI reappears with a higher SN than in the previous DM values. This can also be seen in the upper middle and
right panels. The upper middle panel shows a histogram of the number of pulses vs. DM, and the right panel shows
the distribution of SN vs. DM.

We have not identified the source of this periodic disturbance. It is present in observations made to date, although
the previously reconstructed behavior is not replicated in every observation.
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1 Introduction

Passive microwave remote sensing is widely used for numerous Earth Observation applications. Nowadays, it
plays a crucial role in monitoring Earth’s climate by measuring sea surface temperature, atmospheric water vapor,
sea ice extent, and soil moisture, among many other variables. The widespread adoption of Global Navigation
Satellite System (GNSS) signals is increasingly evident, driven by the expanding number of services relying on
them for positioning, timing, and, more recently, Earth Observation applications such as GNSS-Radio Occultations
(GNSS-RO) and GNSS-Reflectometry (GNSS-R). Both of these systems work with very faint signals, the latter
even below the noise floor of commercial receivers, and are easily disturbed by Radio-Frequency Interference
(RFD) [1].

Efforts to detect, locate, and record RFI signals are imperative for the comprehensive characterization of inter-
ference events and the formulation of effective mitigation strategies. A preliminary system demonstrating these
capabilities was detailed in [2], featuring a GNSS L1/E1 band detection and location system with 2 MHz band-
width. An enhanced iteration with a broader 100 MHz bandwidth was presented in [3]. In this work, the focus
is placed on refining the detection algorithms for unidentified RFI signals in GNSS or passive microwave remote
sensing bands, pinpointing the geographical origins of RFI sources, and employing Machine Learning techniques
for the classification of interference events. In some cases, positional information allows for null-steering or shield-
ing to mitigate RFI effects, whereas depending on the signal type, pulse blanking or signal excision are preferable.
Deep learning, particularly neural networks [4], has shown success in RF signal classification. Convolutional Neu-
ral Networks (CNNs) can capture spatial patterns in spectrogram data, while recurrent neural networks (RNNs)
can capture temporal dependencies in time-series signals.

2 Signal capture

Signal capture is performed using an evolved version of the L-RARO RFI Detection system [2], named RFI Detec-
tion, Location, and Classification (RFI-DLC) [3]. In the following subsections, both the hardware and processing
algorithms to generate the datasets are presented.

RFI-DLC is based on multiple Software-Defined Radios working in parallel as 6 different RF chains. The antenna
of each RF chain conforming a Uniform Circular Array has a ~602 beamwidth at -3 dB in the horizontal and
vertical planes. By looking to the center from which a particular RFI arrives more strongly, these elements allow
for the determination of the AOA with 602 of resolution in azimuth. Further improvements can be obtained by
comparing the intensities of the RFIs as weighted by the antenna patterns of the array elements. The best Angle of
Arrival (AoA) accuracy could be achieved by comparing the phase of the signals collected in consecutive elements,
but this would require synchronous local oscillators (LOs) among the receivers, which was out of the scope for this
project. The SDR used is based on the commercial Analog Devices 9363 Agile transceiver, coupled with a Xilinx
Zynq Z7010 FPGA for signal processing. The receiving frequency can be tuned within the range defined by the
GNSS monitoring requirement (L1/E1 + 50 MHz), and it supports a sustained processing bandwidth of 4 MHz.
Each SDR device samples the corresponding antenna signal at least at 4 MSps with a scanning strategy, looping
through the 100 MHz band of interest, and performing RFI detection techniques.
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Using signal processing together with a certain number of predefined RFI types, certain parameters are estimated
on a best effort basis (Fig. 1).

+ Kurtosis (Normality Test) RFI detection [5]: A statistical fourth-order derived moment able to determine
ifthe received signal (GNSS plus thermal noise) contains any RFI signal. Temporal and Spectral Kurtosis
are computed for robustness against blind spots.

¢+ Spectrogram-based RFI detection and characterization [6]: Detect time and frequency anomalies in the
GNSS signal and spectrum.

+ Parameter extraction [7]: Extracting parameters from received signals through digital signal processing.
The parameters that can be currently estimated are RFI Type (CW, Narrowband, Wideband, Chirp, and
Pulsed), Center Frequency, Bandwidth, Power, Pulse Repetition Frequency, Duty Cycle, and Angle of Ar-
rival.

3 Machine learning classification

Several factors contribute to the complexity of classifying RFI signals. RFI signals can come from a wide range of
sources, both intentional and unintentional. These sources may emit signals with varying characteristics, making
it challenging to develop a one-size-fits-all classification approach. The radio frequency environment is extremely
dynamic, with changes in interference patterns occurring over time. New sources of interference may emerge, and
existing ones may change their characteristics. This dynamic nature requires adaptive and real-time classification
techniques, as only the Karhunen-Loéve Transform (KLT) is absolutely agnostic to the RFI type [8]. RFI signals
can exhibit complex and non-linear characteristics, often overlapping with legitimate signals. To address these
challenges, machine learning and signal processing techniques are often employed for RFI signal classification
[9]- These approaches leverage features extracted from the signal data (presented in the previous sections) to train
models that can differentiate between interference and legitimate signals.

Convolutional Neural Networks (CNNs) are well-suited for processing grid-structured data, making them effective
for RF signal classification tasks involving spectrogram data [10]. They can automatically learn hierarchical fea-
tures and patterns from the input signals. Recurrent Neural Networks (RNNs) are designed for handling sequential
data and are suitable for RF signals that exhibit temporal dependencies [11]. Long Short-Term Memory (LSTM)
networks and Gated Recurrent Units (GRUs) are popular RNN architectures that can capture long-range depen-
dencies in time-series signals. Autoencoders can be used for unsupervised feature learning [12]. By training an
autoencoder on RF signal data, the network can learn a compact representation of the input signals. The encoded
features can then be used for classification tasks. Due to the readily available labelled RFI data obtained from
the classification algorithm shown in Fig. 1, an initial training of the network can be performed. Both CNN and
RNNs can be used as classifiers for this task, which will approximate the performance of the original classification
algorithm. Further improvements will be obtained through the use of transfer learning and autoencoders. Trans-
fer learning involves pre-training a neural network on a large dataset and then fine-tuning it. Through the use of
autoencoders and similar unsupervised networks, new training data can be captured and used for the classification
that the algorithm could not deal with, such as overlapping RFL

4 Conclusion

Employing machine learning for Radio-Frequency Interference (RFI) classification can provide a way of identi-
fying and managing unwanted signals that arrive in unknown clusters and configurations. By building on top of
proven signal processing algorithms for the initial training, and using unsupervised learning to refine the algorithm,
we can adapt to unknown signals. These adaptive algorithms enhance accuracy, providing an efficient and dynamic
approach to distinguish interference from genuine signals. Results of the training process will be presented in the
conference.
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Figure 1. Signal processing algorithm for a priori classification of detected signals and parameter extraction.
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(b) Time and Frequency Kurtosis estimation in real-time, un-

(a) Instantaneous and noise floor power estimation of the in- der the influence of a Pulsed RFI with a 50% duty cycle that
coming signal, showing how RFI does not perturb the noise goes undetected due to the blind spot of the Time Kurtosis, but
floor estimation. is properly detected in the Frequency Kurtosis.

Figure 2. Real-time parameter estimation of Instantaneous Power, Noise floor, Frequency Kurtosis, and Time
Kurtosis, under the effects of a time-limited Continous Wave RFI in Fig. 2a, and a Pulsed RFI in Fig. 2b.
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1. Abstract

To satisfy the rising electricity demand and reduce carbon emissions at the same time, the Government of India has established
a program to use renewable energy as an alternative source for energy requirements. The GMRT"2 proposes to install a solar
power plant in the observatory premises for captive usage to comply with the policy requirements for High Tension (HT)
consumers. GMRT plans to install ~ 400 KVA solar inverter systems to power 90% of the power required for the central
electronics building at the array center. It is understood that all the DC and solar inverter systems are exempted from FCC
Section 15, Class B regulations; therefore the commercially available solar inverters tend to produce strong broadband radio
frequency interference. The broadband noise consists of high amplitude transient harmonic voltage spikes, ripples with discrete

lines in the multiples of switching frequency which go all the way up to a few GHz. The power converters that useS Wide Band
Gap (WBG) insulated-gate bipolar transistors (IGBT), Silicon Carbide (SiC) metal-oxide-semiconductor-field-effect transistors
(MOSFETs) work at high frequencies and the microcontrollers are the primary  sources of interference in the solar inverter
systems. The second potential source of interference from solar inverter systems is through Conducted Emissions (CE) towards
Solar panel and Radiated Emissions (RE) from off the panel. On the one hand, GMRT is a very sensitive low-frequency radio
telescope, one has to be very careful and curb any self-generated RFI.  On the other hand, the requirement to respect the
norms for manufacturer warranty to remain valid, prevent us from designing a RFI mitigation solution requiring modifications
to the hardware. To simultaneously meet these conflicting requirements, we have implemented a generic shielding solution *#3,
The first level of shielding is provided to the inverter as shown in figure 1. The second level of shielding is provided by,
equipping the shielded inverter inside the marine grade container provided with suitable HVAC system, power cables,
waveguides and power line filters. The RFI measurement results for a 27KVA solar inverter system taken as a case study is
shown in figure 2 and figure 3 giving around 80 dB RF isolation. The communication with Inverter is established through fiber-
based Ethernet connectivity for remote monitoring. The in-house developed shielded enclosure for the 400KVA solar power
plant is cost-effective and suitable for outdoor installation with a RF isolation greater than 80 dB. As additional effort to lessen
our carbon footprint and reduce power consumption, this paper also presents EMC performance of RFI-free LED lighting with
motion sensor developed in-house for deployment at the central facility of the observatory.

Fronius Eco 27kW solar inverter shielded enclosure RF isolation performance result
1 By A1 Lab (GMRT)
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Figure 1.0 Prototype solar inverter with ~ Figure 2.0 Shows the shielding Figure 3.0 Shows clean spectrum at
shielded enclosure. effectiveness of the shielded enclosure.  147.3 MHz with shielded enclosure.

Keywords—Radio frequency interference, Solar power, RF shielding, Radio Astronomy.
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RFI monitoring at ALMA
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An overview of the JAO spectrum management office plans for monitoring RFI at the ALMA site.
1 Introduction

The ALMA operational spectrum spans 35 - 950 GHz, divided in 10 non-contiguous frequency bands. Atmo-
spheric water vapor attenuates emissions strongly within a large fraction of this frequency range. Also, the ALMA
site is far enough from urban areas and is shielded from most ground-based emissions through distance. Hence,
the risk of RFI is highest from sources in the proximity of the ALMA site [1].

