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United States of America

WORKING DOCUMENT TOWARDS A PRELIMINARY DRAFT NEW REPORT RA.[SZM_THRESHOLDS]
Threshold levels of permissible interference to radio astronomy 
in the shielded zone of the Moon 

Introduction
This draft new Report summarizes the methodology for calculating threshold levels of permissible interference for lunar radio astronomy telescopes as well as provides relevant scientific background. This input contribution provides updates to the document currently attached to the Chairman’s Report (7D/235 Annex 12). Changes made relative to the previous version include cleaning up formatting, adding additional related ITU-R Recommendations and Reports, revising the first two sentences of Section 2, as well as the addition of a paragraph in Section 3 related to telescopes that employ bolometers and similar types of incoherent detectors. The word “harmful” is replaced by “permissible” throughout the document. The proposed changes are highlighted through track changes. This document is still under development with further work anticipated.

Attachment:	1
THIS DRAFT DOCUMENT IS NOT NECESSARILY A U.S. POSITION AND IS SUBJECT TO CHANGE

	
ATTACHMENT


	[Elements towards a] WORKING DOCUMENT TOWARDS A PRELIMINARY DRAFT NEW REPORT RA.[SZM_THRESHOLDS]

	Threshold levels of permissible interference to radio astronomy 
in the shielded zone of the Moon 



 
(Question ITU-R 260/7)
(202X)
{Editor’s notes: 
Working Party 7D has not reached agreement on whether the material in this document should be in the form of a Recommendation, a Report, or both. 
The Report should contain supporting material for a Recommendation.
There is also disagreement on the question whether this Report should contain a generic methodology to calculate interference thresholds. Some administrations are of the view that this should be contained in a Recommendation.
The general applicability of the tables of threshold emissions to bands not permitted to operate in space remains to be addressed.}
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1	Introduction
The shielded zone of the Moon (SZM) is currently the only radio quiet zone recognized in the ITU-R Radio Regulations (RR). In RR Nos. 22.22-22.25 a definition of the SZM is provided. To protect radio astronomy and other passive services, the frequency ranges in which no emissions are allowed are extended to the entire range of frequencies, with some exceptions. 
Given the continuously increasing use of the spectrum by active services, especially those utilizing space-based transmitters, terrestrial radio astronomy is significantly constrained. To progress in research and technology, RAS stations often require a greater portion of the spectrum than allocated to RAS, which in the past could be achieved under national arrangements in the remotest locations on Earth, in national radio quiet zones. With the increasing use of space-born transmitters, the effectivity of this coexistence method for radio astronomy and active services is becoming increasingly restricted. 
The SZM, as a pristine environment, is hence the last retreat for the most cutting-edge radio astronomy experiments requiring the cleanest observing conditions. Radio astronomy facilities inon the SZM can also conduct radio astronomy measurements at frequencies not accessible from the Earth’s surface due the Earth’s atmosphere.
[bookmark: _Toc217065603]2	Background on receiver and sky brightness temperatures
To protect the operation of RAS stations, especially those relying on the unique low frequency windows accessible only in the SZM, radio transmissions in the SZM need to be restricted to minimum necessary duration and power.  Any necessary communications in the SZM should be restricted to a minimum in order to protect the operation of RAS stations. This is particularly true for the lower frequency ranges. Thus, as a first requirement, all frequencies This is especially critical below 2 GHz in the SZM should be to keep these frequencies accessible to radio astronomy in the SZM. While the physical principles of Recommendation ITU-R RA.769 apply, the protection criteria listed therein do not apply in the SZM and must be adjusted to reflect the differing physical conditions and other experimental requirements. Radio astronomical instruments in the SZM are designed to detect the faintest signals in the Universe. Therefore, the assumed integration time is approximately one lunar night which last about 1.2  106 seconds. For continuum wide band observations, the typical bandwidth is assumed to be one-tenth of the frequency, while for narrowband spectral-line observations the bandwidth is estimated to 1/3 × 105 of the frequency. Since the Moon does not have an atmosphere, the antenna temperature is determined by the cosmic radio background and spillover from the ground. It is assumed that 10% of the received emission is spilling into the telescope from the ground at lowest temperatures during the lunar night (26 K). For the sky brightness temperature, we assume the validity of the power law dependency from Recommendation ITU-R P.372 with a spectral index of −2.75 for higher frequencies and formally take the cosmic microwave background into account at all frequencies. Using the 5th lower percentile of the sky map of Haslam et al. 1982[footnoteRef:1] and Remazeilles et al. 2015[footnoteRef:2] at ν0 = 408 MHz, one finds for the sky brightness temperature Tν0 ≈ 15.8 K. Including the impact of a constant cosmic microwave background TCMB = 2.73 K, we find for higher frequencies  the sky brightness temperature TS: [1: 	Haslam, C. G. T., Salter, C. J., Stoffel, H., Wilson, W. E. 1982, “A 408-MHZ All-Sky Continuum Survey. II. The Atlas of Contour Maps”, Astronomy and Astrophysics Supplement, Vol. 47, P. 1.]  [2: 	Remazeilles, M., Dickinson, C., Banday, A. J., Bigot-Sazy, M. -A., Ghosh, T. 2015, “An improved source-subtracted and destriped 408-MHz all-sky map”, Monthly Notices of the Royal Astronomical Society, Vol. 451, Issue 4, P. 4311.] 

