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Agenda:

What Is included:
Large Low Earth Orbit (LEO) Cpnstellations
Impacts on Radio Astronomy
Mitigation Strategies
Ongoing Efforts .

What I1s not included:
Detalls on calculations and simulations

Measurement efforts Interested? Find me during the break:

gathertown/ federico.divruno@skao.int

Details on mitigation strategies
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Large LEO constellations

ABefore: GPS (24), Iridi

..... o 3333
............
....... B =33

...........

A Lower cost of launches and new satellite . < Ve | =
manufacturing processes N |

A Now: 1000s of medium  -size communication

Sa‘tel I |teS OneWeb constellation with ~7O sellites i phase 1. (credit: OneWeb)
A Low latency internet (LEO: 300 -2000 km) stariink Network Architechure
A LEO means smaller beam footprints, more l

satellites needed

10.7GHz - 12.7GHz

Downlink

Uplink 17.8GHz — 19.3GHz

" 14.0GHz — 14.5GHz Uplink
27.5GHz — 30.0GHz

A Direct connection to users, gateways

connections to the internet %K}\K
|

Starlink Gateway Site

Based on Starlink Services submission to FCC

ASounds like a very good I

Starlink business model description
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Large LEO COnS’[ella’[iOnS Cell phone towers in space!
663 1 960 MHz

SPAGCENEWS >

“| Lynk satellites connect with thousands of devices

Some of the currently deploying and
planned constellations:

(Lo

Constellation Numbgr o Downlln_k Altitude [km]
Satellites ~ Frequencies

Starlink Phase 1 4. 400 Ku, Ka 550
OneWeb Phase 1 648 Ku, Ka 1200
Amazon Phase 1 3,200 Ka ~600
Guo Wang (GW) 13,000 Ku, Ka 590 T 1145 _
Starlink VLEO 7600 V 340 o
107,00

Telesat 1,700 Ka
Starlink Phase 2 30,000 Ku, Ka, E 328 1 614 P LA N N E D
Ku, Ka, V 1200 SATELL'TES

OneWeb Phase 2 6,372
Boeing 5,789 B Y 2 o 2 9
Astra 13,620 R
Amazon Phase 2 7,774 | \.‘
Cinnamon -937 300,000 277 277 ‘ 3 .
Youtube : 107,000 Planned Satellites by 2029
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https://www.youtube.com/watch?v=oWB7ZySDHg8&t=10s

Large LEO constellations

ANumbers! Satellites seen from South Africa ( Az.el)

o Active satellites and GEO satellites - No Starlink/OneWeb31/01/22 03:26:53 90 17/01/22 16:22:43
Visible sats = 125 — active Visible sats = 1849
. - : — GED . —= 5EE)
75, 75 1 —— .Starlink ph1l
- . . —— Starlink'ph2.
=l _ %60* : =St e, T _re— .OpneWeb phl
E - 4] b e | e IR el i OnheWeb ph2
= . o T, S A ] '
5 45 7 A g) 45 : : ."/' el T B s L3NV ot
5 h'{ 46 . ‘.' B v‘: : .\\ .
Lk .1.,'. 5 $* : ...’i'.. . o
30 — - 30*. . — ‘;f:{ : %
. , £ . - 1 . e ':L . T . s O : : : REFS AN M R T AT ALY o L NIRRT RS X ettt
; 156 -120 -40  -80  -30 0 30 60 80 120 150 -150 -120 =90 —-60 -30 O 30 60 90 120 150
Azimuth [deg) .
Azimuth [dedq]

GEO: 35786 km
LEO: 300 T 2000 km




Large LEO constellations
Satellite as transmitters

Steerable beams

A N channels

A M beams per channel i moving in real time
(cell phone tower equivalent)

A Active antenna modelling needed, or probabilistic model

|sotropic model:

A Seen as a sphere, radiating the EIRP in all directions
A N channels

Fixed beams

A N channels
A M beams per channel (predictable position)

N
21\
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Frequency usage (downlinks)