2 RFIatALMA

RFI has been identified from some of the ALMA systems. Other observatories on the Altiplano are also potential
sources of emission with sufficient power to produce RFI at ALMA. To minimize this risk, operations between the
observatories are coordinated by the JAO spectrum management office in collaboration with the members from the
other observatories.

Emissions from telecommunication satellites operating over Chile pose an additional risk of RFI from the sky,
for which ALMA does not have any protection. At this moment, SpaceX Starlink and Amazon Kuiper satellite
constellations have been granted permission by SubTel, the regulatory authority for spectrum management in Chile,
to operate seven and one gateway stations respectively in Chile. The nearest gateway station to ALMA is 540 km
south-west of the ALMA site. We consider this distance sufficient to safeguard the ALMA systems from potential
RFI due to the downlink signals to the gateway station.

3 Monitoring plan

It is in that context that the JAO spectrum management office has started a plan for RFI monitoring at the ALMA
site, with multiple goals. The first step is to create a database of RFI. Such a database will be created using
the ALMA receivers and antennas, thus reaching a sensitivity level comparable to ALMA single-dish science
observations. Secondly, such knowledge of RFI levels, frequencies and possibly coordinates, will be used to
develop mitigation strategies such as data excision and coordinated observing plans. Moreover, this knowledge
will also serve as a baseline to monitor impact and evolution of the RFI at the site in the coming years.
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Driven by technological advances and economics, an era of large satellite constellations has begun. This has led to a dramatic
increase in the number of satellites in low Earth orbit (LEO) and with that an increase of transmissions into even the most
remote areas on Earth and which are directly impacting radio and optical astronomical facilities. With the first launch of
satellites by SpaceX for the Starlink satellite internet constellation in 2019, the National Science Foundation and SpaceX
established a coordination agreement to ensure that this new satellite constellation meets international radio astronomy
protection standards and to mitigate the impact on ground-based radio astronomy facilities. This agreement was amended in
2023 to include considerations for optical astronomy. Since then, additional coordination agreements have been established or
are in the process of finalizing to include other emerging constellations, such as Amazon Kuiper or Eutelsat OneWeb. This
presentation will include a broad overview of the content of these coordination agreements and provide a summary of recent
experiments and measures for co-existence of radio astronomy facilities in an environment of growing satellite constellations
in non-GSO orbits.

1. Satellite Coordination Agreements

The first coordination agreement between SpaceX and NSF set the stage and provided an example for close collaboration
between the astronomical community and operators of large satellite constellations in planning, deployment, and during
operation of fleets consisting of hundreds to tens of thousands of satellites. These agreements attempt to benefit the astronomical
community and reduce the impact of these constellations on astronomical observations. We will be providing an overview and
summary of the current state of coordination agreements, the benefits and challenges they provide for both parties involved,
and how they could serve as an example for the global industry.

2. Coordinated Testing with the Starlink Satellite Constellation

Facilitated by NSF’s coordination agreement, the National Radio Astronomy Observatory (NRAO) and Green Bank
Observatory (GBO) in 2019 started working directly with SpaceX to jointly analyze and minimize the potential impacts from
the Starlink system. We will provide a summary of coordinated testing that has been performed at the Green Bank Telescope
(GBT) in the U.S. National Radio Quiet Zone and at the Karl G. Jansky Very Large Array (VLA) in New Mexico. These
experiments include the deployment of Starlink User Terminals near the GBT and VLA, testing of frequency shifting and
boresight avoidance, and testing in anticipation of Starlink providing supplemental coverage from space directly to mobile
phones.

3. Operational Data Sharing (ODS) Framework

Coordinated testing with Starlink has led to the development of a sharing framework of current telescope status with satellite
constellation operators. This operational data sharing (ODS) database allows satellite service providers to query telescope status
through a representational state transfer (REST) API. Satellite constellations can use the observational metadata to adjust their
transmission properties in real-time to avoid sensitive radio astronomy facilities. We will be presenting an overview of the ODS
implementation and results from coordinated tests with VLA, the GBT, and the SpaceX Starlink team. The ODS framework is
planned to be fully deployed and in production at the VLA by fall 2024.
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Observations and simulations on the impact of satellite constellations on SKA Band 5
with the Onsala Twin Telescope

Authors: Hao Qiu (SKAO); Gary Hovey (Chalmers); Federico Di Vruno (SKAO)

The 10.6 GHz -10.7 GHz frequency range is an allocated band for Radio Astronomy. Recent
satellite constellations aim to provide broadband internet such as OneWeb and Starlink are
known to operate between the 10.7-15 GHz frequency bands. This also presents a
challenging environment for the operation of sensitive wideband receivers on radio
telescopes such as the Band 5b for the upcoming SKA-mid telescope as adjacent frequency
channels may be polluted.

Recent spectrum management compatibility studies have limited the use between
10.7-10.95 GHz to protect the allocated Radio Astronomy frequencies.

We present observation results of OneWeb satellites with the Onsala Twin Telescope at
10.7-12.7 GHz to follow up on the practical implementation of the new regulations and
impact to observation data.

Using real-time observation data of satellite emission properties, we present a software
package to model the effect of satellite active emission for observation planning at telescope
sites across the world. We demonstrate using real-time satellite coordinates, how the SKAO
will be able to deploy this as an observation planning tool to actively avoid high
contamination from known satellite RFI sources.
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1. Introduction

For the past 15 years, the National Weather Service (NWS) has been using microwave sounder measurements operationally,
from the Joint Polar Satellite System (JPSS) Program [1] satellites to produce weather forecasting worldwide. The weather
forecasts are assimilating 3D atmospheric temperature and water vapor profiles from the microwave Advanced Technology
Microwave Sounder (ATMS) from S-NPP, NOAA-20 and NOAA-21 and will also include data from two more ATMS units
scheduled to be launched in 2027 and ~2032. ATMS was designed in the 1990’s when Radio Frequency Interference (RFI) in
was not an issue at sounding frequencies (20-200 GHz). Therefore, their design did not include RFI detection capabilities.
However, given recent frequency allocations for communication applications at frequencies close to sounding frequencies, RFI
is a new threat that needs to be assessed for ATMS and for future microwave sounders.

Figure 1 presents the zenith opacity as function of frequency [2]. The vertical black lines on this graph illustrates the location
in frequency of the ATMS window and sounding channels. The color boxes highlight the frequency ranges where potential RFI
threats are located. On this figure, three potential RFI sources have been identified. The first one is the 5G FR2 band (red box)
which covers frequencies close to the first two ATMS channels (23 and 31 GHz). The second one concerns ATMS channels 3
and 4 (50 GHz) potentially impacted by Space X Earth to Space transmissions (blue box) in the recently-approved 47.2-50.2
GHz and 50.4-51.4 GHz ranges. The third potential source of RFI is located towards the higher frequencies and could impact
ATMS channel 16 due to the use of the 8§1-86 GHz by Space X to downlink data (green box). Given those potential RFI threats,
the next generation of microwave sounders need to include RFI detection capabilities to limit the impact of undetected RFI as
this could lead to incorrect weather forecasts.
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Figure 1: RFI Threats to ATMS window and sounding channels

In that context, the Near Earth Observing Network (NEON) program [3] which is the follow on to the JPSS program aims to
design and launch 12 new microwave Sounders for Microwave-Based Applications (SMBA). Among the new features, the
design of SMBA instruments will include RFI detection capability. For this conference, the study focuses on simulating the
future microwave sounder measurements in presence of 5G RFI signals and on the development of new RFI detection strategies.

2. Initial Results and next steps

The initial step of this study consisted in understanding the nature of 5G signals. Figure 2 presents an example of the simulation
of 5G signal in the FR2 Frequency Band () in the uplink configuration. The spectrum of this simulated 5G signal is illustrated
in the left plot and demonstrates the broadband characteristics of 5G signals. It can also be noted that 5G signals exhibit
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significant sidebands that might impact microwave sounders channels if 5G base stations and users are emitting in frequency
bands adjacent to the sounding frequency channels.

The histogram on the right of Figure 2 shows the distribution of the time samples of the 5G signal and highlights the Gaussian
shape of the distribution. This indicates that individual 5G signals will tend to act like broadband RFI and present similar
characteristics to the uncontaminated white noise that is measured by a radiometer. This means that the contribution of a 5G
signal and the underlying targeted scene is going to be more complicated to distinguish from one another. Additionnaly,
telecommunication signals and therefore 5 signals are expected to be low power radiating upwards to Space creating insidious
RFI which is a major concern as undetected RFI could bias weather forecasts.
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Figure 2: Example of 5G signal waveform (left) and their distribution in the time domain (right)

The goal of this work is to determine the best detection approach to detect RFI with 5G signal characteristics, i.e broadband
signals with a low Signal to Noise Ratio (SNR). RFI detection algorithms have been implemented for NASA’s Soil Moisture
Active/Passive (SMAP) mission. However, in this case, the SMAP radiometer operates at L-Band and the RFI encountered at
those frequencies were observed to be mostly narrowband, high power, pulsed RFI sources. Figure 3 presents an example of
the probability of detection of 4 of the SMAP RFI detection algorithms [4] as a function of SNR for a narrowband RFI source
(left) and for a broadband RFI source (right). It can be observed that the current algorithms work well to detect RFI when the
SNR is moderate or large and when the source is narrowband but they fail in the case of low SNR broadband RFI sources (as
highlighted by the red box). This indicates that these detectors will unlikely be successful for the detection of 5G signals and
new approaches are needed. The next step of this study is to implement and test new RFI detection approaches that will be able
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Figure 3: Probability of Detection of RFI detectors for a narrowband source RFI (left) and broadband RFI source
(right) in a SMAP-like configuration

to detect low SNR, broadband signals. Traditional signal processing methods (cyclostationarity for instance) are being explored,
and their performance will be assessed and reported at the time of the conference.

It is also important to consider the problem from the perspective of the victim (the radiometer onboard a satellite) and the
simulation should generate an aggregation of thousands of 5G signals reaching the instrument which would represent the
contribution of thousands of users observed within the radiometer footprint. The detection methods developed in the first step
would also be tested on aggregated 5G signals and their performance will be assessed for different parameters (SNR, Frequency
impacted, probability of detection, false alarm rates...).

