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1 Introduction

* Propulsion or Communication?
— distance versus distance squared

e Starshot thinking
— go fast with tiny probes

2 Basics of Interstellar
Communication
2.1 The Douglas Adams Problem squared!
2.2 The Communications Basics

2.3 Link Budget
2.4 "Say again?"




2.1 The Douglas Adams Problem
squared!

Some orders of magnitude —

Maximum distance to your mobile base station — 35km

Distance to an Iridium communications satellite — 800km

Distance to the Sun (one Astronomical Unit) — 150,000,000km
Distance from Pluto for the New Horizons probe — 6,000,000,000km
Distance to Alpha Centauri system - 40,000,000,000,000km

2.1 The Douglas Adams Problem
squared!

Some orders of magnitude — in Astronomical Units -
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Maximum distance to your mobile base station — 0.000002AU
Distance to an Iridium communications satellite — 0.000053AU
Distance to the Sun (one Astronomical Unit) — 1.00AU
Distance from Pluto for the New Horizons probe — 39AU
Distance to Alpha Centauri system — 268,770AU




2.1 The Douglas Adams Problem
squared!

Some orders of magnitude — powers of 10 —

Maximum distance to your mobile base station — minus 7
Distance to an Iridium communications satellite — minus 5
Distance to the Sun (one Astronomical Unit) — 1

Distance from Pluto for the New Horizons probe — plus 2
Distance to Alpha Centauri system — plus 6

And your mobile’s battery is a lot bigger than the Starshot sailcraft
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Effect of inverse square law

Downlink from | Distance | Unit Distance in metres squared Ratio of signal vs Ratio of signal to
(approx) Terrestrial Mobile (GSM) Alpha Centauri
Terrestrial 35 km 1,225,000,000 1 8.55E+25
Mobile (GSM)
sci 4.00E+01 | km 1.00E+09 1.00E+00 9.00E+25
Alpha 4 ly 1
Centauri 1,432,086,737,197,100,000, | 1/(1,169,050,397,711,920,000,
000,000,000,000,000 000,000) = 1 septillionth!
sci 4.00E+00 |ly 1.00E+33 1.00E-24 1.00E+00
N PR
sci = scientific units, powers of 10, spreadsheet notation
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2.2 Communications Basics

* Am | loud enough? Are you near enough? Is the room quiet enough?

Is your hearing OK? Do you understand English?

e A Link Budget multiplies (accountants forgive us!)—

Received signal = transmitted signal (which really is "Hello"!) *

14

clarity of speech * distance loss * noise loss

- but there is also the possibility of misunderstanding.




Example: your satellite TV reception
depends upon -

Quality of signal - especially extra information to correct errors
Satellite transmit power & Satellite transmit dish size
Distance to your receiving dish - the inverse square law

Noise - which can be artificial (another satellite perhaps) or natural (Sun, Earth,
destination system and cosmic microwave background)

Your receiver dish size & sensitivity of your receiver electronics
Ability of your receiver to correct errors

Similarly for signals to/from your mobile phone, how well your wifi works and even
your old fashioned analogue "steam radio" A
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a quick diversion to dB

dB=decibels are useful when multiplying big numbers —

* Ten to the power n —where n is one tenth of the dB number so —
50dB is a ratio of 10°% and 51dB is a ratio of 10>1
10°9=100,000 and 10>1 = 125,893
3dB is a ratio of 10%3 and 3.1dB is a ratio of 10031
1003 = 1,995 (so 3dB means double) and 10031 = 2,041

* So those 30+ digit interstellar numbers you saw in “Effect of inverse
square law” become become numbers like 300dB

i PR

e And you know x2*x3=x> — so you can add dBs instead of multiply
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2.3 Link Budget

Distance loss from Voyager = 308 dB = 10 to the power 30.8
Transmitted signal power reduced by about -
6,300,000,000,000,000,000,000,000,000,000

-between the Voyagers and Earth.

Alpha Centauri = four light years versus Voyagers 15-20 light hours
- a lot more dB loss!

Daedalus and Icarus probes about 50,000 and 20,000 tons
If you can build them then power is not a big problem...