Planned frequency bands for Internet Satellite Constellations:

Frequency Band Jse Protected RAS bands (primary)
10.7 T 12.75 GHz Ku Jsers (p) 10.6 -10.7 GHz

19.7 1 20.2 GHz Ka Users/GW

37.5 1T 42.5 GHz V Gateways (p) 42.5 1 43.5 GHz

71.0 7 76.0 GHZ E Gateways (p) 76 1T 77.5 GHz

Out - of -band emissions:

Adjacent

necessary bandwidth

: : . :
out-of-band domain : 6%
" omom CENE
i 5
| ('(\ -

—
n
[

-40

Relative Power Spectral Density
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Impacts on Radio Astronomy from
Satellite Constellations

l. High power into analog or digital signal chains
Il. RFI into the RAS protected bands
IIl. RFI into wideband observations (even in RQZs)

V. Potential unintentional electromagnetic radiation from
satellites (see B. Wi n talke laterd

V. Impacts on Optical and InfraRed astronomy




| - High power Into recelivers

>

N Y
~ _/;/C»x. 1

A The power flux density of one channel -146 dBW/m 2 in 4 kHz bandwidth

A In 250 MHz channel represents a power flux of -98 dBW/m 2 Regse(i)V&rHWith 20 K system temperature
in Z:

A Considering direct beam -to-beam coupling :

P = -101 dBm

noise

79 75 | 68 | 62 > 50 dB of dynamic range
for RFI

4712 1700 | 424 | 106

-31 -36 -42 | -47

If my beam is 1 deg across, 20dB (or more) less Gain, how many
satellites/second will | see?

' Starlink

ph2 - Effelsberg - 0.50 deg beamwidth

Starlink ph2 - ALMA - 0.50 deg beamwidith 20 SKA-MID Antenna Model

. o average sky (el>5 deqg) = 1.00 % 20 20 average sky (el>5 deg) = 1.7 %
— P 0,
Starl I n k ph2 80 max (el>5 deg) = 44.5 % - 80 max (el>5 deg) = 42.0 % -
N=30000 o B . N oY
— = = - | 1
g 253 g% 25 9 0.5 deg = ~40 dBI
20 2 =50 @
S 203 S 207®
g40 1SB §40 15“5 " — 40_
[ o Q )
w 30 & o 30 X %’1
10 10
20 20 "l
10 > 10 5 -
0= e T R e 0 o IRTAPTHWRT I La sl r—— : kol 0 E 20
0 30 60 90 120 150 180 210 240 270 300 330 0 30 60 90 120 150 180 210 240 270 300 330
Azimuth [deq] Azimuth [deq] o
90 Starlink ph2 - VLA - 0.50 deg beamwidth 30 Starlink ph2 - SKA-MID - 0.50 deg beamwidth .
average sky (el>5 deg) = 1.8 % ' average sky (el>5 deg) = 1.8 % 0 7
80 max (el>5 deg) = 45.8 % 80 max (el>5 deg) = 49.1 %
70 70
g 2§ | | §° 253 10-3 10-2 10-1 100 10l 102
o 0 o 0 - - -
=50 7| | =50 7 10 10 10 10 10 10
ke 20 3 o 20 3 . 0
=0 5| | 84 5 Boresight Angle [°]
230 S Z 30 e
w w

Antenna model based on Recommendation ITU -R RA.1631

Te, RRRRRL. O eEE - Lhd Lokt e il ! Vil sl T, Ty
0 30 60 90 120 150 180 210 240 270 300 330 0 0 30 60 90 120 150 180 210 240 270 300 330

i i‘ : . Azimuth [deq] Azimuth [deq]
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Il - RFI into protected RAS
bands

A Out of band emissions into RAS bands
A Max interference thresholds defined in Rec. ITU

A Rapidly moving satellites in the local sky, aggregation of all
Is calculated through an epfd * calculation (Rec. ITU
M.1584 -3)

A ECC report 271 studied OneWeb and Starlink phase 1
(adjacentto the 10.6  -10.7 GHz band)

A High data loss in some regions of the sky but compliant to total data
loss requirement ( condition not to use the first 250 MHz )

A Other bands and other operators will conduct these
studi ese?