This work is an important part of a simulation tool that is currently being developed for the NEON program. This tool aims to
simulate realistic 5G networks over a targeted area on Earth and to produce the aggregated 5G signals that will then be received
by the instrument. The status of the simulation tool will also be reported in the presentation.
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Radio frequency interference (RFI) is a well-known problem in low-frequency radar remote sensing. In synthetic aperture
radar (SAR) image processing, RFI can severely degrade image quality, distort polarimetric signatures, and increase SAR
phase noise levels. To address this, a set of algorithms have been implemented in the SAOCOM data processing chain, which
reliably detect and mitigate RFI in SAR observations. Furthermore, data on RFI detection from all SAOCOM acquisitions is
stored in the SAR Engineering and Calibration Facility databases. This information is used to map RFI presence globally and
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over different time periods, providing valuable input for SAR system operations.
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Figure 1. RFI monitoring maps example, derived from time domain interference detection algorithms over SAOCOM
satellites data during the first semester of 2023
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1. Introduction

Radio local area networks (RLAN), such as those generated by conventional routers can interfere weather radar signals, what
represents a significant challenge, both in the context of real-time analysis of imagery at a forecast office and in the context of
quantitative applications such as precipitation estimation [1, 2]. Interference is expected when the transmitting wireless device
operates in a frequency close to that of the radars. These signals, when received by the radar and processed as genuine,
backscattered echoes appear mostly as radial lines on radar images and, as a result, contaminate the data for all applications.

Since 2011, there has been an increasing interference of radar data in Argentina by RLAN signals within the protected portion
of the spectrum on C-band (5600 to 5650 MHz as indicated by the National Radiocommunication Administration) [3]. This
interference has been particularly severe since late 2012. As observed in [1], in 2015 data of almost half of the radar coverage
was contaminated, with reflectivity values close to the ones generated by heavy rain and hailstones (>55 dBZ). As a national
project for radarization of the country became a reality [4], the necessity for accounting for the causes and location of the
sources became apparent. The majority of these recently installed radars were situated near urban areas due to infrastructure
reasons and vulnerable to interference from these surrounding areas.

While some radial line interferences originating from the Sun can be useful for assessing the antenna pointing and the condition
of the processing chain [5, 6], these are seen at higher antenna elevations and at precise times of the day. Many efforts are made
to eliminate all kinds of interference, partly in spectrum vigilance [7] and in postprocessing via quality control techniques [8].
This abstract shows the efforts led by the Argentina National Meteorological Service (SMN for its name in spanish) and the
way towards a collaborative endeavor to obtain the best possible radar data in increasingly adverse situations.

2. Postprocessing methods, wireless devices monitoring and results

Starting in 2017 and knowing that the interferences are of mostly constant power, we implemented a simple filter that consisted
in reconverting the reflectivity data back to received power and applying a threshold for all the data. This had the advantage of
retaining high reflectivity values at long distances, although the relatively lower values of larger storm borders and weak but
growing storms may fall below the threshold. This method also has the advantage of having low computation time, and hence
capable of being integrated to the operational imagery that is available to the public.

This method was then refined in the operational quality control of [8] which also addresses other non-interference issues on
radar data (e.g. attenuation correction), resulting in a higher run time. The RLAN interference removal technique employs a
radial-by-radial method that utilizes a similar power filtering approach but applies an iterative method known as RANSAC that
tries to remove outliers when fitting a linear model. By classifying storm echoes as outliers, data points within the fitted model,
extended by 7 dBZ, are removed. Figure 1 illustrates the effectiveness of this method on a single radial.

Building on previous experience with contaminated radar data, in [9] we created a static mask of non-meteorological echoes.
This involved discriminating between rain and no-rain radar volumes and then generating a pixel-by-pixel reflectivity average
for two years of data. Applying a threshold to the frequency of reflectivity values, the resulting mask effectively identifies
ground clutter near the radar and RLAN interference at medium to long ranges. This mask is integrated into the quality control
process defined in [8], using a quality index of the overall data based on the methodology described in [2]. When interference
is detected within precipitation echoes, interpolation is used to reconstruct the interfered data.
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Figure 1. Reflectivity data for the lowest PPI of an operational volumetric scan. On panel (a) a RLAN interference appears as
a complete line of reflectivity data centered in 32,5° of azimuth. (b) Converted reflectivity data from the selected radial in (a)
to received power; the interference is observed to have a constant power and is adjusted through a linear fit in red. (c) Power
data and linear fit converted back to reflectivity with the dashed red lines indicating a 7 dBZ threshold.

More recently, we tested the ability of wireless devices to change or ban specific transmitting channels using a Dynamic
Frequency Selection (DFS) system [7]. Using the configurations outlined by US Federal Communications Commission (FCC)
and the European Telecommunications Standards Institute (ETSI) we planned a short experiment in one of the most severely
affected radars, which also covers Argentina’s largest urban area. On a cloud free day, we used the radar in receive-only mode
to snapshot the interference field, then transmitted a series of pulses that should trigger the DFS in the wireless devices and
check with receive-only data if a change was noted. This experiment proved that while some devices appeared to acknowledge
the presence of a weather radar, most of them didn’t, and eventually the ones that disappeared throughout the experiment
appeared back in the data.

The SMN is now testing advanced processing techniques based on the manipulation of level 1 data. These techniques have
been developed and implemented by the radar manufacturer, INVAP S.E. The initial version of this processing system is
implemented in all radars manufactured by the company, enabling the SMN to distribute cleaner images to the public.
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Approaches and Methodologies for the Detection, Characterizing, and Mitigation of Passive
Sensor Data Corrupting Emissions (DMiPS)

Beau Backus”, TBS* ¥, and TBS®
(DNOAA/NESDIS, Silver Spring, USA, beau.backus@noaa.gov
@TBS

1. Introduction

The National Oceanic and Atmospheric Administration (NOAA) National Environmental Satellite Data and Information
Services (NESDIS) is interested in exploring methodologies, services, tools, and capabilities that can be applied towards
detecting, identifying, characterizing, and mitigating anthropogenic radio frequency (RF) emissions within or adjacent to the
RF bands used for passive sensing by Earth exploration satellites.

2. Overview

Domestic USA and International radio regulations contain frequency ranges, passive bands, where no radio frequency
transmissions are allowed. [1] However, it’s possible that excessive anthropogenic energy may be present within those bands
regardless. Adjacent services often have regulatory limits regarding the energy level of out-of-band emissions that are allowed
from those services that may contaminate nearby passive bands. As current and future telecommunication services, satellite
and broadband-aviation uplinks in millimeter wave bands are increasingly implemented there are similarly increasing
interference risks to passive sensors, to include the operational microwave sensors used by environmental space sensing
systems. This interference may degrade the data used by Numerical Weather Prediction (NWP) Models and other applications;
with resulting accuracy degradation. [2]

NESDIS is seeking to formulate a comprehensive long-term solution to interference as communication and passive instrument
technologies evolve. Naturally occurring emissions are generally very weak compared to anthropogenic emissions originating
from other radio services and it is essential that anthropogenic emissions are identified and kept from adversely contaminating
collected Earth observation data.

3. Objectives

The goal of NOAA/NESDIS is to develop efficient, repeatable, and effective methods to identify anthropogenic sources of
interference of passive microwave remote sensing, so contaminated data can be accurately flagged and removed. Through this
study, NOAA is looking to reduce the risk to current NOAA and partner space systems, and implement the lessons learned
from studies and current operations to design more robust future systems.

It can be assumed that the level of RFI is gradually increasing over time with the aggregation of single low level interfering
signals up to a point when RFI becomes obvious. Thus, RFI can be expected to move from undetectable levels, then to levels
of “insidious” data corruption, and then to levels of blatant data contamination, such that the data can only be discarded. (See
figure 1.) Insidious data corruption means there could be RFI (data corruption) induced into the measurements unnoticed for a
significant period as the measurements are erroneously taken as correct measurements without any interference component.

Therefore, monitoring of the development of mass market RF intensive applications is a factor for consideration in the
characterization process. This also requires building up monitoring records on measurements of already operational instruments
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to have reference data which can be later consulted and compared once the deployment of these RF intensive applications
increases. This allows for long term RFI trend observations.

Contaminating Ty

eans o data for

Unknown Area of Concemn
Insidious i
i _ Corrupting signal is small enough to be
contamination  realistic (not automatically rejected), 1K
but large enough to affect the data,

10K

Transition between
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contamination indistinguishable from being absent.
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Figure 1. Three levels of data contamination to be addressed.

An important aspect is in the identification of the breadth and diversity of the passive band data that may be contaminated by
adjacent band, high density, users. The sources of data that NOAA handles include a variety of other administrative
meteorological sources that are sharing data, commercial organizations that are providing contracted environmental data, and
other non-NOAA US agencies. Use of mapping and flagging processes will be most optimally utilized by establishing and
maintaining global standards for mapping, flagging and related data processing.

As part of this endeavor, NOAA/NESDIS is funding joint partnerships with other organizations, versed or interested in the
development of processes and architectures for the effective and comprehensive characterizations and mitigations of passive
band sensor data corrupting emissions globally. Under the Joint Venture (JV) program, NOAA/NESDIS will leverage current
and developing technologies and, jointly with other partners, achieve the objectives of this project.

[1]ITU Radio Regulations; Articles 1, Edition of 2020, RR5-152 pp 100, footnote 5.340.

[2] Stephen English. “The value of passive bands used by microwave instruments in Numerical Weather Prediction” Slide 1
(nationalacademies.org) © ECMWF, October 23, 2020
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The phantom menace: Direct-to-cell service and radio astronomy

Federico Di Vruno-?
(' SKA Observatory, Macclesfield, United Kingdom, Federico.divruno@skao.int
@ TAU Centre for the Protection of the Dark and Quiet Skies from Satellite Constellation Interference, Paris, France

1. Introduction

The advent of direct-to-cell (D2C) technology, which enables communication from Low Earth Orbit (LEO) satellites directly
to ordinary cellphones, promises to revolutionize global connectivity, especially in underserved and remote areas. Several
companies such as Linx, AST and Science, and Starlink are seeking to establish this as a service. However, this technological
breakthrough poses significant challenges to radio astronomy. This abstract explores the regulatory and technical aspects of the
impact of D2C technology on radio astronomy.

2. Technology

D2C is proposed as a means to augment the reach of ordinary cellphone networks where the terrestrial infrastructure does not
reach. By using satellites in LEO, operators are hoping to reach more underserved areas in the world without the need to have
special ground terminals. There are challenges for this technology as ordinary cellphones are intended to communicate with
base stations on the ground at relatively close proximity, LEO satellites will be in the best cases further than 350km away.
Therefore satellites will have to transmit as much more powerful signal towards the ground and be much more sensitive to
pickup the uplink of cellphones.

2. Regulatory aspects

From a regulatory perspective, the use of certain frequency bands for this type of application is becoming a contentious issue.
There are proposals to re-use IMT (the terminology used by the International Telecommunication Union for cellphone
services), registered under the provision RR 4.4 of the ITU. This provision is a tool for national administrations that allows to
use a frequency band not assigned to a certain service (in this case satellite transmissions) on the basis of “non-interference
and no protection”. This use of the provision RR 4.4 can allow administrations to use some frequencies while they keep
working on the Agenda Item 1.13 for the World Radiocommunication Conference 2027 of the ITU-R where other bands
might be assigned for this application.