		TS = (15.8 K − TCMB) ( / 408 MHz)-2.75 + TCMB    for higher frequencies
To first find a simple enough but representative sky background model for lower frequencies, we compare the models of Novaco and Brown 1978[footnoteRef:3], Cane 1979[footnoteRef:4], and Jester & Falcke 2009[footnoteRef:5] in Fig. 1. More accurate models include the anisotropic character of the cosmic radiation, peaking at the position of the Milky Way, see, e.g. Cong et al. 2021[footnoteRef:6], but are considered too complex for compatibility considerations. Since they are rather similar at the accuracy level of compatibility considerations, we choose the model of Jester & Falcke 2009: [3: 	Novaco, J. C., Brown, L. W 1978, “Nonthermal galactic emission below 10 megahertz”, Astrophysical Journal, Part 1, Vol. 221, P. 114.]  [4: 	Cane, H. V. 1979, “Spectra of the non-thermal radio radiation from the galactic polar regions.”, Monthly Notices of the Royal Astronomical Society, Vol. 189, P. 465.]  [5: 	Jester, S., Falcke, H. 2009, “Science with a lunar low-frequency array: From the dark ages of the Universe to nearby exoplanets”, New Astronomy Reviews, Volume 53, Issue 1-2, P. 1]  [6: 	Cong, Y., Yue, B., Xu, Y. Huang, Q., Zuo, S., Chen, X. 2021, “An Ultralong-wavelength Sky Model with Absorption Effect”, The Astrophysical Journal, Volume 914, Issue 2, P] 

