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Quantum communication (QC), namely, the faithful transmission of generic quantum states, is a key
ingredient of quantum information science. Here we demonstrate QC with polarization encoding from
space to ground by exploiting satellite corner cube retroreflectors as quantum transmitters in orbit and the
Matera Laser Ranging Observatory of the Italian Space Agency in Matera, Italy, as a quantum receiver. The
quantum bit error ratio (QBER) has been kept steadily low to a level suitable for several quantum
information protocols, as the violation of Bell inequalities or quantum key distribution (QKD). Indeed,
by taking data from different satellites, we demonstrate an average value of QBER ¼ 4.6% for a total
link duration of 85 s. The mean photon number per pulse μsat leaving the satellites was estimated to be of
the order of one. In addition, we propose a fully operational satellite QKD system by exploiting our
communication scheme with orbiting retroreflectors equipped with a modulator, a very compact payload.
Our scheme paves the way toward the implementation of a QC worldwide network leveraging existing
receivers.

DOI: 10.1103/PhysRevLett.115.040502 PACS numbers: 03.67.Hk, 03.67.Dd, 07.87.+v, 42.50.Ex

Introduction.—Quantum information protocols may req-
uire short links, as in the case of quantum computing, or very
long ones, as for the realization of quantum key distribution
(QKD) in which two parties generate a secret key for data
encryption [1–6]. Such parties may be connected by optical
cables [7–9], or by free-space optical links [10]. However,
point-to-point fiber links are limited to a few hundred
kilometers due to optical attenuation. Free-space links on
ground are similarly limited, due to the curvature of theEarth
and to atmospheric attenuation and turbulence. The develop-
ment of quantum repeatersmay extend such limits at the cost
of introducing a remarkable complexity. On the other hand,
free-space satellite links would allow the realization
of a global quantum communication network as fostered
in several continental information-and-communication-
technology roadmaps [11,12]. Indeed,QKD [1–6], quantum
teleportation [10], and entanglement swapping [13]—as
well as the measurement of Bell inequalities in a relativistic
scenario [14] and fundamental tests of quantum physics
[15]—require quantum communication (QC) over long
distances and, in particular, along satellite links. Moreover,
these protocols can be further developed exploiting higher-
dimensional Hilbert spaces [5,6].
The envisaging and modeling of space QC started a

dozen years ago [16–20], but sources of quantum states or
quantum state measurement systems suitable for QC have
not been placed in orbit yet. Therefore, since 2008, exper-
imental studies of space-to-ground links have simulated a
source of coherent pulses attenuated to the single photon
level by exploiting laser ranging satellites equipped with

corner-cube retroreflectors (CCRs) [21,22]. However, pola-
rization encoded QKD in space requires qubits prepared
in different polarization states. Previous studies [21,22] did
not experimentally demonstrate either single photon polari-
zation preservation or discrimination between different
polarization encoded quantum states, which are theQCcore.
Here we show the operation of a quantum transmitter,

Alice, simulated by CCRs of an orbiting satellite and the
discrimination of different polarization states by Bob, the
receiver on the ground. As sketched in Fig. 1, Alice qubit
stream is realized from a 100 MHz train of pulses sent
upward from the ground and reflected by the CCRs. After

FIG. 1 (color online). Scheme of the satellite QKD demonstr-
ation. Qubit pulses are sent at a 100 MHz repetition rate and
are reflected back to the single photon level from the satellite,
thus mimicking a QKD source in space. Synchronization was
performed by using the bright SLR pulses at a repetition rate
of 10 Hz.
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the assessment of the uplink attenuation, we set the pulse
energy such that the pulses reflected from the satellites have
an average photon number μsat close to one. At Bob, located
at the Matera Laser Ranging Observatory (MLRO) of the
Italian Space Agency in Matera, Italy, we measured an
average quantum bit error ratio (QBER) typically lower
than 5%. We thus proved the feasibility of the BB84
protocol [23] from satellite to ground with the qubits
encoded in four different polarization states of two mutu-
ally unbiased bases.
Setup.—In order to minimize the background radiation