3. Effects on Radio Astronomy

Radio telescopes rely on protected frequency bands to observe celestial phenomena without terrestrial interference in addition
to wider observations done in an opportunistic basis. What normally enables the wider observations of radio astronomy is the
national protections of radio telescopes that sometimes can even go to the establishment of Radio Quiet Zones. The
proliferation of D2C technology will effectively move IMT base stations from the ground to the sky, drastically changing the
situation for radio astronomy. This work will review the technology, explore some of the regulatory challenges and asses the
potential impact to radio astronomy as well as some possible mitigations.
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An Evaluation of a New Method of Calculating RFI with Kurtosis

Sylvia Llosa*(, Arvind Aradhya?, and Kevin Gifford®
(1) University of Colorado Boulder, Boulder, United States, sylvia.llosa@colorado.edu

1 Abstract

This paper presents a novel method for calculating spectral kurtosis called Frequency Separated Spectral Kurtosis
(FSSK) that eliminates the need for Fast Fourier Transform (FFT) by leveraging Software Defined Radio (SDR)
technology to directly separate and analyze frequency components. Traditional methods involve converting In-
phase and Quadrature (1Q) data using FFT before computing kurtosis, a process that can be computationally
intensive and time-consuming. Our approach, however, performs kurtosis analysis on already parsed frequency
data, significantly enhancing efficiency.

The primary advantage of this method is the ability to identify Radio Frequency Interference (RFI) in real time,
which is critical for applications requiring immediate RFI detection and mitigation. This experiment captures
data from radio frequency (RF) sensors deployed at a radio astronomy site. This evaluation aims to detail the
implementation of the new method, compare its performance against traditional techniques, and explore its broader
implications for real-time spectral analysis.

2 Introduction

Radio Frequency Interference (RFI) is a significant, worsening problem in an increasingly digital world. Detecting
RFIin real time, as quickly and as computationally efficiently as possible, is therefore of utmost importance.
Real-time detection enables prompt mitigation measures, safeguarding sensitive radio astronomy observations and
communication systems from disruptions caused by unwanted radio signals. Spectral kurtosis, as a method capable
of identifying and characterizing RFI signatures in the frequency domain, plays a pivotal role in these efforts. By
leveraging advanced signal processing techniques such as spectral kurtosis, this work aims to enhance the resilience
of radio systems against the growing challenges posed by RFI.

In the most idealized scenario, such as at an RA facility, where the signal environment is exceptionally quiet, it
is hypothesized that the results of spectral kurtosis measurements will exhibit minimal variation across different
methods of calculation. This is predicated on the absence of any distinct frequency-specific content, which would
otherwise cause certain frequency channels to exhibit disproportionately high kurtosis values. Additionally, in
such a noise-dominated environment, all frequency channels are expected to approximate Gaussian distributions,
thereby minimizing the impact of the specific method used to compute kurtosis. Consequently, in these conditions,
the spectral kurtosis should yield consistent results, irrespective of the computational approach employed.

Spectral kurtosis was developed in the 1980s for detection of Non-Gaussian signals in sonar systems by Dwyer
[1]. However it is a known effective method for detecting RFI in other environments [2]. Multiple papers showed
that SK offers advantages over Power Spectral Density calculations in certain applications as "it indicates at each
frequency bin, if the signal contains nonstationary, stationary harmonic or mixing process" [4]. Smith et al. evalu-
ates the effectiveness of spectral kurtosis (SK) as a statistical method for detecting and mitigating radio frequency
interference (RFI) against realistic simulated RFI signals of various modulation types, data rates, duty cycles,
and carrier frequencies [3]. This process provides a multi-resolution analysis, capturing both low-frequency and
high-frequency details.

The spectral kurtosis equation is as follows:

k4 {X*(m), Xt (m), X* (m), X*(m)}
- [z {X* (m), X* (m)}]?

K €3]

z(m)
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Figure 1. Predicted Spectral Kurtosis from Simulated Data

The equivalence between separating frequencies with a Software Defined Radio (SDR) and subsequently calculat-
ing kurtosis versus performing a Fast Fourier Transform (FFT) followed by spectral kurtosis calculation hinges on
their handling of the signal’s frequency-domain representation. Figure 1 shows the equivalence in simulated data.
When an FFT is applied to a time-domain signal, it decomposes the signal into its constituent frequency compo-
nents, each characterized by amplitude and phase information. Spectral kurtosis, in turn, quantifies the peakedness
or flatness of the spectral distribution at each frequency component. Similarly, using an SDR to first separate
frequencies achieves a comparable result by directly accessing the amplitude information at these separated fre-
quencies without the intermediate step of FFT computation. Therefore, performing kurtosis on these separated
frequency components from the SDR approach is mathematically equivalent to calculating spectral kurtosis after
an FFT.

RFiover Time (PT) @

00:00:00002  01:26:30.05¢

Figure 2. Real-Time Kurtosis Gathered from RF Sensors Deployed at an RA Site at 915 MHz over a 26 MHz
Bandwidth During an RFI Event
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1 Introduction

During the past years, there has been an increase in the number of wireless devices. The recent authorization of
adjacent bands for the new 26 GHz 5G communications band, specifically spanning from 24.25 GHz to 25.25 GHz,
has raised concerns regarding possible radio-frequency interference (RFI) from these emissions. These interference
pose a risk to the water vapor measurements in the 23.8 GHz band, potentially compromising the effectiveness of
passive Earth Observation readings, and having a negatively impact on numerical weather forecasts [1].

In 2022, the Frequency Allocations in Remote Sensing (FARS) Technical Committee from the IEEE Geoscience
and Remote Sensing Society (GRSS) tasked the development of a RFI monitoring payload to detect the possible
RFI in the 23.8 to 24.8 GHz band [2]. This payload, presented in Fig. 1 has been designed to fit in the Pock-
etQube pico-satellite being developed as part of the “IEEE GRSS Open PocketQube Kit” educational project, a 1P
PocketQube of 50x50x50 mm3, average low power consumption of less than 250 mW, allowing low altitude con-
stellation deployments for low cost, and low revisit times [3]. This manuscript presents initial experimental results
from a series of drone test flights conducted to evaluate the K-band RFI detection payload for a PoquetQube. The
study includes a comparison between the expected and actual performance of the payload.

2 RFI Detection Payload

The K-band RFI detection payload consists of a RF super-heterodyne receiver front-end (Fig. 1b) that down-
converts and amplifies the measured band between 23.8 and 24.8 GHz, to a fixed intermediate frequency of
869 MHz and provides a voltage output proportional to the RF input power in dBm using a Received Signal
Strength Indicator (RSSI) (Fig. 2) [4]. The output from the RSSI is measured by the PoquetQube’s On-Board
Computer ADC, and processed on-board to flag bins with possible interference. A 2x2 linear patch antenna ob-
tains the RFI for the payload.

« 24.5 GHz PL Antenna

24.5 GHz P/L Antenna
o /

/Structural PCB

«——RF Front-End Top

R SMP Connector

LoRa Communications PQ Structure & Shield

Antenna

RF Front-End Bottom

«——Kill-switches “~—Interface Module

(@ (b)

Figure 1. a) P°Cat-3 with the b) K-band RFI detection payload installed on top showing the 2x2 patch antenna
array at K-band.

99



238-248GHz 6669 - 7669 MHz 869 MHz

s b T 1 F
L sINA— [ —n><_p > AMP -y _— >< —»AMP 3 SAW _»AMP -3 RSSI

[~ > 22— gop —>AMP— /)

Figure 2. Functional block diagram of the RFI-5G payload. Each frequency stage is color coded in red, yellow
and green.

The payload scans the complete 1 GHz band in 10 MHz frequency bins, and obtains 1000 samples in each fre-
quency bin. Due to the PocketQube limitations in size, power and processing capabilities, the RFI monitoring
payload implements components off-the-shelf (COTS) and runs a simplified set of detection algorithms. The
statistics of each bin (i.e. mean, standard deviation, skewness and kurtosis) are computed for the detected sig-
nal power in dBm. Statistical, time and frequency detection algorithms are used to flag the frequency bins with
presence of RFI [5] [6].

3 Drone Campaign

The drone campaigns consist of pre-planned flights at varying altitudes over an agricultural field in Vilafranca del
Penedés (Catalonia, Spain), creating heatmaps with the detection and positioning of the RFI emitters. Several RFI
emitters were strategically positioned in three different patterns and configurations: either forming a 3x5 matrix
at similar distances of around 10 m, forming a diagonal with clusters of three RFI emitters per point, or grouping
all the emitters to perform vertical ascends and descends. During each of the tests, the location and position of
the RFI emitters is recorded, as well as the orientation of the payload antenna in relation to the RFI emitters. The
RFI emitters are made of different off-the-shelve radar modules, used for close-proximity detection. These radars
operate at frequencies around 24 GHz with frequency modulated continuous-wave (FMCW) and at different power
levels and frequencies. This allows to detect RFI at different frequencies.

4 Results

The drone flight campaigns were performed successfully. When placing the RFI emitters in a 3x5 mesh config-
uration and flying at a height of around 10 m (3) the footprint of the antenna is around 5 m. From the detection
heatmap (Fig. 3a) it can be seen how there is an increased number of RFI detection from the payload around the
location of the RFI emitters, and outside the range of the emitters the amount of detection decreases. The statistical
measurements retrieved by the payload (Fig. 3b), i.e,, the mean, standard deviation, skewness and kurtosis, also
show peaks which correspond to the moment at which the payload was being flown over the emitters.

On the other hand, when the RFI emitters were placed in a diagonal pattern and the drone was flown at 20 m height
(Fig. 4), the antenna footprint is around 12 m. In this case, the flight path of the drone causes the payload to obtain
more than one measurement over the same emitter, and, moreover, there are positions within the drone track in
which the payload is measuring more than one emitter at the same time. For this reason, the detection heatmap
(Fig. 4a) shows a large increase of RFI detection in the area. Despite that, it can be seen how the detections
happen around the diagonal of the RFI emitters, and outside the diagonal the amount of detections decreases. The
statistical measurements (Fig. 4b) also show how the amount of peak values have decreased when compared to the
3x5 configuration, ensuring that the payload is only seeing the RFI emitters in the diagonal. The increased peak
value is due to the higher presence of RFI for a same measurement point.