		TS = 16.3 106 K ( / 2 MHz)-0.3        for         2 MHz
		TS = 16.3 106 K ( / 2 MHz)-2.53       for        > 2 MHz
as the simplest representation using a broken power law to represent the sky brightness temperature at low frequencies. We determine a transition frequency of 29.021 MHz for a transition between the Jester & Falcke and the P.372 model (using 15.8 K as a reference brightness temperature), and correct those to include a constant cosmic microwave background TCMB = 2.73 K. This provides the final form for the sky model:
		TS = (16.3 106 K - TCMB) ( / 2 MHz)-0.3      for         2 MHz
		TS = (16.3 106 K - TCMB) ( / 2 MHz)-2.53      for        2 MHz <  29.021 MHz
		TS = (15.8 K - TCMB) ( / 408 MHz)-2.75           for        > 29.021 MHz
The total equivalent sky brightness after taking ground spill into account is shown as the red line in Fig. 1.
Figure 1
Equivalent sky brightness for different models, correcting for ground spill.
The red line represents the suggested sky model.
[image: ]
Finally, receiver temperatures are not assumed to be significantly different from the terrestrial case.
[bookmark: _Toc217065604]3	Methodology for calculating threshold levels of interference
{Editor’s note: Content to be developed further. Example calculations for several existing or planned lunar RAS facilities (e.g. ROLSES) given specific system parameters could be included here.}
Thresholds of interference can be calculated for each of the facilities built within the SZM based on system parameters and accounting for the long integration time on the SZM relative to integration times for Earth-based observations. The technical and operational characteristics of radio astronomy observatories in the SZM, at the frequencies of interest, are essential to ensure protection of these radio astronomy operations as provisioned in RR Nos. 22.22 to 22.25.
For frequency transmissions permitted in the SZM, the equations in Table 1 and Table 2 can be used to calculate applicable threshold values of interference to radio astronomy observations in the SZM relevant to RR No. 22.25. Additionally, Tables 3 and 4 provide relevant frequency-independent and frequency-dependent relations, parameters and constants for reference.
For telescopes that employ bolometers and similar types of incoherent detectors, the methodology described in these tables does not provide sensible thresholds for interference given the large fractional bandwidths of these detectors along with their inability to distinguish frequencies within these broad bands. For these detectors, frequency excision is not possible; any emission above the permissible threshold in the detector’s band renders the entire frequency band useless. Report ITU-R RA.2512 provides characteristics of extremely sensitive, background-limited millimeter-wave bolometric detectors with large fractional bandwidths of order 30% or more, especially those used for observations of the Cosmic Microwave Background (CMB). These instruments have been located exclusively at extremely geographically remote sites in order to operate in an environment with minimal interference. Reference levels for telescopes employing such detectors can be found in Report ITU-R RA.2512. Notably, thresholds of interference depend heavily on the site characteristics, and the sites described in Report ITU-R RA.2512 are all terrestrial sites with a background dominated by the Earth’s atmosphere.  The remote, lunar environment with no atmospheric emission or absorption will present new challenges and opportunities in operating these types of exceptionally sensitive and broadband detectors at RAS stations in the SZM.



{Editor’s note: WP 7D has not yet agreed whether these tables should be included here in this Report or in a related Recommendation on thresholds for interference. It is agreed that the tables should not be duplicated and should only be present in one of these two documents. Two options: if included here, the Recommendation could reference this Report to refer to the tables OR the tables could be included directly in the Recommendation. Noting there is also disagreement between administrations as to whether the Recommendation is needed.
Table 1
Formula for calculating nominal levels of permissible interference to wWideband (linecontinuum) threshold values of interference harmful to radio astronomy observations in the shielded zone of the Moon
	Frequency 
f
(Hz)
	Bandwidth 
f 
(Hz)
	Minimum antenna noise temperature
TA.
(K)
	Receiver noise temperature
TR
(K)
	System sensitivity
(noise fluctuations)
	Threshold interference levels

	
	
	
	
	Rms noise temperature
T
(K)
	Power spectral density
PS 
(W Hz-1)
	Input power
PH (W)
	Incident pfd
PH (2/4)-1
(W m-2)
	Spectral pfd
SH
(W m-2 Hz-1)

	(1)
	(2)
	(3)
	(4)
	(5)
	(6)
	(7)
	(8)
	(9)

	f
	rw f
rw see Table 3
	Table 3
	Table 4
	(TA+TR)(f t)-1/2
t see Table 3
	rfn kB T
rfn see Table 3
	PS f
	PS f 4(cf-1)-2
	PS 4 (cf-1)-2


Table 2
Formula for calculating nominal levels of permissible interference to nNarrowband (continuumline) threshold values of interference harmful to radio astronomy observations in the shielded zone of the Moon
	Frequency f 
(Hz)
	bandwidth
f 
(Hz)
	Minimum antenna noise temperature
TA.
(K)
	Receiver noise temperature
TR
(K)
	System sensitivity
(noise fluctuations)
	Threshold interference levels

	
	
	
	
	Rms noise temperature 
T
(K)
	Power spectral density
PS 
(W Hz-1)
	Input power
PH (W)
	Incident pfd
PH (2/4)-1
(W m-2)
	Spectral pfd
SH
(W m-2 Hz-1)

	(1)
	(2)
	(3)
	(4)
	(5)
	(6)
	(7)
	(8)
	(9)

	f
	rn f
rn see Table 3
	Table 3
	Table 4
	(TA+TR)(f t)-1/2
t see Table 3
	rfn kB T
rfn see Table 3
	PS f
	PS f 4(cf-1)-2
	PS 4 (cf-1)-2



