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| seem to have been only like a boy playing on the seashore, and
diverting myself in now and then finding a smoother pebble or a
prettier shell than ordinary, whilst the great ocean of truth lay all
undiscovered before me.

- Isaac Newton

Image Credit: NRAO/AUI




National Science Foundation - Agency Overview

* Mission
* “To promote the progress of science;
* to advance the national health, prosperity, and
welfare...
- National Science Foundation Act of 1950
* Vision

e “..A nation that leads the world in science and
engineering research and innovation, to the benefit of all,
without barriers to participation.”

e - NSF’s Strategic Plan for 2022 - 2026
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Scientific Progress

NSF has funded 258 Nobel Laureates

Funding amounts nearly U.S. $10 billion/year
International collaborations — LIGO, OISE

Karl G. Jansky Very Large Array — leading scientific
instrument

Greenbank observatory

ALMA

McMurdo Station (Antarctica), SuperDARN systems
Many more facilities
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NSF-funded research relies on access to
electromagnetic spectrum (all Divisions)

NSF funds a wide variety of programs that require usage of the radio spectrum across Divisions:

* Geosciences * Engineering
* Biological Sciences  Mathematical and Physical Sciences
e Computer and Information Science and Engineering

Especially heavy use by these Directorates: Physics, Astronomy, Polar Programs, Atmospsheric
and Geospace Sciences, Ocean Sciences and Earth Sciences.

Usage: Passive and Active
Research utilizes

- commercially marketed instruments and communications devices/services
- original design instrumentation




NSF ESM Coordination Group

* Formed March 2018
* Includes NSF input across all Directorates

Jonathan Williams Chair, MPS/AST, ESM Unit

Patrick Smith GEO/OPP SIl Working Group Members:
Thyaga Nandagopal T/p John Chapin (MPS) — chair
Tony Maciejewski ~ ENG/ECCS Lisa Winter (GEO)

Mangala Sharma GEO/AGS Jenshan Lin (ENG)

Ashley VanderLey MPS/AST ESM Unit Robert Fleischmann (BIO)

Li Yang e Li Yang (EDU)

Nancy Lutz SBE Jonathan Williams (MPS)

Nancy Lutz (SBE)

Alhussein Abouzeid  ¢yse/cns




Astronomy research critically relies on
access to the electromagnetic spectrum

ESM resides in MPS/AST because historically spectrum usage has been focused primarily
around the needs of a few large facilities and the National Radio Quiet Zone.

Very Long Baseline Array

Green Bank Observatory
National Radio Quiet Zone




Astronomy research critically relies on
access to the electromagnetic spectrum

Radio Astronomy is a worldwide endeavor, and access to spectrum requires
international collaboration.

How does SKA1 compare with the
world’s biggest radio telescopes?

SKA1 LOW SKA1 MID
419,000m* (@ 33,000m* @asoon

~130,000 antennas ~200 dishes

ASKAR
4,000m

Parkes GaT
3,200m" 7,800m*
.GGM dish .

fll:‘.f " Areciba
71,000m" 42,000n%
. S00m dinh .EDEIII diuh

NRT
.?.UUOm"I

300w x 35m antenns

The Scuars Kivestrs Seray (KA il ke the workds largest radia
ravelutionising our Wnderstanding of the Unkerss, Tha SKA wil Lo
Bl i s s - SWAY avad SHAD - starting in 2018, with SHAT
traction of the ull SKA. SKAT wil include two instrumens

bl Image credit: the Square Kilometer
BKAT MID and S<AT LOW - ohaorving the Univeorse at different frequencies. . . . .
- S DU =~ S Array Organization (SKA Organization)




Astronomy research critically relies on
access to the electromagnetic spectrum

Radio Astronomy is a worldwide endeavor, and access to spectrum requires
international collaboration.

MeerKAT dish
antenna, South
Africa

(Image via
skatelescope.org)




Importance of EM Access

AST sciences are fundamentally dependent on the detection of
light across the full EM spectrum (AAAC report, March 2017)

M51 in X-ray, radio, and visible light (Image Credit: http://coolcosmos.ipac.caltech.edu/)
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An Increasing Challenge... o e
—— - ‘.
“The radio frequency spectrum is a resource facing rapidly growing ; .' - N o i : ’
demands from commercial users such as satellite constellations and - et ity 4
increased commercial use of higher frequencies, while at the same N, T _
time new scientific instruments and capabilities increase the portions ""'_. - \ e D
of the spectrum radio astronomers are using. Increasingly sensitive | PRttt ’

detectors can pick up on additional sources of interference.” 53 3

-NAS 2020 Decadal Report,
Pathways to Discovery in Astronomy and
Astrophysics for the 2020s il s




Specific Challenges

Emitters in motion and from elevated vantage points;
esp. continuous emission

Out-of-band and Harmonic emissions

Limited resources e.g. for RFl reporting; increasing
interest of the astronomy community

Scientific disciplines utilize different frequencies (e.g.
radio astronomy vs. earth sensing, GPS, polar) — and can
be at odds with each other

Protections are no longer sufficient - even the National
Radio Quiet Zone!