5 Conclusions

Sample data acquired from the test campaigns indicate that the payload possesses the ability to identify RFI within
the frequency range of 23.8 to 24.48 GHz. The RFI-5G payload was able to detect the RFI emitters placed within
the field using the detection algorithms and processing the measured data. The mean is useful to detect strong
and continuous RFI, whereas the standard deviation and kurtosis show how they can detect variable RFI with
smaller average power than when using only the mean, that s, at higher altitudes. Despite the individual RFI
emitters having low transmitted power, the combined emissions generate an overall power density sufficient for the
payload to detect them at different heights. This article aims to demonstrate the RFI-5G payload capabilities and
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Figure 3. a) Detection heatmap for the 10 m flight over the RFI emitters in a 3x5 mesh configuration, yellow stars
represent the location of the emitters, and b) Statistical measurements, i.e., mean, standard deviation, skewness
and kurtosis.

(a) (b)

Figure 4. a) Detection heatmap for the 20 m flight over the RFI emitters in a 3x5 mesh configuration, yellow stars
represent the location of the emitters, and b) Statistical measurements, i.e.,, mean, standard deviation, skewness
and kurtosis.

highlight the potential challenges that combined radio-frequency emissions near the 23.8 GHz water vapor band
could present. A continuation of this work will be to obtain real field measurements around 5G tower stations to
measure the presence of real RFI. PeCat-3 has been selected as part of the ESA "Fly Your Satellite! 4" program.
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1. Introduction

The familiar weather forecasts that society depends on rely on operational microwave radiometers (particularly microwave
sounders) to provide unique all-weather, global input observations at daily or near-daily intervals [1]. A long list of additional
weather and climate products also rely on these operational radiometer observations. Improvements in both sensor capability
as well as forecast model capability have resulted in steadily-improving forecasts. Today’s forecasts can predict weather 7
days in advance with the same skill that a decade or two ago used to only achieve a 3-day forecast. This beneficial situation
has built up since the first operational microwave radiometers in the 1980s. A recent study [2] indicates that forecast
improvements will not saturate with the addition of more microwave sounder observations. And, New Space companies—with
the advent of cubesats—are proposing several new cubesat and smallsat sounders.

However, several significant changes related to radio frequency interference (RFI) are occurring that are worth considering.
This paper will attempt to consider them from the viewpoint of future operational radiometers—focusing on microwave
sounders.

2. Changes in Progress

Operational sounder programs have long lifetimes—decades vs. the much-shorter lifetimes of research satellite missions or.
cubesats. For example, the Advanced Technology Microwave Sounder (ATMS)—part of the current international operational
backbone constellation under the Joint Polar Satellite System (JPSS) [3]—ATMS was designed in the 1990s when RFI at
sounder freqs (20-200 GHz) was not a threat in anyone’s mind. Mobile phones primarily used frequencies <1 GHz then [4],
and were just transitioning from brick-sized units to something that actually fit in your hand. Just as importantly, on-board
computational technology was not very capable or mature. As a result, the requirements for ATMS (constructed in the first
part of the 1990s) did not consider RFI. Eumetsat’s next-generation sounder, the MicroWave Sounder (MWS), designed “only”
a decade ago, when the RFI threat was much less than it is today, also includes no explicit capabilities for RFI detection. And,
when it begins launching, MWS will be a primary part of the operational sounder backbone for decades.

Now, wireless communications is everywhere—even in orbit, and uses spectrum up to W-band (Table 1), with monthly
announcements of future system designs using higher and higher bands and bandwidths. Interestingly, at the same time,
forecast models are becoming more sensitive to bias in their microwave inputs (~0.1K and decreasing)---the primary users of
sounder observations are becoming more sensitive to RFI!

Table 1. Spectrum already allocated or being considered for use near sounding bands.

- 23.8 GHz: 24.25 GHz to 27.5 GHz, 5G communications [5]
-  ~50 GHz:47.2 —50.2 GHz and 50.4 — 51.4 GHz, SpaceX Starlink [6]
- 88.2 GHz: 81.0-86.0 GHz, SpaceX Starlink [7]

These are examples of programmatic opportunities not happening often enough to adapt to changes. Redesigning and re-
building ATMS or MWS is not realistic. ATMS units will continue to be part of the operational constellation until 2040.
NOAA’s new Near Earth Orbit Network (NEON) program, the successor to JPSS, will be operational from the early 2030s to
2050. One lesson to be learned is that you will be stuck with your sensor capabilities for decades. Can you imagine attending
the RFI conference in 2050 and wondering why your predecessors didn’t do more to address RFI when they had the chance in
the 2020s?

One cure, being considered for NEON’s next-gen sounder, the Sounder for Microwave Brightness Applications (SMBA), is to
explicitly require RFI detection capability [8]. On-board computation technology has advanced to the point where detection
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(and possibly mitigation) algorithms can be run on-board a satellite. NASA’s Soil Moisture Active Passive (SMAP) mission
did so with two 24 MHz wide channels [9], and processing power has grown enough to now be able to handle sounder
bandwidths.

Flexibility will be a powerful ally since the nature of RFI will change. When you also add the capability to re-program on-
orbit, you have a powerful and flexible tool to address RFI. Without these capabilities, it will be difficult to mee the
observational needs of operational weather forecasts.

Radiometer performance metrics that are purely science-based have an unstated assumption that no RFI is present. This is not
realistic. The fundamental purpose of a sensor requirement is to ensure that a capability is available in the sensor. If you ignore
a key threat, your requirement cannot do what it is supposed to do. RFI detection (and mitigation) should be considered in your
sensor requirements from the beginning. This is already true for new sensors being considered today, and will remain true for
future sensor specification efforts as well.

Even ranking the utility of a band needs to consider this unstated assumption. For example, the 118 GHz temperature sounding
band is often considered less useful than the 50 GHz temperature sounding band. However, the 50 GHz region is under
increasing threat from RFI [6], so an assessment of the utility of the 118 GHz band in the timeframe of future satellite programs
must consider RFI in order to be valid.

These are some of the RFI-related considerations faced today by operational programs contemplating new radiometers. The
changes and the associated reactions are significant, with immediate impacts to sensor specifications, but also to how satellite
data that may be contaminated with RFI is used. The presentation will go into further detail concerning options and
consequences, as well as discussing additional examples.

[1] S. Kalluri, Editor. NOAA technical report NESDIS 155. Satellite Microwave Sounding Measurements in Weather
Prediction: A Report of The Virtual NOAA Workshop on Microwave Sounders. DOI 10.25923/WKGD-PW75
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Broadband Radio Emission Detected from Starlink Satellites Below 100 MHz
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(3) Observatoire Radioastronomique de Nang¢ay, Nang¢ay, France, Cedric.Viou@obs-nancay.fr
(4) Observatoire de Paris, Meudon, France, alanloh@obspm.fr

While satellite mega-constellations have significantly improved communication technologies, they have also raised
concerns within the astronomical community regarding potential observational contamination. Satellites are rec-
ognized sources of radio frequency interference (RFI). Last year, unintended radio emissions from the Starlink
constellation have been detected by LOFAR [1] and MWA [2]. These emissions include broadband radiation in
the range of 110 to 188 MHz [1], as well as narrowband emissions with bandwidths less than 12 kHz [1,2].

To further assess the potential impact of Starlink on low-frequency radio astronomy, particularly in the search
for exoplanets, we conducted a 40-hour observational campaign using NenuFAR in the 30-78 MHz range. We
generated dynamic spectra from approximately 400 beams covering the field of view, before searching for radio
bursts in these dynamic spectra. Upon detecting a burst, we created images limited to the time and frequency range
of the burst and compared the burst locations with the predicted satellite paths derived from Two-Line Elements
(TLEs).

During our observational campaign, multiple Starlink satellites were detected emitting broadband signals. An
example is given in Figure 1, where two Starlink satellites passed through the beam, resulting in two bursts between
45-68 MHz within 10 minutes.
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Figure 1. Stokes I dynamic spectrum from a NenuFAR beam, showing two bursts caused by two passing Starlink
satellites. The beam direction is fixed at a specific [RA, DEC] in the sky.

The origin of this broadband emission remains under investigation. Hypotheses include the reflection of solar
bursts, reflection of ground-based RF], and intrinsic emissions from the satellites potentially due to mechanical
issues. We've scheduled follow-up observations to further explore these possibilities.
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The use of space has seen a steep increase in the last 5 years. The population of satellites in Low Earth Orbit (LEO) with the
purpose of providing low latency internet connectivity, Earth observation services, and other applications has more than tripled
since 2019. While this can bring better opportunities for unconnected communities, and provide more data for many vital
applications such as disaster management, it can also bring many challenges. Reflection of sunlight on the satellite’s surfaces
can severely affect optical astronomy and it can sometimes be seen by the unaided eye, appearing as moving stars in the night
sky. In the radio domain, the strong downlinks and the possibility of producing unintentional electromagnetic radiation (UEMR)
from the onboard electronics can interfere with radio astronomy observations.

Advocates for the protection of the night sky and optical and radio astronomy have named this issue as the protection of the
Dark and Quiet Skies.

The International Astronomical Union, together with other astronomical observatories has started two streams of action:

- The regulatory stream: where permanent observers of the UN Committee on the Peaceful Uses of Outer Space
(COPUOS) have advocated for the establishment of guidelines for the protection of D&QS. And spectrum managers
for radio astronomy have been working at the ITU-R to protect radio astronomy, especially against large satellite
constellations in Radio Quiet Zones (RQZ).

- On a more practical approach, the International Astronomical Union has established, in collaboration with the SKA
Observatory and the US National Optical-Infrared Laboratory (NOIRLab), the Centre for the Protection of the Dark
and Quiet Skies from Satellite Constellation Interference (IAU CPS): the aim of the CPS is to bring together all
stakeholders (in particular satellite industry) to find implementable mitigation measures that can minimize the impact

on astronomy. The CPS has divided its work in four Hubs, namely: “Policy”, “Industry and Technology”, “Community
Engagement” and “SatHub”.

The regulatory stream has recently obtained two important achievements, the establishment of an agenda item about Dark and
Quiet Skies at the Scientific and Technical Subcommittee of UN COPUOS and also an agenda item for the ITU-R World
Radiocommunication Conference 2027 to study the effects of satellite constellations on radio astronomy and in particular in
RQZ. This work will discuss the history and current status of the two agenda items, what does each one means and which can
be the possible future steps in seeking regulation to protect the Dark and Quiet Skies.
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The astronomical activity in the Argentine Republic celebrates a history of more than 150 years, both
amateur and professional. As a systemic research activity, it is considered that it began in 1871 when
Domingo Faustino Sarmiento founded the Astronomical Observatory of Cordoba. The work "Cordoba
Durchmungsterung”, contains the catalog of positions and stellar brightness, a world reference of the
southern skies, until today (Sisterd, 1994:167). From then on, Argentine astronomy advances in the
construction of scientific knowledge, having an outstanding place at world level, holding privileged places
in its territory for the activity.