Table 3
Frequency-independent relations, parameters, and constants
	Quantity 
	Symbol
	Unit
	Value/Expression

	Fraction of bandwidth used for wideband observations
	rw
	−
	0.25 (See[footnoteRef:7]) [7: 	This value is nominal for low-frequency observations in the SZM. A future revision may be needed to address higher frequency observations. ] 


	Fraction of bandwidth used for narrow band observations
	rn
	−
	3.3  10-6 (See[footnoteRef:8]) [8: 	This value is from contribution ITU 7D/168. The value was chosen based on the typical velocity resolution relevant for narrow band observations, which is 989 m/s.] 


	Minimum antenna noise temperature
	TA
	K
	(1-fg) TS+ fg TG

	Fraction of ground radiation spilling into antenna
	fg
	−
	0.1

	Minimum sky brightness temperature
	TS
	K
	TS  = (Tf0-TCMB)(ff0-1) +TCMB

	Minimum ground temperature during lunar night
	TG
	K
	26

	Reference sky brightness temperature
	Tf0
	K
	Table 4

	Brightness temperature of the Cosmic Microwave Background
	TCMB
	K
	2.73

	Reference frequency
	f
	Hz
	Table 4

	Spectral index
	
	−
	Table 4

	Minimum sky temperature at reference frequency
	Tf0
	K
	Table 4

	Integration time
	t
	s
	1.2  106

	Tolerable fraction of noise temperature
	rfn
	−
	0.1 (See[footnoteRef:9]) [9: 	This value is taken from ITU-R Resolution RA.769.] 


	Boltzmann constant
	kB
	J K-1
	1.38  10-23

	Speed of light
	c
	m s-1
	3.00  108



Table 4
Frequency-dependent relations, parameters, and constants
	Frequency
f 
	Reference sky brightness temperature (K)
Tf0
(K)
	Reference frequency
f0
(Hz)
	Spectral index

	Receiver Noise Temperature
TR
(K)

	f  2 MHz
	1.63  107
	2.00  106
	−0.3
	60

	2 MHz < f  29.021 MHz
	1.63  107
	2.00  106
	−2.53
	60

	29.021 MHz < f  500 MHz
	15.8
	4.08  108
	−2.75
	60

	MHz  f   1 GHz
	15.8
	4.08  108
	−2.75
	20

	GHz  f   12 GHz
	15.8
	4.08  108
	−2.75
	10

	GHz  f   20 GHz
	15.8
	4.08  108
	−2.75
	15

	GHz  f   30 GHz
	15.8
	4.08  108
	−2.75
	20

	GHz  f   150 GHz
	15.8
	4.08  108
	−2.75
	30

	Tbd.
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[bookmark: _Toc217065605]5	Summary
{Editor’s note: Summary to be written upon completion of the Report.}
[bookmark: _Toc217065606]6	Related ITU-R Recommendations/Reports
Recommendation ITU-R RA.314 – Preferred frequency bands for radio astronomical measurements
Recommendation ITU-R RA.479 – Protection of frequencies for radioastronomical measurements in the shielded zone of the Moon
Recommendation ITU-R RA.769 – Protection criteria used for radio astronomical measurements
Recommendation ITU-R P.372 – Radio noise
Recommendation ITU-R RA.2512 – Technical and operational characteristics of broadband, background-limited detectors operating in the millimetre-wave regime
{Editor’s note: Report ITU-R RA.[SZM-FAC] is under development}
Report ITU-R RA.[SZM-FAC] – Radio astronomy facilities on the Moon
{Editor’s note: Recommendation ITU-R RA.[SZM-THRESHOLDS] is under development. There is disagreement between administrations as to whether this Recommendation is needed.}
Recommendation ITU-R RA.[SZM-HARM-INT-TLTHRESHOLDS] – Threshold levels of interference to radio astronomy in the shielded zone of the Moon
[bookmark: _Toc217065607]7	Abbreviations/Glossary
RFI	Radio Frequency Interference
RR	Radio Regulations
SZM	Shielded Zone of the Moon
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