Specific Challenges, continued

» Constellations of satellites (radio and optical)
* High Altitude Platform Systems

* 5G

e Car radars

* Commercial technologies in mm, sub-mm and THz
regimes

e E.g. atmospheric attenuation does not take care of all
THz transmissions




Science uses of the spectrum go where the
physics leads

Atmospheric transmission at Chajnantor, pwv = 0.5 mm







Physics & Astronomy Frequency Usage
IELGEVYENR

Protected frequency bands include most important
identified spectral lines for studying the local universe (e.g.
HI, CO, OH masers), but doppler-
shifted lines from sources further

away in the Universe fall into
non-protected bands. Frequencies
used for observation are often
non-interchangeable, and much
observation is done
opportunistically.

Radio Astronomy Frequency Allocations in the United States
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Scientifically valuable signals may be doppler-shifted
outside allocated bands

S... FREQ.
1417.50 1416.50 1415.50 1413.50 o

A

—0.050 :
600. 800. 1000. 1200. 1400.

VEL. (OPTI)

This integrated HI spectrum of UGC 11707 obtained with the 140-foot telescope (beamwidth =~ 20 arcmin) shows the
typical two-horned profile of a spiral galaxy.




Epoch of Reionization

HI: 21cm->1.5m T

What is the Reionization Era?

A Schematic Outline of the Cosmic History

Big Bang (yaars)
~J
Freq ~ 1420 MHz -> 200 MHZz -wouen
-
= 500 millian
-
PRECISION ARRAY TO PROBE EPOCH OF REIONIZATION
GALFORD MEADOW -- NRAO: GREEN BANK, WV
D. Backer, A. Parsons, M. Wright, D. Werthimer {UC Berkeley),
R. Bradley, C. Parashare, N. Gigliucci, D. Boyd (NRAQ, UVA)
=1 billion
: i A s
~ 9 billian -
K
)
~ 13 billion v - Je
v g

5.G. Djorgovski et al. & Digital Media Center, Caltech

«-The Big Bang

The Univarse filled
with ionized gas

+—The Univarse bacomes
nautral and opagque

The Dark Ages start

Galaxies and Quasars
begin to form
The Reionization starts

The Cosmic Renaissance
The Dark Ages and

“-Raionization complete,
the Universe becomes
transparent again

Galaxies evolve

The Solar System forms

Today: Astronomers
figure it all out!




Physics & Astronomy Frequency Usage
Takeaways

It is imperative that the increasing demands
for spectrum take into consideration the
A . e 10 uly at 3 GHz ~2 weeks
challenges to scientific progress and NSF 2 GHz BW (~1.4 GHZ after RFI excision)
. . <50 MHz is RAS primary
appreciates efforts to coordinate
and to limit out-of-band emissions;
Astronomy observations also include
continuum emission (thermal,
non-thermal).

.
£ "
: VLA Observation September 7, 2017




Physics & Astronomy Frequency Usage
BELCENENE

T - J

* The United States has significant scientific
assets / large facilities outside of its national

borders. >
* Observatories tend to be in geographically *
remote sites, but radio emission from moving *

emitters (car '3
radars, satellites
and high altitude

delivery systems) \ \,Q

will be an

increasing ALMA

challenge.







What is coming...

» Constellations of thousands of satellites (10-50 GHz regime) such that from any location
you would always “see” at least one, preferably (in mind of satellite providers) up to 3

- or 4 satellites
* Mobile telecommunications SR
P
3 . E B S
* High Altitude Platform Systems I
.- A
RFI at K-Band (18-26.5 GHz) IR LS
SRR
by Emmanuel Momijian — last modified Jul 07, 2011 L e peaEmeiad
. - - ___ BEEEEE N ]
Frequency [(MHz) Description Origin Classification Spectrum j I | WA
17800-20200 Satellite downlink | Clarke Belt | continuous i ‘.[ , E ]
RFI at Ka-Band (26.5-40 GHz) £ i3 i E
= oy ._i- '
by Emmanuel Momijian — last modified Mar 15, 2013 by Heidi Medlin % :

Frequency {(MHz) Description Origin Classification Spectrum

29500-320000 local Wildblue WSAT Local residences | Intermittent
Internal {(June 2 to Oct. 8, 2010}  Antenna EALD Continuous plot

Internal {(June 2 to Oct. 8, 2010}  Antenna EALD Continuous plot

https://science.nrao.edu/facilities/vla/observing/RFI
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Arizana
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All antenna positions are approximate and subject to change. ‘\é

Y, 1

Figure 1. ngVLA Array Configuration Rev. B (Spiral-214). Antenna positions
are still notional, but are representative for performance quantification.