On the other hand, space activity has been reborn with the incursion of private sector, allowing new (and
more) actors to participate in this economic-social and industrial space world, democratizing access and
influencing the decisions of the States in their public policies and regulations. Little by little, the States are
no longer the only holders of knowledge and control of the sector, as was the case at the beginning of the
space era, to make way for new investors and actors from the non-governmental sector (Catani, et al., 2022).
This circumstance is beginning to be seen incipiently in Argentina as well.

Society benefits from greater technological progress and its applications, but in almost equal measure it has
been seen that security, peace and sustainability of outer space activities are put at risk as a result of the
increased congestion of space traffic and objects launched into space, which has also led to increased
pollution by space debris, and an impact on radio frequencies, among others.

Although the scientific community, academia and nations have laid the foundations at the international
level to provide solutions for the sustainability of space activities, a new problem has recently begun to be
discussed in different communities and international forums (including COPUOS): the dark and quiet skies.
Astronomers were the first to raise their hands, warning that this was a new problem that required attention.
However, their approach goes beyond the question of astronomical observation stricto sensu.

The current counterpoint between the interests and needs of modernity in the development of cities or those
of the satellite sector that propose to provide access and connectivity to vast regions of the Earth through
mega constellations (to cite an example) with those of astronomy (Earth-Space / Space-Space) for the
research and study of the universe for the benefit and interest of all Humanity1, also put in tension both
economic and industrial interests, as well as ethical and political values and principles.

In the present intervention, we propose to introduce the current state of attention in the international agenda,
taking in particular the case of COPUOS and what is expected in terms of regulations and recommendations
resulting from the work of this commission. However, we will ask ourselves if it is really considered an
international agenda item as it seems to be, or if there are still tensions regarding the homogeneous
acceptance of its treatment.

LPrinciple | of the Declaration of Legal Principles Governing the Activities of States in the Exploration and Use of Outer
Space, Approved by the General Assembly of the United Nations in its resolution 1962 (XVIII), of December 13, 1963
and later included in Article | of the Treaty on Principles Governing the Activities of States in the Exploration and Use
of Outer Space, Including the Moon and Other Celestial Bodies (TEU) of 1967
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International Implications of the U.S. National Spectrum Strategy:
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The U.S. National Telecommunications and Information Administration (NTIA), the agency managing U.S. federal
government use of spectrum, recently developed a National Spectrum Strategy (NSS) for the U.S. and a related Implementation
Plan. In early 2023, the NTIA sought government and non-government inputs to the strategy with opportunities to provide
written comments and oral presentations in response to their three established “pillars” of the strategy. One of those pillars was
focused on developing a spectrum pipeline “to ensure U.S. leadership in spectrum-based technologies” to drive economic
growth [1]. The American Meteorological Society, led by its Committee on Radio Frequency Allocations, provided both oral
remarks in a public comment session and comprehensive written comments in this process.

AMS’ input to the NSS provided a comprehensive overview of the specific areas of spectrum relied upon by meteorologists in
support of developing and communicating weather forecasts to protect life and property, with a particular focus on the
importance of passive spectrum. In addition, the major themes of the comments highlighted the societal importance of spectrum
allocated to the U.S. federal government (especially for technology operated by the National Oceanic and Atmospheric
Administration (NOAA) and the National Aeronautics and Space Administration (NASA)), noting how this federal allocation
of spectrum is used extensively across the federal, public, private, non-profit, and academic sectors to support the life and safety
needs of people across the nation and world. Spectrum use benefits multiple weather-sensitive segments of the economy, such
as (but not limited to) aviation, land and sea transportation, energy exploration and production, agriculture, fishing, outdoor
recreation, and professional sports [2].

In November 2023, prior to the World Radiocommunications Conference-2023 (WRC-23), the Executive Office of the
President released a Presidential Memorandum on modernizing U.S. spectrum strategy and the NSS, including 2,700 megahertz
of spectrum for potential repurposing [3]. NTIA collaborated with the Federal Communications Commission (FCC) and other
U.S. federal agencies to prepare an NSS implementation plan, which was released in March 2024 and provides the roadmap
for the completion of the spectrum pipeline studies [4].

The bands to be studied over two years include 3.1-3.45 GHz, 5.03-5.091 GHz, 7.125-8.4 GHz, 18.1-18.6 GHz, and 37.0-37.6
GHz bands, overlapping or adjacent to many existing meteorological applications:
e The 3.1-3.45 GHz band is above an allocation for active S-band NOAA weather/precipitation radars that are deployed
throughout the U.S.
e The 7.125-8.4 GHz band includes earth-to-space and space-to-earth weather satellite data relays, and the 7.3 GHz passive
band useful for soil moisture and sea surface temperature.
o The ITU AI 1.19 intends to study the addition of a EESS (p) allocation at 8400-8500 MHz, which should be
another factor in the 7.125-8.4 GHz band studies, would be a good opportunity to further develop the right
language for adjacent band protections for EESS (p).
e The 18.1-18.6 GHz and 37.0-37.6 GHz bands are adjacent to useful EESS allocations due to their partial transparency to
clouds, allowing for the passive sensing of oxygen and water vapor absorption through the atmospheric column. The EESS
allocations are at 18.6-18.8 GHz and 36-37 GHz, respectively.

This paper, to be presented at RFI 2024 in Bariloche, Argentina, will highlight the meteorological relevance of the spectrum
pipeline bands highlighted in the NSS and currently being studied. The paper will include policy and regulatory analysis on the
U.S. domestic factors that will likely impact the studies, but also the international implications of these U.S. domestic decisions.
These pipeline bands cover an array of critical meteorological observations from data relay from geostationary and polar
satellites, to passive and active observations. The fundamental purpose of this paper will be to grow awareness and foster
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dialogue within and between science communities to ensure we proactively understand the potential implications to Earth and
space sciences of these U.S. decisions.

[1] U.S. Department of Commerce. Request for Comment: Development of a National Spectrum Strategy. U.S. Federal
Register. 16 Mar 2023. 16244-16247.

[2] American Meteorological Society. Written Comments on the National Spectrum Strategy. 17 April 2023.
https://www.ntia.gov/sites/default/files/publications/american_meteorological society.pdf

[3] U.S. Secretary of Commerce. National Spectrum Strategy. 13 Nov 2023. https://www.ntia.gov/report/2023/national-
spectrum-strategy-pdf.

[4] NTIA. National Spectrum Strategy Implementation Plan. 12 March 2024.
https://www.ntia.gov/sites/default/files/publications/national-spectrum-strategy-implementation-plan.pdf
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Evaluation of RFI Affecting Weather Radars in C-Band
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One of the biggest problems suffered by C-band weather radars is the interference generated by WiFi equipment, with which
they share the frequency band.

To evaluate the impact of RFI on weather radar products, we consider two statistical metrics:

a) A metric related to interference density. It measures the proportion of "clean" (non-interfered) pulses that are expected to
be per burst in each radial. This metric gives an indication of the quality of the products once the interference filter is applied,
given that even when the filter acts with the greatest efficiency the quality of the estimates will suffer a degradation
depending on the number of "clean" pulses.

b) A metric related to the intensity of interference: the "Interference equivalent reflectivity" for each azimuth/distance cell.
Roughly speaking, a weather phenomenon whose reflectivity is above this level will be only slightly affected by the RFI,
while reflectivity below it could suffer degradations based on the first metric.

These two metrics depend exclusively on the interference scenario (not the radar or the interference filter) and allow:

- evaluate the severity with which a radar site is affected by RFI;

- monitor the medium and long-term temporal evolution of the interference scenario: installation of new RFI sources and
increase in the traffic intensity of existing ones;

- optimize the RFI filter for a given scenario.

A data survey has been carried out using the operational radars of the SINARAME network of Argentinian meteorological
radars affected by interference.

The methodology consists of collecting data with the radar programmed to operate in a standard mode but with transmission

disabled. The azimuthal 360° are scanned at the elevation most affected by RFI, and the data are then processed offline to
produce the maps of "clean pulses vs. azimuth" and "Interference equivalent reflectivity vs. azimuth-distance".
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Impacto de la RFI en los radares meteorolégicos Banda C y las técnicas para su
deteccion, prediccion y mitigacion
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(1) INVAP S.E, Buenos Aires, Argentina, lcelayaprieto@invap.com.ar

1 Introduccion

Los radares meteorolégicos son componentes esenciales para la comprension y prediccién del tiempo, no obstante,
su funcionamiento se ve cada vez mas comprometido por la interferencia de radiofrecuencia (RFI) proveniente
de diversas fuentes. Esta interferencia puede degradar significativamente la calidad de los productos del radar,
afectando la precisién de los datos y la confiabilidad de los pronésticos meteorolégicos [1] [2] [3] [4] [5]- En este
articulo, se presenta una revisién del impacto de la RFI en los radares meteorolégicos de Banda C, explorando
sus efectos perjudiciales y las técnicas actuales para su deteccion y prediccion. Se discuten los desafios asociados
con la mitigacién de la RFI y la necesidad de desarrollar soluciones innovadoras para garantizar el funcionamiento
continuo y confiable de estos sistemas criticos. Palabras clave: Radar Meteorolégico, Banda C, interferencia de
radiofrecuencia, RF], deteccién de RF], prediccion de RFI, mitigacion de RF], ecos fantasmas, pérdida de sensi-
bilidad, degradacién de la calidad de productos del radar, monitoreo del espectro, analisis de patrones, modelos de
prediccién.

2 Efectos de la RFI en los radares meteorolégicos de Banda C:

Aparicion de ecos fantasmas: Se generan ecos falsos en las imagenes del radar, dificultando la distincion entre
precipitacién real y sefiales de interferencia [1] [2] [3] [4] [5]-

Pérdida de sensibilidad: Reduce la sensibilidad del radar, limitando la deteccién eventos meteoroldgicos [1].
Degradacion de la calidad de los productos: Introduce ruido y distorsion en las imagenes del radar, dificultando

su interpretacion y analisis [1] [2] [6].

3 Algunos enfoques para la deteccion y prediccion de RFI:

Monitoreo del espectro: Permite identificar las fuentes de interferencia y su ubicacién. Los entes reguladores
nacionales cuentan con sistemas y mecanismos para el monitoreo constante, por ejemplo, el Sistema Nacional de
Comprobacion Técnica de Emisiones (SNCTE) en Argentina, conformado por 6 centros de comprobacién técnica,
20 estaciones remotas, y 24 unidades méviles [7].

