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two main paths

1. improving single photon detection along space channels
A. tracking
B. link modeling
C. state measurement (3 filtering spatial spectral temporal), noise rejection

D. daylight free-space QComms - spectral diversity

2. Quantum Optics experiments in Space
E. polarization coding
F. femporal modes, time-bin, interference, Doppler
G. combination of degrees of freedom,
H. Wheeler's delayed choice experiment in waveparticle duality

|.  preparation to single mode receiver
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PHYSICAL REVIEW A 93, 010301(R) (2016)

Experimental single-photon exchange along a space link of 7000 km

. . 2 . . . . . .
Daniele Dequal,l Giuseppe Vallone,'> Davide Bacco,' Simone Gaiarin,' Vincenza Luceri,’
N o , o «1 D
Giuseppe Bianco,* and Paolo Villoresi'*"

Demonstration of the detection of photon from the satellite which, according

to the radar equation, is emitting a single photon per pulse from a
Medium-Earth-Orbit MEO satellite.
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Single photon exchange exploiting
GLONASS CCRs af 20000 km

Satellite passage | Slant distance (km) | Detector Ryet (Hz) | SNR Lsat | ldown (AB) | lrec (dB)
Glonass-134 19,500 SPAD 58 0.53 15 62.1 11.8
20,200 SPAD 59 0.41 16 62.5 11.8
Glonass-131 20,250 SPAD 27 0.43 15 62.6 14.8
PMT 6 0.21 16 62.6 21.8
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L. Calderaro et al. Towards Quantum Communication from Global Navigation Satellite System,
Quantum Sci. Technol. 4 015012 (2019).
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Feasibility of satellite quantum key distribution
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|4 Selected for a Viewpoint in Physics week endine
PRL 115, 040502 (2015) PHYSICAL REVIEW LETTERS 24 JULY 2015
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Experimental Satellite Quantum Communications

. 1 . 1 . l o S .2
Giuseppe Vallone, Davide Bacco, Daniele Dequal, Simone Gaiarin, Vincenza Luceri,
. . 3 o ..

Giuseppe Bianco,” and Paolo Villoresi

LARETS orbit height 690 km - 24 cm in diameter
60 CCR with metallic coating
Apr 10, 2014, start 4:40 am CEST
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Degrees of freedom (DOF) for light in QCommes

B Polarization modes L)

B Temporal modes
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QComms exploiting
temporal modes of light

B Quantum interference arising from superposition of states is a striking evidence
of the validity of Quantum Mechanics, confirmed in many experiments and
also exploited in applications.

B The single-photon inferference at a ground station is seen, due to the coherent
superposition of two temporal modes reflected by a rapidly moving satellite
thousand kilometers away.
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week ending

PRL 116, 253601 (2016) PHYSICAL REVIEW LETTERS 24 JUNE 2016

Interference at the Single Photon Level Along Satellite-Ground Channels

. 1 : 1 . 1 . 1
Giuseppe Vallone, Daniele Dequal,” Marco Tomasin, Francesco Vedovato,” Matteo Schiavon,
Vincenza Luceri,” Giuseppe Bianco,” and Paolo Villoresi
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G. Vallone et al., Interference at the Single Photon Level
Along Satellite-Ground Channels, Phys. Rev. Lett. 116 253601 (2016)



Kinematic Phase modulation

Relativistic effects on the photon interference
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Transformation in the channel

Pulse before the interferometer
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Reference frames

r’ = "}’(7‘ — Tsat — BCt)
Boost at
satfellite

T'sa 1 4+
Ti:")/(].::ﬁ)’r:,t | t_\/

At the reflection

T = e (T~ )

Satellite distance from the station: r,

T = Tsat T ’Y(T, + BCt’)
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Sequence of boosts

boost to mirror ref. frame

reflection

Y(1 - BT + =

boost back to ground ref. frame

v

fo(T4 — trgt)



Reference frames

Pulse after the reflection, at the telescope
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Probabillity of click in the central peak
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4-f optical relay in the MZI

Pupil imaging for the interference

Short arm Lona arm




The phase reconsfruction

Special Relativity tfransformations to the CCR reference system and

back, depending on B(t) = v,(t)/c.