and dark counts, it is of paramount importance, on the Bob
side, to minimize the dwell time of the qubit detection:
the latter is related to the precision in the assessment of the
expected qubit times of arrivals tref . For this purpose, the
qubit stream was synchronized to the intense 10 Hz satellite
laser ranging (SLR) pulse train. In this way, tref may be
precisely derived from the return signal of the SLR.More in
detail, a mode-locked laser (a master oscillator) is used as
an event generator for the SLR and qubit pulses, imposing
an intrinsic synchronization of the two signals. The master
oscillator produces pulses at 1064 ns, 100 ps duration, and
100 MHz repetition rate synchronized with the MLRO
atomic clock. The beam is split to provide the seed for the
SLR signal and for the qubit pulses. The high energy SLR
signal is obtained by selecting one pulse every 107 with a
pulse picker and then using three amplifiers and a second
harmonic generation (SHG) stage, obtaining pulses at a
532 nm, 100 mJ energy, and 10 Hz repetition rate. The
qubits are obtained with a suitable SHG unit pumped by the
remainder of the master oscillator beam at 100 MHz,
resulting in a train of pulses with an energy of 1.1 nJ.
Because of the MLRO atomic clock control on the master
oscillator, we achieved a 10 ns separation of the qubit
pulses and the precise time relation with the SLR pulses;
see Fig. 1. Two nonpolarizing beam splitters (BSs) are used
to combine the SLR and the qubit pulse train in
the upward beam that is directed via the Coudé path to
the MLRO telescope, from which it propagates toward the
satellite (more details are provided in the Supplemental
Material [24]). The beam divergence is controlled by a
collimator, while the polarization state is changed by two
wave plates and a modulator.
The qubit stream coming from satellites is collected by

the MLRO telescope, propagates along the Coudé path, and
is directed to the state measurement by the BSs also used
in the uplink. The qubit state analyzer is composed by a
rotating wave plate, an optical shutter, and two single
photon photomultipliers (PMTs) (Hamamatsu H7360-02,
dark counts< 50 cps, detection efficiency η ∼ 10%, 22 mm
diameter) placed at the outputs of a polarizing beam splitter.
The signals detected by the PMTs are fed into a time tagger
with 81 ps resolution. The rotating wave plate, controlled
by software, is used to change between two receiving bases,
fjHi; jVig and fjLi; jRig. For qubit discrimination, we

synchronized the state analyzer with the SLR start and stop
signals, which are generated by MLRO electronics with
picosecond accuracy. By dividing the intervals between
two consecutive SLR detections in 107 equidistant sub-
intervals, we determined the sequence of expected tref . This
technique automatically compensates for the variation of
the round-trip time duration due to the satellite motion. Our
detection accuracy σ was set equal to the detector timing
jitter (0.5 ns), as other contributions to time uncertainties
coming from detection electronics or laser fluctuations are
negligible. To evaluate the QBER, counts registered within
a �0.5 ns (corresponding to �1σ) interval around tref were
considered as the signal, while the background has been
estimated from the counts outside�3 ns (6σ). A significant
fluorescence is emitted by theBSs irradiated by the outgoing
beam, causing an increase in the background noise. To
mitigate such an effect, separate transmission and measure-
ment phaseswere implemented bymeans of twomechanical
shutters. In the first half of the 100 ms slot between two
SLR pulses, the transmitter shutter is opened while the
receiver one is closed, to protect the receiver PMTs. In the
second half of the slot the shutter controls are reversed and
the detectors receive the qubits from the satellite. With this
protocol, the effective transmission time during a slot cannot
be larger than the round-trip time; however, since our
shutters require about 2 ms to fully open and 2.5 ms to
fully close, the effective period is restricted by 4.5 ms.
Experimental results.—CCRs with metallic coating on

the three reflecting faces are essential for preserving the
polarization state during the reflection, as required for the
polarization encoding. We selected four low Earth orbit
(LEO) satellites with such polarization preserving CCRs as
Jason-2, Larets, Starlette, and Stella and, for comparison,
one satellite with uncoated CCRs, Ajisai.
QC using generic polarization states from two mutually

unbiased bases was first realized with a single passage of
Larets, whose passage was divided into four intervals of
10 s in which we sent horizontal jHi, vertical jVi, left
circular jLi and right circular jRi states. At the receiver, we
used two single photon detectors measuring two orthogonal
polarizations, from which the QBER is extracted. The
QBER was estimated as Q ¼ ðnwrong þ 1Þ=ðncorr þ
nwrong þ 2Þ where ncorr and nwrong are the number of
detections in the transmitted and orthogonal polarizations,
respectively (we used the Bayesian estimator of the QBER;
see the Supplemental Material [24]). As an example, the
passage starting at 02:40 universal time of April 10, 2014,
provided the results shown in Fig. 2. In the four intervals,
we obtained 199 counts in the correct detector and 13
wrong counts, giving an average QBER of 6.5%� 1.7%,
which is suitable for secret key extraction. Considering the
average 3.6% duty cycle of our setup, the mean return rate
in the selected intervals is 147� 10 cps. This rate corre-
sponds to ∼104 bits for each Larets passage in the case of
clean sky conditions when using fast shutters. We note that
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the duty cycle of our scheme may be increased up to 50%
by using faster shutters.
A further analysis has been carried out to demonstrate