Andlisis de patrones: El analisis de los patrones de los ecos de radar puede revelar la presencia de RF], ya que los
ecos de interferencia suelen presentar caracteristicas distintivas. Con base en esta informacién se pueden aplicar
técnicas de filtrado y procesamiento digital de sefiales [1]. En [4], se presenta un algoritmo de deteccién de RFI que
combina la medicion de la desviacion estandar normalizada de la potencia recibida (STD) y el indice de calidad de
la sefial (SQI) para identificar la presencia de interferencia RFI en sefales de radar. Este algoritmo se implementa
utilizando una configuracién de hardware sencilla, denominada "RHunt" (abreviatura de RLAN Hunter), que con-
siste en un receptor WiFi comercial conectado a una Raspberry Pi. Este dispositivo se conecta permanentemente
ala cadena de recepcién del radar, permitiendo un monitoreo continuo de la presencia de RFI. Un valor elevado
de STD indica un cambio abrupto en la potencia recibida, lo cual, en base a andlisis de patrones, puede asociarse
con la presencia de fuentes de interferencia externas. Sin embargo, el algoritmo no se limita a lamedicién de
STD, sino que también considera el valor del SQI. La combinacién de un STD alto y un SQI bajo se identifica
como un indicador confiable de interferencia WiFi externa. Otros enfoques se basan en estudiar el efecto de la RFI
sobre la velocidad Doppler [8]; sincronizacion y deteccién de tramas OFDM IEEE 802.11/802.11a para obtener
la informacién de la subcapa MAC [9] [10]; identificacién de sefales bajo el estandar IEE 802.11a localizando el
preambulo de cada trama [11].

Modelos de prediccion: Los modelos de prediccién de RFI utilizan datos histdricos y andlisis de tendencias para
estimar la probabilidad y la intensidad de la interferencia en el futuro, permitiendo una mejor preparacién y gestion
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de la informacién. En 2021, el Servicio Meteorolégico Nacional Argentino (SMN) desarroll6 un modelo de predic-
cién de RF], analizando dos afios de datos de la red SINARAME (Sistema Nacional de Radares Meteoroldgicos
Argentinos) [12]. Este andlisis permiti6 caracterizar estadisticamente los sitios de radar, identificando patrones y
tendencias de interferencia. Otros modelos, se centran en la cuantificacién del efecto que tiene la RFI en la esti-
macioén de los productos meteorologicos [13].

Cancelacion adaptativa: Consiste en identificar y cancelar sefiales de RFI especificas utilizando modelos matemati-
cos. La UIT-R S.734 [14] estudia diferentes ejemplos de cancelacién adaptativa, los cuales se basan en el principio
de generar una sefial de "anti-interferencia” que sea idéntica a la sefial de RFI, pero con fase invertida. Al sumar
esta sefial anti-interferencia a la sefial recibida, ambas se cancelan mutuamente, eliminando asi la interferencia y
permitiendo que la sefial deseada se recupere. Esta recomendacién [14] revisa la aplicacién de estos métodos de
cancelacion a nivel de banda base, frecuencia intermedia (F1) y con filtros adaptativos; especificamente aplicados
al Servicio Fijo por Satélite. Al momento de la revision, si bien se demostré una alta efectividad, las limitaciones
en el desarrollo tecnolégico sugerian cierta complejidad y altos costos. En la actualidad, el rapido avance de los
microprocesadores, DSP, FPGA y GPU; permite la implementacién de algoritmos complejos capaces de dotar a
los sistemas de capacidades de adaptacién y seguimiento del entorno [15]. En el caso particular de los Radares
Meteoroldgicos, [5] implement6 cuatro algoritmos de filtrado de clutter tanto para datos simulados como para
datos reales de las regiones de Cérdoba y Bariloche; concluyendo que los filtros adaptativos presentaban mejores
estimaciones con menor sesgo y varianza, ademas de tener la capacidad de recuperar las muestras del fenémeno
eliminadas.

Filtrado digital: Su objetivo es eliminar sefiales de RFI de banda estrecha o de banda ancha mediante filtros
digitales utilizando para ello técnicas de procesamiento de imagenes. El Servicio Meteorolégico Nacional en
Argentina (SMN), ha venido trabajando junto a investigadores de universidades y en estrecha colaboracién con
INVAP S.E en el desarrollo de algoritmos para el filtrado de pixeles afectados por ecos de origen no meteorol4gi-
cos [6]. Basicamente, consiste en la aplicacién secuencial de filtros que permiten corregir y/o eliminar los pixeles
de radar asociados a la variable reflectividad, respetando una relacién de compromiso (datos de interés vs calidad)
en los valores umbral de cada parametros de los filtros, de tal manera que permita mantener datos de reflectividad
que son de interés meteoroldgico y se descarten aquellos pixeles que se encuentre muy comprometidos debido
a la interferencia [16]. Los filtros implementados fueron: Filtro de Interferencia electromagnética, Tope de eco,
Coeficiente de correlacion copolar, Ecos aislados, bloqueo topografico, atenuacion y reflectividad faltante [6][16];
cuyos detalles de su implementacién operativa se discuten en [17], ademas se fueron aplicando optimizaciones,
mejoras y nuevos filtros [18].

4 Desafios y soluciones futuras:

La mitigacion de la RFI en los radares meteoroldgicos de banda C sigue siendo un desafio complejo debido
ala naturaleza dindmica y diversidad de las fuentes de interferencia. Se requieren soluciones innovadoras que
combinen técnicas de deteccion y prediccion avanzadas con algoritmos de procesamiento de sefial robustos para
garantizar el funcionamiento confiable de estos sistemas criticos. Organizaciones, agencias y entes reguladores a
nivel global se encuentran evaluando los aspectos técnicos, desafios y posibles soluciones para la coexistencia de
radares meteoroldgicos con otras tecnologias. El Centro Comiin de Investigacion de la Comision Europea (EC
DG JRC) ha iniciado un estudio exhaustivo sobre este tema, presentando conclusiones preliminares que evaltian
cualitativamente las opciones potenciales para mitigar el problema de coexistencia [19]. Para determinar la viabil-
idad de las soluciones propuestas, se han establecido métricas clave que abarcan aspectos técnicos, organizativos
y econémicos: complejidad técnica, complejidad de la organizacién, costos de implementacion, costos de de-
spliegue, riesgo de ineficacia, riesgo potencial de que la opcién propuesta genere otros problemas no planificados.
Por su parte, desde La Union Internacional de Comunicaciones(ITU) se han revisado diferentes aspectos técni-
cos y operacionales, ademas de los principales problemas de RFI; plantedndose la determinacién de criterios de
proteccion con el establecimiento de valores umbrales minimos admisibles y de referencia [20]. La evaluacién
meticulosa de las opciones disponibles, considerando las métricas clave establecidas, permitira identificar las solu-
ciones mas adecuadas para garantizar el funcionamiento confiable de estos sistemas y asegurar un futuro libre de
interferencias. Se estan explorando nuevas técnicas de deteccion y prediccion de RFI, asi como algoritmos de
procesamiento de sefial mas robustos, para mejorar la eficacia de las soluciones de mitigacion [8]. La colaboracién
entre organizaciones y entes de diferentes paises es fundamental para compartir conocimientos, experiencias y re-
cursos en la busqueda de soluciones efectivas a la problematica de la RFI. Es necesario actualizar las regulaciones
y normas para garantizar la proteccion del espectro electromagnético y la coexistencia armoniosa de los radares
meteorolégicos con otras tecnologias. En conjunto, estos esfuerzos garantizaran que los radares meteoroldgicos
de banda C continlden desempefiando un papel fundamental en la proteccién de la poblacién, proporcionando
informacién precisa y oportuna para la prediccién meteoroldgica y la toma de decisiones criticas.
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RFI Evaluation of the SKA Mobile Radio System
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1 Introduction

The Square Kilometre Array (SKA) astronomical telescope project is a major international scientific effort with the biggest
components in Australia and South Africa. The South African High Frequency component will consist of 199 radio telescopes
operating in a Very Long Baseline Interferometry (VLBI) array. The combined observational capabilities should enable
understanding of the cosmos to completely new levels. To date, 73 telescopes have been constructed. The project is situated in a
remote part of central South Africa selected for the low-density population and low RFI levels. The eventual footprint of the
project will be 200 x 200 km and the telescope positions (red circles) are as per Figure 1. The use of any device possibly emitting
RFTI is restricted by the Karoo Central Astronomical Advantage Area Act (KCAAA), to protect the radio spectrum in the area. The
observational band of the array stretches from 300 MHz to 25.5 GHz and excludes, the use of most radio frequency (RF) based
devices in the area. However, a project of this scale requires inter-personnel communication for emergencies, general site
operations and contractors during the construction period. Therefore, a wide area Mobile Radio Communication System (MRS)
enabling these functions is being implemented. It should clearly not present an RFI threat, and this paper covers the processes
followed to ensure such compliance. The MRS will provide coverage via 5 repeaters, situated as per the yellow icons in Figure 1
and with typical coverage radius of 70 - 80 km.

Figure 1: SKA Telescope-nd MRS Rp positions in South Africa

2 Telescope RFI Risk Threshold levels

The threshold limits applicable in the KCAA area are known as the South African Radio Astronomy Services (SARAS) Protection
Levels, [1] and [2]. The SARAS levels are a direct implementation of ITU recommendation 769.2 (ITU-R RA769.2) [3] and
define an interference level applicable to the SKA site. The SARAS threshold as well as a —100 dBm saturation level and a 10
dBm damage threshold as defined in [2] are used to enforce a radio quiet zone (RQZ). Any system deployed within the RQZ must
comply with the applicable thresholds with respect to intentionally or non-intentionally radiated emissions. The cryocooled
telescope LNA’s have a -185 dBm sensitivity level over the observation bandwidth, from which the SARAS level is derived. This
was also the value utilised in our analysis.

3 The Mobile Radio System (MRS) - Repeater Equipment

The MRS coverage is intended to span the entire telescope extent and the operational frequency band was chosen as 40 MHz, to
ensure that the carrier is below the SKA observation band (OB) and to prevent any carrier harmonic intruding into the OB.
Furthermore, apart from harmonics, any item of electronic equipment deployed on site must be EMI certified and each repeater
rack complete with power supply, duplexer and backhaul data switch, was characterised in an anechoic chamber. The results are
depicted in Error! Reference source not found..

DC CABINET - 70MHz - 1GHz




Figure 2: Repeater anechoic chamber EMI characteristic
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The most potentially problematic repeater site is Jaskloof, due to its close proximity to some telescopes. Therefore, point to
multipoint link (PTMP) calculations were carried out from Jaskloof to all telescopes, as shown in Figure 3.

Figure 3: Jaskloof - Telescope PTMP EMI link calculations

4 Base Station Radios

A further possibility is possible EMI from the base station radios, as installed at different security check points around the site, of
which one, CPointl, is indicated on Figure 3. Similar PTMP link calculations as done for the Jaskloof Repeater, were carried out;
ie. 269 in each case, using the Pathloss 5 calculation tool [4]. The condensed results from both these are presented in Table 1.