P. probability of detecting the photfon in the central peak
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Evidence of the inferference

A Constructive
interference

Beacon C
60 - B Destructive
1 - interference
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Visibility vs. o(t)
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Satellite-induced interference

pattern
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Further step: iInquiring the wave-
particle duality in Space

B Particle duality of quantum
matter: impossibility of
revealing at the same time
both the wave-like and
particle-like properties of a
quantum object.

B Bohr: there is no difference
“whether our plans of
constructing or handling the
instruments are fixed
beforehand or whether we
postpone the completion of

our planning until a later

s moment”
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Step forward in Space QCommes: iInquiring the
wave-particle duality along a Space channel
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Step forward in Space QCommes: iInqQuiring the
wave-particle duality along a Space channel
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Extending Wheeler’s delayed-choice experiment

to space

Francesco Vedovato,'* Costantino Agnesi,'* Matteo Schiavon,' Daniele Dequal,'?
Luca Calderaro,’ Marco Tomasin,' Davide G. Marangon,’ Andrea Stanco,’ Vincenza Luceri,?

Giuseppe Bianco,? Giuseppe Vallone,' Paolo Villoresi'*
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Temporal resolution in the single photon
fime tagging reduced to 230 ps over 7000km
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The time of arrival is tagged with 1 ps resolution
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C. Agnesi et al., Sub-ns timing accuracy for satellite quantum communications,
J. Opt. Soc. Am. B, 36, B59, 2019




Daylight free-space QKD Link: rate

Finite-key rate

M- 2019-04-17 -
60 1 ~-®@- 2019-04-18 3
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x L o .
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Secret key generation rate obtained with the chip
source in the definitive package

M. Avesani et al. Full daylight quantum-key-distribution at 1550 nm
enabled by integrated silicon photonics arXiv:1907.10039




Space Quantum Communications

ltalian

Experimental results since 2003 by QuantumFuture Research Group of Un

iversity of
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LEO orbit
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recent results on Photonics for Space Quantum Comms

Optics Letters

| 284  Vol. 7,No. 4 / April 2020 / Optica Research Article

Simple quantum key distribution with qubit-based

Stable, low-error, and calibration-free polarization synchronization and a self-compensating
encoder for free-space quantum communication polarization encoder

MARco AVESANL,"* ® COSTANTINO AGNESI,"' @ ANDREA STANCO,' CosTANTINO AGNESI,">" ® MARco AVEsAaNL,'' ® Luca CALDERARO,"*" ® ANDREA STANCO,"?
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journal homepage: www.elsevier.com/locate/actaastro Efficient random number generation techniques for CMOS single-photon avalanche diode array

exploiting fast time tagging units

Andrea Stanco®,'? Davide G. Marangon,"" Giuseppe Vallone ®,">3 Samuel Burri,* Edoardo Charbon,*

+1,2,7

LaserCube optical communication terminal for nano and micro satellites 1) and Paolo Villoresi

Francesco Sansone™’, Alessandro Francesconi’, Roberto Corvaja”, Giuseppe Vallone",
Riccardo Antonello”, Francesco Branz”, Paolo Villoresi”

| 2398 Vol. 44, No. 10/ 15 May 2019 / Optics Letters Letter
Optics Lett
RN

All-fiber self-compensating polarization encoder
Luca Calderaro®,">" Andrea Stanco®,"? Costantino Agnesi®,"> Marco Avesani®,' for quantum key distribution

Daniele Dequal®,? Paolo Villoresi®,"? and Giuseppe Vallone®'-%#

PHYSICAL REVIEW APPLIED 13, 054041 (2020)

A

Fast and Simple Qubit-Based Synchronization for Quantum Key Distribution

CostanTiNno AcnEsl,"T @ Marco Avesani,"' @ ANDREA STanco,' ® PaoLo ViLLORESI,"? AND
GiusepPE VALLONE"**




iIN orbit validation of QComms

B night-time and daylight QComms - 1550 nm
B infegrated photonics for guantum protocols (QKD and QRNG)
B bulk (and intrinsically aligned) qubit source