the feasibility of polarization encoding with other satellites
as well. In this analysis, we divided the detection period in
5 s intervals that were then analyzed only if the signal
resulted in 5 standard deviations above the background
from at least one detector. The QBERs resulting from this
analysis are shown in Fig. 3. We achieved low QBER for
several tens of seconds in all of the polarization maintaining
satellites (Jason-2, Larets, Starlette, and Stella), with an
average value for each passage not exceeding 7% (the
Larets results shown in Fig. 3 refer to a different passage
with respect to Fig. 2). Lower QBER was measured for the
relatively new satellites Larets and Jason-2 (launched,
respectively, in 2003 and 2008). Stella and Starlette were
launched in 1993 and 1976 and their larger QBER could be
explained by a wearing of the reflection coating. As
expected, for Ajisai, having CCRs non preserving the
polarization state, the QBER is above 40%. By combining
together the results of all of the polarization maintaining
satellites we achieved an overall communication period of
85 s, with an average QBER ¼ 4.6%� 0.8%. In Fig. 3 we
also report the experimental detection rates (f) achieved
with the different LEO satellites. These results prove that
faithful transmission of different polarization qubits can be
obtained in different conditions and satellite orbits. They
also show the stability and the reliability of our approach,
demonstrating the feasibility of the BB84 protocol [23]
from satellite to ground, which requires an average QBER
below 11% [25].
Estimation of μsat.—The implementation of Earth-

satellite QKD makes use of faint laser pulses with a mean
photon number of the Poisson process μ close to 1. Indeed,
the BB84 protocol with decoy states [27] in a realistic

scenario requires μ ≲ 2 [28] and decoy signals with a mean
photon number close to 1 [29] (see also the Supplemental
Material [24]). The estimation of the average number of
photons per pulse leaving the satellites in all directions, μsat,
is obtained in our experiment by dividing the average
number of photons per pulse detected at the receiver, μrx, by

FIG. 2 (color online). Qubits return. (Top panel) Larets trajectory measured by the 10 Hz SLR pulses. The four selected 10 s intervals
correspond to four different polarization input states. (Bottom panel) The four histograms report the obtained counts at the receiver for
each single photon detector in a function of the measured detection time tmeas, demonstrating an average estimated QBER of
6.5%� 1.7%. The signal on the two detectors is blue for H=L polarization and green for V=R. Vertical gray dashed lines represent the
1σ selection interval around the expected time of arrival tref . Lower counts in the jLi state are due to a lower duty cycle caused by the
shorter distance of the satellite compared to the other three states.

FIG. 3 (color online). QBERof the received signals.We fixed the
sent polarization to jVi and measured in two orthogonal polar-
izations, jHi and jVi. For each satellite we show the bare QBER
(blue dots) and the QBER calculated after the background sub-
traction (red dots). Error bars represent Poissonian errors. Dashed
lines represent Qd and Qn, the bare and background subtracted
QBER for the whole satellite acquisition. For Larets we observed
no detection in the wrong state, and we did not estimate the QBER
with background subtraction. The coating of Ajisai retroreflectors
depolarizes the qubits,while the other satellites preserve the photon
polarization. We also indicate the mean detection rate and the
average photon number per pulse at the satellite.
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the transmittivity of the quantum channel. A general
formula to predict the detected number of photons per
pulse is the radar equation [30]:

μrx ¼ μtxηtxGtΣ
�

1

4πR2

�
2

T2
aAtηrxηdet; ð1Þ

where μtx is the source mean photon per pulse, ηtx is the
optical transmission efficiency, Gt is the transmission gain,
Σ and R are the satellite cross section and slant distance,
Ta is the atmospheric transmissivity, At is the telescope
area, ηrx is the optical receiving efficiency, and ηdet is the
single photon detector efficiency [30]. To estimate μsat
it is necessary to factorize Eq. (1) into uplink and
downlink contributions. While most parameters may be
easily ascribed to uplink or downlink, the satellite cross
section Σ ¼ ρAeffGdown combines terms of both and has to
be split. The parameters ρ and Aeff , corresponding to the
CCR reflectivity and the effective satellite retroreflective
area, contribute to the uplink, while Gdown expresses
the effective downlink gain. The downlink factor is
Gdownð1=4πR2ÞTaAtηrxηdet and was used to estimate μsat as