Table 1: Extract from RFI PTMP calculations

Site S1 Emission Freq. Site S2 RSSL Free space | Diffraction | Netpath | Pathlength
level (dBm) | (MHz) (dBm) S2 loss (dB) loss loss (dB) (km)
Jaskloof -50 870 SKA112 -165.34 108.94 9.65 115.34 7.66
Jaskloof -50 870 SKA122 -186.66 109.54 30.36 136.66 8.2
Cpointl -60 600 SKA023 -171.34 101.7 12.93 111.34 4.825
Cpointl -60 600 SKA020 -172.87 102.69 13.46 112.87 5.409
Cpointl -60 600 SKA018 -174.27 105.95 11.59 114.27 7.866
Cpointl -60 600 SKA024 -174.36 102.58 15.05 114.36 5.34

5 Conclusion and Summary

The repeater EMI was measured at -50 dBm at 870 MHz, worst case, while the Base Station radios were similarly found to radiate
-60 dBm at 600 Mhz. In the repeater case, the only two telescopes with RSSL above the sensitivity floor, were SKA112 & 122
respectively, both at close distance and consequent small path losses, as per Table 1. It was decided to shield the entire repeater(in
a 60 dB attenuating cabinet. A larger no. of telescopes is affected by the base station radio EMI, but not by much, ie. typically 5 —
14 dB over the -185 dBm limit. Complete shielding is not practical in this case and further measurements will be taken in an in
situ installed situation. It is possible that the aluminium skin of the security hut wall material could well provide the additional
attenuation required. The RFI receive levels were individually calculated for all telescopes and from all repeaters and base
stations. The repeater at Limietkop was also found to present a threat to a single telescope, ie. SKA026 and had to be shielded.
The equipment is manufactured commercially and the EMI is well within international specifications, but a telescope LNA at 10K
is another matter and all risks have to be quantified and mitigated, if necessary.
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RFI and SMAP: Results and Trends in Almost 10 years of L-band RFI Observations
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The NASA Soil Moisture Active and Passive (SMAP) mission, launched at the beginning of 2015, is providing global
measurements of brightness temperature for the estimation of soil moisture, freeze/thaw state and sea surface salinity. The
SMAP radiometer operates within the protected Earth Exploration Satellite Service passive - EESSS (passive) frequency
allocation at 1400-1427 MHz. However, unwanted signals, in the form of illegal in-band transmissions and out-of-band
emissions from transmitters operating at frequencies adjacent to this allocated spectrum has been a source of radio-frequency
interference (RFI) in this band. For this reason, the SMAP radiometer included what probably still is the most advanced
signal processing system for the detection and filtering of RFI [1].

Since the beginning of the mission, the SMAP RFI Team has focused on improving the performance of the interference
detection and filtering, documenting the occurrence of RFI, locating its source and reporting to the authorities. The lifetime of
the SMAP radiometer is approaching 10 years, and the amount of data collected, along with the different characteristics of the
interference signals, has allowed research on RFI trends. One example is provided in Figure 1, which shows the evolution of
the global number of RFI sources observed by SMAP over the duration of the mission.

Global Number of Sources
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Figure 1. Evolution of the global number of RFI sources observed by the SMAP radiometer.

Analyses show a slow decreasing trend of the number of strong sources indicating an improvement in the RFI environment.
The results also indicate seasonal variations which are particularly noticeable over China.

Results of the work of the SMAP RFI Team during these past years will be summarized and an update on trends originally
reported in [2] will be presented.
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1. Introduction

A World Radiocommunication Conference (WRC) is organized by the International Telecommunication Union (ITU) every
four years to revise and update the Radio Regulations (RR), which determine the use of the radio frequency spectrum by
radio services. The next World Radiocommunication Conference, WRC-27,will be held at the end of 2027 (WRC-27). The
WRC-27 agenda contains several topics of relevance to microwave remote sensing, called Earth Exploration Satellite Service
(EESS) in ITU terminology. This presentation will specifically address one of them.

2. Agenda Items relevant to passive remote sensing at C-band

At the World Radiocommunication Conference 2023 (WRC-23), frequency bands with the range 6425-7125 MHz were
identified for use by the terrestrial component of International Mobile Telecommunications (IMT), with some small
differences by ITU Region [1].

Microwave radiometers have been using these frequencies for many years, however they do so without an EESS allocation
and they are only recognized by RR Footnote 5.458. Their measurements are essential for estimating global sea surface
temperature (SST) and used in combination with other frequencies for other applications such as measuring soil moisture,
temperature of the ocean surface and sea surface wind through clouds. 6425-7250 MHz is a unique frequency range for SST
observations, since it corresponds to the peak sensitivity to this geophysical parameter.

IMT deployment following this WRC-23 decision is expected to greatly increase the level of interference received by these
instruments. Recognizing the importance of these measurements, an agreement was reached at WRC-23 to establish Agenda
Item 1.19 for WRC-27 to seek new allocations in the 4200-4400 MHz and 8400-8500 MHz bands to complement the
measurements with the range 6425-7125 MHz [2]. These agenda item falls under the responsibility of the Working Party
(WP) 7C, which oversees all activities related to remote sensing systems within the Study Groups of the International
Telecommunication Union — Radiocommunication Sector (ITU-R).

However, a threat to both potential new allocations and existing operations of microwave radiometers for SST observations
comes from another WRC-27 agenda item. Agenda Item 1.7 is encouraging development of technical conditions for the use
of International Mobile Telecommunications (IMT) in the frequency bands 4400-4800 MHz, 7125-8400 MHz and 14.8-15.35
GHz. ITU-R WP 7C is a Contributing Group for this agenda item.

2. Discussion
Opportunities and threats to passive remote sensing measurements of SST by WRC-27 Agenda Item 1.19 and Agenda Item

1.7 will examined and discussed in this presentation. In particular, the focus will be on the impact, positive or negative, on the
remote sensing community and on the challenges from the point of view of remote sensing scientists and engineers.
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1. Introduction

Most C-band weather radars operate in the same frequency band (5600~5650 MHz) [1] as many RF Local Area Networks
(LAN), such as IEEE 802.11-based [2] Radio LANs and Wireless LANs; therefore a considerable amount of radars are
threatened by RFI contamination [3, 4]. Unfortunately, Argentina's weather radar network (SINARAME: Sistema Nacional de
Radares Meteoroldgicos) is no exception.

Keeping the band used by weather radars free requires the government to discover, locate, and control the sources of
interference. The constant expansion of wireless networks and the enormous effort necessary to control them means that, in
practice, it is impossible to eradicate all sources of interference.

Therefore, to alleviate this situation, a digital RFI filter capable of operating in real time was developed for the Argentine
Meteorological Radar (RMA).

This research is a continuation of previous works [5, 6, 7] with the aim of comparing data quality before and after applying the
RFI filter.

2. Methodology

Two different types of data were used (I/Q time series). The first set, see Figure 1, includes regions with clear air and
meteorological data recorded at a virtually interference-free RMA site. The second set, see Figure 2, contains only interference
and system background noise, recorded by configuring the RMA radar in receive-only mode at a site heavily contaminated by
RFIL.

Both sets were combined mathematically, see Figure 3, thus generating a new artificial set of actual meteorological data
contaminated with real-world RFT signals.

By filtering the artificially contaminated dataset and comparing the results with the original (RFI-free) dataset, it is possible to
evaluate data quality loss due to contamination and quality improvement due to filtering.

06z, [d8z]
06z, [d8z]

Figure 1. Weather data (RFI-free). Figure 2. Real world RFI data Figure 3. Weather data contaminated
with RFI
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3. Results

The results of this research, which will be presented in the extended summary, will show a comparison of data quality before
and after applying the RFI filter.

4. Remarks and Conclusions

After the activation of RFI filtering in all RMA radars of the SINARAME network by the end of 2023, qualitatively an
improvement can already be observed in the radar data shown on the web portal of the National Weather Service of Argentina.

The level of RFI contamination was significantly reduced in every site, while weather echoes stayed mostly unaffected.

This research supplements the previous works [5, 6, 7] on the RFT filter of the RMA radar signal processor.
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1. Introduction

The Australian Radio Quiet Zone Western Australia (ARQZWA) was established in the Mid-West region in Australia to host
radio telescopes with strict power spectral density (PSD) threshold to protect sensitive telescopes from radio frequency
interference (RFI). ARQZWA currently hosts three operational telescopes, along with ongoing constructions of SKA-L
telescopes, the largest radio telescope project ever undertaken in the history of radio astronomy. The RFT is detected through a
dedicated RFI monitor across 20 to 3000 MHz at the Observatory [1]. The monitor consists of two receiver chains, one is
configured for faster scanning, whilst the other one is tailored towards detecting low level signals with a slower scanning rate.
There are different data products from the RFI monitor, mainly the raw received signal levels, spectrum occupancy, normalized
spectrum and charts for each receiver chain.

Inyarrimanha llgari Bundara,
the CSIRO Murchison
Radio-astronomy Observatory

Geraldton @

Perth @

® Sydney

Figure 1. The location of the ARQZWA of Inyarrimanha Ilgari Bundara, CSIRO’s Murchison Radio-astronomy Observatory
in the Mid-West region of Australia
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2. Problem Statement

The occupancy data for the sensitive RFI receiver chain is calculated by taking the average of the received signal across one
day and if it’s more than two standard deviations, which is known as the threshold, then the frequency is considered occupied.
The occupancy data is archived from April 2019 till present. The Australian SKA Pathfinder (ASKAP) is one of the three
operational telescope that operates between 700 to 1800 MHz. Despite the site being considered as one of the most prominent
radio quiet sites on the globe, it suffers from atmospheric ducting that acts as waveguide to enable rf signals, especially, cellular
network onsite, which is not case during normal conditions. The spectrum occupancy (SO) of each frequency channel is
calculated using the following equation [2]

No
SO = N X 100% (.

Where: No is the number of samples taken through a certain time on any channel above threshold and A is the total number of
samples taken through a certain time.

2. Proposed Solution

A lot of science observations have been subjected to strong ducting, which affects the data quality of observation [3],[4]. The
observation schedule of ASKAP telescope is automated and would benefit from predicting spectrum occupancy as indicator
for ducting of cellular signals to alert science teams about ducting likelihood. Hence, in this work, we explore using machine
learning models to predict spectrum occupancy using the recorded data from the sensitive RFI monitor to build a decision-
based criteria for scheduling. Different artificial models will be utilized for time-series prediction starting with random forest
model. The preliminary results suggest that the model can achieve low mean absolute error for predicting spectrum occupancy,
which will be used to build the criteria for indicating ducting events onsite.
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