A Verification?

, ~ epfd : equivalent power flux density

Satellite band

Protected RAS bands (primary)

10.7 - 12.75 GHz Users

(p) 10.6-10.7 GHz

19.7 - 20.2 GHz Users/GW

37.5 - 42.5 GHz Gateways | (P) 42.5 - 43.5 GHz

71.0 - 76.0 GHZ | Gateways | (P) 76 - 77.5GHz

-R RA.769

Remember IRIDIUM case with 66 sats

...........

..................
...................

..................

.................

...................

..................

Sky Map of Data Loss [%])
Effelsberg, Germany (50.5247° N, 6.8836° E)
Average loss = 1.9%. Peak loss = 26%

. .
.................
------------------

Azimuth, relative to North [deg)

Figure 64: Effelsberg — Sky Map of Percent Data Loss

Figure 14: Plot of the data loss over sky

Data loss in 10.6 -10.7 GHz band. Starlink #1 (top),
OneWeb #1 (bottom). ECC report 271
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EPFD - OneWeb aggregated channels

Il - Implication for wideband
observations

A In -band signals, much higher power . D eccrepon

A Strong RFI could temporarily saturate a
. . . Satellite Downlinks
receiver (<1s but depends on satellite density) 107 1 12.7 GHz

% 50 100 150 200 250 300 350
Frequency coverage of SKA -Mid B5k7blag), RAS protected band in 10.6

AHErA S2HEEr RS GRE\ RIS daMBtksiB_ NI channels are included in the
A EPFD CaICUIation in the SKA _ M |d telescope same plot. (15 deg is the minimum elevation of an SKA antenna)

EPFD - Starlink aggregated channels

A Example:

90

A Average RFI received about 30 dB higher than
strong radio sources (without any mitigation).

A Mitigations at telescope and operator level are
possible. Some national protections are granted
to telescopes in Europe and US

Source code: https://gitlab.com/ska -telescope/rfims/ska - rfi - satellites

Orbit propagations: https://github.com/bwinkel/cysgp4 % 50 100 150 200 250 300 350
az [deq]

Average EPFD for Starlink phl constellation.
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https://gitlab.com/ska-telescope/rfims/ska-rfi-satellites
https://github.com/bwinkel/cysgp4

-
—
-
-

\ \
.:v:v
.:.rfry
fffrﬂr
rrrvrr
ffrrrr
ffﬂfrr
”f’f’?
.f.f'f’v
Lt .
fvfrn
32 3
ﬁfﬂﬂ!w
ﬂﬁﬂﬂnn
ﬂﬂﬂﬂnn
-= 3=
ﬂﬂﬂﬂﬂn
,ﬂﬂﬁﬂﬂn
«e e 3
S cseEEs
t-;CZMWW.I hthnn
-..H../JMMN/AAM : = MM FEEL
= - ceeeke
fﬂhﬁw :
e <<s £
e - i
s : |
R‘D.R‘W
\\\R?t
w-~w~
N\\V\w
\Wwwwv
“\VVVV
\Y\‘V
“swvv..
~“ww?“

Slide / 13



V - Impacts to OIR astronomy

A Specular surfaces on the satellites reflect
sunlight low on the horizon and in twilight

A Can be brighter than most stars in the
night sky, affecting wide field of view
Instruments

Satellites reflect sunlight, especially in dawn and dusk
Credit: Starlink

A There is no regulatory framework for this
effect, can potentially have even larger
implications for wildlife

A Ongoing engagement with industry to
mitigate satellite brightness (Starlink
Darksat and Visorsat )

Wide field image affected by streaks (left), Orion with
satellite steaks (right)
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Mitigation strategies

A Satellite RFI is not a new situation for Radio Astronomy

|.  Satellite predictors: Planning and masking
. Online and post -processing RFI detection and flagging