2.4 "Say again?"

Radio amateurs — “say again?”
and both fixed & mobile data communications - ARQ

Real time information — mobile phone speech —
— “say again?” unacceptable so forward error correction (FEC)

8 years+ round trip is very long latency communication — so use FEC




3 Earlier Work

3.1 Daedalus
3.2 Cerf'sinterplanetary internet
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3.1 Daedalus

* Project Daedalus: the vehicle communications system, JBIS, 1978
Tony Lawton and Penny Wright (both EMI Electronics)

e "flyby" mission 12%c, transit time through system is short (as Breakthrough
Starshot) — 60 AU (Pluto orbit diameter) at 8/0.12=67 minutes per AU - so
transit time about 67 hours

¢ but payload 450 tons

BIS PDFR book Project Daedalus: Demonstrating the Engineering Feasibility of Interstellar Travel
https://bis-spaceflight.com/product/project-daedalus-demonstrating-the-
., engineering-feasibility-of-interstellar-travel/

N P
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Daedalus proposal

1 MW microwave 2.6 GHz
binary frequency shift
keying (FSK)

"A radio link is far more efficient
than a laser system for long
distance communication due to
the much lower background
photon noise"

“[FSK] is superior to a simple
pulsed system in terms of signal to
noise ratio.”

Receiver - Project Cyclops study a
"bogey system of 3.16 km clear
aperture”

(Lawton/Wright, PDFR)

Project Cyclops credit National Space Society

3.2 Cerf's interplanetary internet

e the vision of Internet veteran Vinton G Cerf
— a mature interplanetary internet

— delay tolerant protocols

e Delay Tolerant Networking (DTN) "bundle" protocol (BP)

— Internet Engineering Task Force Experimental Protocol, RFC 5050
(https://tools.ietf.org/html/rfc5050)
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Key capabilities of BP include:

*Custody-based retransmission

*Ability to cope with intermittent connectivity

Ability to take advantage of scheduled, predicted, and
opportunistic connectivity (in addition to continuous connectivity)

eLate binding of overlay network endpoint identifiers to constituent
internet addresses

11



4Current Work — four papers and some
observations

4.1 The Breakthrough Starshot System Model
4.2 A Starshot Communication Downlink

4.3 Technological Challenges in Low-mass Interstellar
Probe Communication

4.4 Challenges in Scientific Data Communication from
Low-Mass Interstellar Probes

4.5 Observations

4.1 The Breakthrough Starshot
System Model

e computes cost-optimal point designs including —

— interstellar mission - costs of $0.01/W lasers, $500/ m? optics, and $50/kWh
energy storage — result = $8 billion capital cost for the ground-based beamer
but $6 million energy cost to accelerate each sail

— precursor to the outer solar system
— ground based test facility. The results for the interstellar case

— scalable to 40% c at extra cost of $29 billion and 90% of light speed -
requiring beamer the size of Greater London!

The Breakthrough Starshot System Model, Kevin L G Parkin, Acta Astronautica, Volume 152, P
November 2018, open publication -https://arxiv.org/abs/1805.01306

24
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4.2 A Starshot Communication
Downlink

* raw data rate of 260 bits per second assuming
— 1.02 ym wavelength 100 Watt laser
— 4.1 m diameter "antenna" on the probe
— 30-meter telescope on Earth receiving 288 signal photons/sec at 1.25 um

A Starshot Communication Downlink, Kevin L G Parkin, May 2020, https://arxiv.org/abs/2005.08940

25

Parkin Starshot Communication Downlink link
budget

Link Budget item

In dB terms

Equivalent to -

Transmit input power

+50 dBm 100 W 1.02 pm

100 W (10°° mw)

Transmitter gain

+140 dBi - 4.1 m diam. 70% efficiency

100,000 billion

Receiver gain Gg

+156 dBi 30 m diam. 70% efficiency

400,000 billion

Path loss

-476 dB - 4.37 ly, 80% atmos transmittance,
3 dB link margin, -3.5 dB relativistic

10 and 46 zeros - too
big to fit!