Figure 3. Left: ngVLA 18 m antenna reference design concept prepared by
GDMS. Center: 6 m short spacing array antenna concept prepared by NRCC. Right:
ngVLA 18 m antenna composite design concept prepared by NRCC.




10M: @ 5AU 30M: @ 2.5AU

ngVIA €0 2-1

Figure 1. Simulated ngVLA observations of protoplanetary disk continuum
emission perturbed by a Jupiter mass planet at 5 AU (left), a 10 Earth mass planet at
5 AU (center), and a 30 Earth mass planet at 2.5 AU (right). The ngVLA observa-
tions at 100 GHz were simulated with 5 mas angular resolution and 0.5 uJy/bm rms
(Ricci et al. 2018).

pyrrole | aminopropionitrile glyceraldehyde ‘gure 3. Top Panels: Simululinn\ b‘md on M ‘WI \\1th muluulur mass

:.r\ahls. by ALMA and Tht. NUEM»’\ i(' il &
Ium \hn\& n in tlh. l'u nttom ]Ltr corner is (left tor

), and the ul(':mic di imug 3
‘ ) the gas phases to which the ngVLA will be
\LI'I‘\II]\& RwhrF mu‘ Th J=2— 1 map at 1” resolution.

24500

_ /ative simulation of 30 as-yet-undetected complex interstellar
molecules (black) likely to be observed by the ngVLA above the confusion limit
around hot cores with typical sizes of ~ 1 —4”. Key molecules are highlighted in




Deep-Space Spacecraft Telemetry
with ngVLA

Table 2.  Frequency Bands for Deep-Space Spacecraft Telemetry

Name Telemetry (Downlink)
(space-Earth)
(GHz)
S band 2.29-2.30
X band 8.40-8.45
Ka band 31.8-32.3




Conclusions

Keep protected RAS allocations as RFI-free as possible
* Guard bands for other services

Utilize technology developments and advancements to increase spectrum availability for
physics and astronomy in strategic geographic locations

* “National Radio Dynamic Zone” for enhanced ESM protections

*  Work with us to pilot a win-win for science and commercial interests

Research leads the way to technologies we all use
* Research in RFI excision techniques and receiver technology
* e.g. GPS, Wi-fi

Educational opportunity - Increased awareness of the spectrum as a finite, but
renewable resource
* Department of Interior / Educational Awareness program at the National Parks
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Views of the U.S. National Academies of Sciences, Engineering, and Medicine
on Agenda Items at Issue at the World Radiocommunication Conference
2023

Report to articulate the views of the U.S. science community on specific WRC-23 Agenda
ltems related to the Radio Astronomy Services and the Earth Exploration-Satellite
Services (Chair: Liese Van Zee, Indiana University)

Recommendations given on 18 agenda items for WRC-23, and 9 for WRC-27
*Allocations for International Mobile Telecommunications
*High-Altitude Platform Stations as IMT Base Stations (HIBS)
*UAS-CNPC

*Allocations to the Aeronautical Mobile Service

 SCIENCES - ENGINEERING - MEDICINE

CONSENSUS STUDY REPORT

\.‘iew&'pﬁhe’U.S. National Academies of

*Global Maritime Distress Safety Systems Rt g > b Gl e <8

*EESS Radar Sounders at 45 MHz SPECTRUM WORLD D

*Allocations to the Space Research Service MANAGEMENT gggﬁ%‘l’zﬂgggg‘gﬂcm _

*Allocations to the Earth Exploration Satellite Service in FOR SCIENCE 2 Ak
231.5-252 GHz IN THE

*Earth Stations in Motion (ESIMs)
*Inter-Satellite Links
*Space Weather

215t CENTURY

The National SCIENCES

- ENGINEERING BOARD ON PHYSICS AND ASTRONOMY
Aidenics Of MEDICINE Division on Engineering and Physical Sciences




Contacts at NSF: esm@nsf.gov

Jonathan Williams jonwilli@nsf.gov

Ashley Zauderer bezauder@nsf.gov

John Chapin jchapin@nsf.gov
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