μrx ¼ μsatGdown

�
1

4πR2

�
TaAtηrxηdet: ð2Þ

Thevalues of the parameters used to evaluateμsat are listed in
the SupplementalMaterial [24]. In particular, for the satellite
cross sections, we used those given in Ref. [31–33]. For the
Larets passage of Fig. 2, we obtained μsat’s equal to 0.9, 1.0,
0.6, and 1.2 for the jHi, jVi, jLi, and jRi polarizations,
respectively (the uncertainty is 0.1 in all of the cases).
These values correspond to an average μsat of 0.9� 0.1
and a corresponding average downlink transmissivity of
∼2.4 × 10−6 (56 dB). The values of μsat for the remaining
satellites are reported in Fig. 3. The resulting μsat is on the
order of unity for the four satellites with metallic CCRs.
The full radar equation has been used to extrapolate the

transmitter gain, given by

Gt ¼
8

θ2t
exp

�
−2

�
θ

θt

�
2
�
: ð3Þ

In the previous equation, θt is the divergence angle of the
upgoing beam (including beam broadening due to turbu-
lence), while θ is the pointing error. Since the two
parameters θ and θt cannot be directly and separately
measured, we obtained an estimate for Gt by averaging the
data obtained in different passages of the several LEO
satellites. Because of pointing fluctuations, the qubit
detection frequency also fluctuates during the passages,
typically on a scale of seconds. Accordingly, we divided the
measurement into 10 s periods and selected those with
better SNR. Therefore, from the most stable data taken for
Ajisai, Jason, and Starlette, we estimated Gt ¼ 4.1 × 108.
The latter has been used in the radar equation to predict the
number of received photons, which are compared in Fig. 4

with the measured ones. Here we demonstrate that the radar
equation model [30] and Eq. (2) provides a precise fit for
the measured counts and the μsat values shown in Fig. 3. It
is worth noticing that the same value, Gt ¼ 4.1 × 108, was
used to predict all of the link budgets shown in Fig. 4 and
that this corresponds to a consistency check of our μsat
estimation.
Two-way protocol.—The QC scheme here described

could be exploited as a practical satellite QKD system.
Indeed, as both beams share the same path, we note that the
polarization transformation induced by the telescope move-
ments in the uplink is compensated for in the downlink (see
the Supplemental Material [24] for the explicit derivation).
By introducing a state transformation during the retrore-
flection at the satellite, controlled by Alice, it is possible to
encode the desired state to be sent to Bob on the ground.
The protocol works as follows: at the ground station, a
horizontally polarized train of pulses is prepared and sent
via the Coudé path to the telescope. The exit polarization is
rotated by a given angle, depending on the telescope
pointing direction. The pulses are directed toward a satellite
equipped with a polarization rotator in front of the CCRs—
such as a Faraday rotator or more advanced devices, as
reported in Ref. [34]—which imposes to the returning qubit
a suitable polarization rotation ϕ. The measure of the
irradiance at the satellite will also be realized, to avoid a
Trojan horse attack [35] and then to ensure the security of
the protocol. In addition, a suitable attenuator is used to
assess the desired μsat. The retroreflected beam then
propagates toward the ground telescope, and thanks to
the properties of the Coudé path, a polarization rotated by ϕ
with respect to the horizontal will be received. By this

FIG. 4 (color online). Detection rates and link budgets. Points
represent the return detection rates of the qubits for different
satellites along the orbit, compared with the prediction of the link
budget provided by Eq. (1) (the continuous line). Error bars
account for Poissonian errors only, while the shaded area comes
from the available uncertainties of the satellite cross sections Σ.
Uncertainties in the orbital parameters and beam pointing affect
the trend of the return rate beyond the shot noise. The twin
satellites Stella and Starlette show different behavior despite
similar characteristics, but in line with the SLR statistics that
could be explained by a wearing of the Stella CCR coating.
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scheme, a decoy state BB84 protocol can be realized
between the satellite and the ground exploiting the precise
pointing provided by the CCR and enjoying a very compact
payload. The experimental results shown above demon-
strate that such a protocol is currently realizable using
CCRs of a few centimeters and that the MLRO is suitable
for space QC.
Conclusions.—We experimentally demonstrated the

preservation of single photon polarization over a satel-
lite-to-ground channel, covering an unprecedented length
compared to ground experiments. We showed the exper-
imental realization of QC from several satellites acting as a
quantum transmitter and with the MLRO as the receiver.
QBER was found to be low enough to demonstrate the
feasibility of quantum information protocols such as QKD
along a space channel. Moreover, we propose that a very
simple trusted device in orbit, formed by an active CCR
mounted on a spacecraft and operated in the two-way
scheme, may provide a simple alternative to a space
terminal based on conventional QKD design. Since all
existing SLR facilities can be turned into QC stations with a
minor upgrade, our results foster a faster expansion of QC
around the planet and beyond.
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