Recvd. signal power

-133 dBm 288 photons/sec 1.25 lm

1/20,000,000,000,000 of
a milliwatt P

adapted from A Starshot
Commiunication Downlink,
Parkin, 2020

dBm is a decibel milliwatt,

dBi is the ratio of gain of an antenna versus
omnidirectional (ie isotropic)

13



Parkin Starshot Communication Downlink
issues/conclusions

* battering by ISM at 0.2c = power source “what fraction can be
harvested?“

* noise degrading the signal - including radiation from the Earth's
sky/moon & from Alpha Cent star+dust disc, light scatter in receiving
telescope (night time receiving only)

e each Starshot sailcraft yields 8-50 Gbit per year

* maybe mesh network of cooperating sailcraft - allowing later craft to
be re-targeted to objects of interest?

i PR
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4.3 Technological Challenges in Low-
mass Interstellar Probe
Communication (1 of 3)
e swarming versus single probe
— but note sailcraft scale economies versus high laser power cost per launch(Parkin)
e problem of multiple transmitting probes
26 probes launched at 30 day interval
(secular change due to proper motion)
2.12 years of downlink operation per
probe (one double ellipse per probe)
Image credit: Messerschmitt et al PN
28
Technological Challenges in Low-mass Interstellar Probe Communication, Messerschmitt, Lubin —

and Morrison , JBIS, June 2020, https://arxiv.org/abs/2001.09987
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4.3 Technological Challenges in Low-
mass Interstellar Probe
Communication (2 of 3)

* Multi-probe reception - ideas
— space-division multiple access (SDMA)
— frequency-division multiple access (FDMA)
— time-division multiple access (TDMA)
— code-division multiple access (CDMA)

Graphic credit: Toward the Standardization of Non-Orthogonal Multiple
Access for Next Generation Wireless Networks, Chen et al, IEEE
Communications Magazine ® February 2018,
https://arxiv.org/abs/1802.03880
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Technological Challenges in Low-mass Interstellar Probe Communication, Messerschmitt, Lubin
and Morrison , JBIS, June 2020, https://arxiv.org/abs/2001.09987

4.3 Technological Challenges in Low-
mass Interstellar Probe
Communication (3 of 3)

* no receive during terrestrial day- atmosphere scatters sunlight - the blue sky!
* "Dark counts" - thermal and quantum events in receiving "antennas" (mirrors).

* Very high data reliability required - paper suggests <=1 error in 10 megabits
— 83% of transmitted data is redundant information providing error-correction

Messerschmitt, Lubin and Morrison -
“Readers with relevant expertise are encouraged to tackle these challenges."

30

Technological Challenges in Low-mass Interstellar Probe Communication, Messerschmitt, Lubin
and Morrison , JBIS, June 2020, https://arxiv.org/abs/2001.09987
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4.4 Challenges in Scientific Data
Communication from Low-Mass
Interstellar Probes (earlier & more detailed)

* Paper concentrates on receiver — 4 pages vs 2/3 of one page
e Assumes first launch >= 20 years

* "The goal of this paper is not to propose a concrete and fully specified design for
such a communication downlink, as there are too many uncertainties,
interactions between launch and downlink communication, and questions about
the technologies that may be available in the timeframe of the first operational
downlink"

“Challenges in Scientific Data Communication from Low-Mass Interstellar Probes, Messerschmitt, Lubin and
Morrison,ApJS Vol 249, #2, August 2020, open preprint: arxiv.orq/abs/1801.07778 ~wps

4.4.1 Power source options

* radio-isotope thermoelectric generator (RTG) — note Voyager Pu238
* photovoltaic power (PV) from the target star during encounter

» forward-edge ISM proton-impact conversion during the cruise phase
(before and after encounter) - compare Parkin ISM source "0.7 kW
monoenergetic hydrogen beam" delivering 100 W to the transmitter

16



4.4.2 Burst pulse-position modulation
(BPPM)

"novel burst pulse-position modulation (BPPM) [which] beneficially
expands the optical bandwidth and ameliorates receiver dark
counts”

duty cycle 0.00001 to 0.0000005

— average power 1-100 mW = peak power kW

difficult to achieve in practice eg conversion efficiency

Requires increased receiver aperture

Moonlight interference more significant

4.4.3 Receiver Aperture

e array smaller receivers (telescopes)