Ill.  Interferometers will be less affected (>10km baselines)

A Regional regulatory groups conducted studies and
Implemented protections (e.g. ECC Decision 17(04) )

A National regulators iIncluded conditions In licenses to
mitigate negative effects on radio telescopes (Germany
Spain)

A No 10.95 -12.75 GHz downlinks in a radius of 12.5 km from the
Observatory

A No use of 14.47 -14.5 GHz uplink in a defined contour

https://www.bnetza-amtsblatt.de/download/73

1 and

Interested? Find me during the break:

gathertown/ federico.divruno@skao.int

Abbildung 1
(Hinweis: Die weilRen Ringe befinden sich in n x 25 km Abstand um die RAS-Station in Effelsberg)
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Ongoing efforts In the community

A The astronomical community has self organized in
several workshops, started with US Initiatives and
then became global with the sponsorship of UN
Office of Outer Space Affairs (UN OOSA)

A Not only the effects of Satcons on astronomy were
discussed, but wider effects such as the
modification of the night sky as human heritage

A Technical mitigations:

A Software: orbital predictions, observation planning, post
observation detection and flagging

A Hardware mitigations at telescope and satellite level

A Policy developments:

A At ITU where RAS is represented since long (only RAS
bands)

A Several papers into UN COPUOS* regarding the effects of
Satcons

Impact
of Satellite
Constellations

on Optical Astronomy and
Recommendations Toward
Mitigations

On-line Workshop

Dark and Quiet Skies
for Science and Society

Report and recommendations

(@ UNITED NATIONS B I £
NS Office for Outer Space Affairs / U g .

12-16 July 2021 | An Online Workshop

- DARK
& QuiET

SKIES

20 2 TEATRO CIRCO DE MARTE
SANTA CRUZ DE LA PALMA
OCTOBER 3-8  SPAIN

T 1S URGENT PROTECTING HUMANITY S RIGHT TO ACCESS AN UNPOLLUTED NIGHT SKY. BOTH FOR ITS
CULTURAL VALUE AND FOR THE PROGRESS OF SCENCE, N THE MEETING THE UNITED NATIONS DFFICE FOR
DuteR Space ArrAIRS (UNOOSA). THE GOVERNMENT OF SPAIN AND THEINTERNATIONAL ASTRONOMICAL
UNiow ([AU) HAVE BROUGHT TOGETHER SCENTISTS FROM ALL OVER THE WORLD TO DEMONSTRATE THAT
TECHNOLOGICAL DEVELOPMENT AND THE PRESERVATION OF DARK SKIES CAN COEXIST.

Elj S
e;‘.:u. A7

*UN COPUQOS: United Nations Committee on
the Peaceful Uses of Outer Space
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Ongoing efforts In the community

A Efforts from the IAU and astronomical community
have obtained for the first time a dedicated agenda
item In the STSC* of UNCOPUQOS about nNDar k

Qui et Skieso (earl i1 er toda

A Countries expressing their opinions about
how space activities affect the D&QS

A Creation of an |IAU Centre for the
protection of the Dark and Quiet Sky from
Satellite Constellation Interference

*STSC: Scientific and Technical Sub Committee
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JAU Centre for the protection of the Dark and Quiet
Skies from satellite constellations

ASKAO + NSFO s NOI RL-ab
( ) our Hubs:

A Coordinate the efforts in
mitigation of negative effects

A 76 letters of support from e, R
Institutions & Iindividuals

Orbital solution = | | nternat ional

portal Policy

Interested? Find me during the break:

gathertown/ federico.divruno@skao.int
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Thank you for listening! Questions? '

federico.diviuno@skao.int

®
®
We recognise and acknowledge the
Indigenous peoples and cultures that have
traditionally lived on the lands on which
our facilities are located.
SHAO N
. WWW.SKao.Int

o\eerKAT L -Band Milky Way centre
SARAO, Heywood et al. (2022) / J.C. Mu Noz - Mateos


http://www.skao.int