B [agrge scale (MLRO) and small scale Padua (400 mm) ground
stations

B |-QKD IOV in progress by ASI




10P PUBLISHING CLASSICAL AND QUANTUM GRAVITY

Class. Quantum Grav. 29 (2012) 224011 (44pp) doi:10.1088/0264-9381/29/22/224011

Fundamental quantum optics experiments conceivable
with satellites—reaching relativistic distances and

velocities

The tests have the potential to determine the applicability of

David Rideout >+ , Thomas Jenneweinz"', Giovanni Amelino-Camelia(’,
Tommaso F Demarie7, Brendon L Hi ins2'4, Achim Kc:mpl‘2'3’4’5 s
Adrian Kent’'®, Raymond Laflamme” "%, Xian Ma*"*,

Robert B Mann2'4, Eduardo Martl'n-Martinezz""S,
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Einstein Equivalence Principle test using
single photon interference
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Local Position Invariance (LPI) -a form
of the Einstein Equivalence Principle
(EEP) - asserts that the outcome of
any local non-gravitational
experiment is independent of where
and when in the universe it is
performed

The “where” is a comparison of two
identical frequency standards in two
different locations in a static
gravitational field.

The so-called red-shift implied by the
EEP affects the locally measured
frequencies of a spectral line that is
emitted at location 1 with o1 and then
detected at location 2 with wa.

Proposal for an Optical Test of the Einstein Equivalence Principle D.R.
Terno et al, arxiv. 1811.04835 (2018)
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Abstract

A new nonlocality experiment with moving beam-splitters is proposed. The experiment is analysed according to con-
ventional quantum mechanics, and to an alterative nonlocal description in which superposition depends not only on
indistinguishability bt also on the timing of the impacts at the beam-splitters. (©) 1997 Elsevier Science B.V.

Keﬁword.r; Relativistic nonlocality experiment; Timing-dependent entangle ment

Due to the mutual time shifts, the two . _
) ) Class. Quantum Grav, 29 (20123 224011 D Rideout er of
observers may each measure their particle
later than the other (an ‘after-after’ Y '

scenario) in the case that the observers

Test of Test of
move apart from each other, or each o o Z
measure their particle earlier than the other - ; " e
(‘earlier—earlier’), in the case of approaching ~ T—~—0_

- -
s

motion.

Figure 4, From [20], (his spacetime dizgram shows the coordinate svstems and the locatons of the
lwo tests, Sy oand S, The 1y and #; axes are the world lines of observers who are receding [rom each
other. In each Lorentz frame, the ¢ and > axes are isochronous: /f = 0 and t» = (), respectively.




Bell test post-selection loophole-free
with genuine time-bin entanglement

(a) Passive TB

Franson type
Bell’s test using
time-bin encoding

1) the passive time-bin with post-selection;
i1) the passive time-bin with no post-selection,

1) the actzve time-bin with no post-selection.
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Time-bin scheme | Aw | Post-Selection Loophole Vi Sexp SD
1) passive 2.4 ns Yes 0.954+0.05 | 2.58+0.03 | 18.3
11) passive 8.1ns No 0.234+0.02 | 0.67£0.02 | —
111) active 8.1 ns No 0.894+0.03 | 2.304+0.03 | 9.3

F. Vedovato et al. Postselection-Loophole-Free Bell Violation with Genuine Time-Bin Entanglement
Phys. Rev. Lett. 121 190401 (2018)




Conclusions and perspectives

B Single photons are interesting tools for Space fundamental investigations
and applications

B Space QComms polarization and temporal modes were developed in Space
channels

B perspectives in Einstein Equivalence Principle test proposal with matching
interferometers on ground and in Space

B Active cancellation of post selection in time-bin entanglement assessment
for Bell test over very long scale

B Moreover Space QComms is a fruitful area for international cooperation
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