* signals combined to achieve photon
detection rate

e coronagraph rejects part of star's
radiation

four extreme probe trajectories as from Earth-
- launch/reception window with seasonal position of Earth
- probe encounter window shows proper motion of star

y Credit: Messerschmitt et al
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4.4.4 Choice of optical frequency

e RF not ruled out but optical favoured - 10% to 10° link budget
advantage

* technology advances required —
— Daytime Sky Irradiance - ruling out reception during daylight
— Night Sky Radiance - notably phase of the Moon
— Atmospheric turbulence - multiple receivers / single photon detection

— Outages - mainly weather - water vapour, clouds, and storms (aircraft and
satellites not mentioned)

A4.4.5 Error correction

ARQ clearly ruled out (8 year roundtrip and uplink not practical)

optical layer ECC

FEC - Reed-Solomon coding - detect+correct multiple errors

paper suggests 2008 Messerschmitt tutorial —

— Some Digital Communication Fundamentals for Physicists and Others
https://www2.eecs.berkeley.edu/Pubs/TechRpts/2008/EECS-2008-78.pdf

No application layer dependent FEC suggested....

18



4.4.6 Other Challenging Design Issues
and Critical Technologies

* Probe Motion Effect on Doppler shift of signal
(Uncertainty in Probe Velocity, Earth Motion)

* Gravitational Redshift produced by the target star

* Multiplexing options

* Probe Attitude Control for downlink Pointing Accuracy
e Coronagraph Function

* Transmit Light Source including Pulse Compression

e Optical Bandpass Filtering

* Single-photon Detection

4.5 Observations (personal)
4.5.1 Why not have the receiving telescope(s) in space?
4.5.2 Error Correcting Code
Contradictions and corrections very welcome!
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4.5.1 Why not have the
receiving telescope(s)
in space?

Messerschmitt et al 15t paper briefly considers
Advantages —
No daytime / weather outages

No moonlight interference or other atmospheric
effects / losses

No satellite / aircraft interference
Unlimited scaling?

Disadvantages —

-C Longer term use of solar gravitational
ost > .
lensing? See Hippke, Interstellar
— Delay communication. Il. Application to the

solar grav{tational lens (Acta A large antenna in geostationary
Astronautica 2018 and

https://arxiv.org/abs/1706.05570)

— No maintenance?

orbit, built from lunar materials.
Image credit: Michel Lamontagne

4.5.2 Error Correcting Code

No application layer dependent FEC suggested....

"After compression, even a single bit in error often propagates
across the image and thus has serious consequences” Messerschmitt
et al 1st paper

Application layer FEC would —
— compress images at source — each pixel having selective error correction
— more significant bits with greater error protection - all bits are NOT equal!
— graceful image degradation as error rates increase (as in mobile voice codec)

i PR
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5 Heavier Metal

* |carus (Daedalus+rendezvous):
Project Firefly (Z-pinch fusion)
— 20k ton probe, 150 ton payload
— Microwave downlink (and uplink) -
20 Gbps downlink
— antenna - self-assembling swarms
or "Spiderfabs"

JWST+Ariane 5 versus Spiderfab proposal

Credit: Milne et al / Hoyt et al Process for On-Orbit Construction of

Kilometer- Scale Apertures, Tethers Unlimited Inc, 2013 -
https://core.ac.uk/download/pdf/189598541.pdf

Project Icarus: Communications Data Link Designs between Icarus and Earth and

between Icarus spacecraft. Milne, Lamontagne, Freeland JBIS, Vol. 69, 2016

i PR

6 Conclusions and ongoing

» Distance? is the main problem
* Even more challenging for tiny probes

¢ RF transmission difficult for tiny probes

¢ Optical more efficient but major problems with ground-based reception

* Several power source options

* Challenging link budget demands exceptional technology

¢ [f pictures are important then use application-specific FEC?

¢ The transit time gap for receiver implementation
— 4 light years means decades waiting for downlink data from target system

21
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