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ABSTRACT
Satellites have shown free-space quantum-communication ability; however, they are orbit-limited from
full-time all-location coverage. Meanwhile, practical quantum networks require satellite constellations,
which are complicated and expensive, whereas the airborne mobile quantum communication may be a
practical alternative to offering full-time all-location multi-weather coverage in a cost-effective way. Here,
we demonstrate the first mobile entanglement distribution based on drones, realizing multi-weather
operation including daytime and rainy nights, with a Clauser-Horne-Shimony-Holt S-parameter measured
to be 2.41± 0.14 and 2.49± 0.06, respectively. Such a system shows unparalleled mobility, flexibility and
reconfigurability compared to the existing satellite and fiber-based quantum communication, and reveals its
potential to establish a multinode quantum network, with a scalable design using symmetrical lens diameter
and single-mode-fiber coupling. All key technologies have been developed to pack quantum nodes into
lightweight mobile platforms for local-area coverage, and arouse further technical improvements to
establish wide-area quantum networks with high-altitude mobile communication.

Keywords: daytime quantum communication, mobile quantum network, drone, entanglement
distribution

INTRODUCTION
Quantum communication is the ultimate solution
for secure data transferring, where a practical quan-
tumnetwork is expected to establish secure coverage
in real time for any locations and sized from local-
area to wide-area [1–3]. So far, the most success-
ful quantum networks have been based on the fiber-
communication channels and the satellite–ground
channels. However, neither of them has fulfilled all
the requirements above. Fiber-based quantum com-
munication takes advantage of the well-developed
fiber networks for classical communication, whereas
it is limited by the availability of the fiber connec-
tion [4–8]. The satellite-based free-space quantum
communication gets rid of the fixed ground links and
it benefits from the lower loss limit in the empty
space than the fiber for longer quantum links. Based
on comprehensive ground- and aerial-based exper-
imental tests [9–13], a up to 1203-km quantum

channel has been built with such quantum satel-
lites [14–18]. However, the existing low-orbit satel-
lite moves in a fixed trace and thus can only estab-
lish a quantum data link for certain ground locations
within a limited time window.Moreover, such a link
has only been established at night so far.

To exceed the limits of the existing quantum
communication methods, the diverse modern
drones may be a good comlementation. The drone,
or unmanned aerial vehicle (UAV) [19–21], has
undergone an explosive development [22] because
of the breakthroughs in the automatic flight-control
system and artificial intelligence. It covers a take-off
weight from a few grams to tens of tons, a cruising
altitude frommeters to over 20 km and a flight dura-
tion of up to 25 days [23]. Therefore, these various
drones can be used to establish a mobile quantum
network, for on-demand and real-time coverage
at different times and space scales, from local-area
networks within kilometers to wide-area networks
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Figure 1. Schematic of a scalable quantum network with drone-based link nodes. (a) Illustrative scheme for a drone-based mobile quantum network
from local- to wide-area scales. The local-area network can be established with the plug-and-play drone nodes for fast connection with ground stations,
while the wide-area network can be formed by high-altitude UAVs in cascade and connection with existing quantum satellites and ground fiber-based
networks. (b) Diffraction loss in a local-area network with small lens diameters that are acceptable on small drones. (c) Diffraction loss as a function
of the lens diameter at 100-m link distances, as used in our experiment. (d) Diffraction loss in a wide-area network. Up to 300-km link distances can be
expected with reasonable loss and lens diameters using high-altitude UAVs.

with hundreds of kilometers and above. As shown in
Fig. 1a, both local- and wide-area networks can be
expected. In the longer term, such a mobile network
could interconnect with satellites and fiber net-
works for further extension, which will finally form a
practical, multifunctional global quantum network.

Here, we realize the first mobile entanglement
distribution to connect two ground locations
up to 200 meters away. The Clauser-Horne-
Shimony-Holt S-parameter exceeds 2.49 ± 0.06
without accidental subtraction. A high-performance
airborne entangle-photon source (AEPS) and
acquiring, pointing and tracking (APT) systems
have been developed and loaded onto home-
built octocopters with 35-kg take-off weight and
coverage duration of 40 minutes. With uniform
lens diameters for all telescopes and single-mode-
fiber (SMF) coupling technology, our drone-based

quantum node is highly scalable for further multin-
ode interconnections. This system has proved to be
multi-weather compatible through tests during the
daytime, clear night and rainy night, with a mini-
mum S-parameter of 2.41 ± 0.24. Our work found
the basis for a mobile quantum network and such a
network could be built at different scales to achieve
full-time all-location multi-weather coverage in
future development.

REASONS TO BUILD A MOBILE
NETWORK
Generally, beam diffraction is a fundamental prob-
lem for a free-space quantum communication. So
far, efforts have been devoted to extending the
communication distance in free space, where large
lens diameters are required to overcome beam
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diffraction, such as satellite-to-ground communica-
tion. However, free-space communication can be
achieved in mobile platforms with much smaller
sizes and weights, to achieve plug-and-play local-
area coverage. Nowadays, modern picture drones
cover a lens diameter from12.5mm(DJI Phantom4
pro, 1375-g take-off weight) to 50 mm (DJI Inspire
2 with Zenmuse X7 gimble camera, 4250-g take-off
weight) [24]. In our experiment, we chose a lens
diameter of 26.4 mm in this range. Here, we calcu-
late the diffraction-limited link distances with 12.5-,
26.4- and 50-mm lens diameters, which are 180, 802
and 2.8 km at 3-dB loss, respectively, as shown in
Fig. 1b and c. With the link distances above, there
is no fundamental limit to build a local-area mobile
quantum node with a similar size/weight and thus
cost in the future, and to establish extensive quan-
tum network coverage in a cost-effective way. In the
more distant future, this mobile quantum link may
also be used for wide-area-network construction.
Being in free space like the satellite–ground link, a
lower loss limit can be achieved than in fiber-based
links, especially in space-like high-altitude envi-
ronments. While the diffraction loss can also be
significantly reduced through a drone-based quan-
tum network, as we can apply a multinode structure
to divide a long link into shorter links. In this case,
a reasonable lens diameter can be used to achieve a
satisfactory low link loss.This could be a commercial
solution for wide-area connection, as the required
lens diameter will be smaller for long distances. As
shown in Fig. 1d, a 3.0-dB loss can be achieved for
a 200-km link with only a 300-mm lens diameter,
and such a link distance is within the earth curvature
limit at 20-km altitude, where a space-like scattering
loss can be achieved in the turbulence-free air.

In this work, we demonstrate the first step to-
wards such a full-scale quantum network with a
drone-based entanglement distribution. It is realized
with a symmetric transmitter and receiver lens diam-
eters with SMF coupling technology, which makes
it scalable for cascaded transmission. This entan-
glement distribution is achieved over 200 m and a
coverage duration of 40 minutes, with a Clauser-
Horne-Shimony-Holt (CHSH) S-parameter of up
to 2.49± 0.06.Multi-weather operations during the
daytime, clear night and rainy night are presented
because of the high signal-to-noise ratio in our sys-
tem. Consequently, our drone node is highly reli-
able, with all-day operation even in a harsh environ-
ment. A 12-dB node-to-node loss is achieved with a
high-precision closed-loop two-stage airborne APT
system,which can be further reducedwith better op-
tical alignment. The current quantum drone node is
based on an octocopter with a 35-kg take-off weight.
A similar system with larger lens diameters can be

adapted to high-altitude UAVs towards a multinode
network and broad area coverage can be expected.

In the experiment, the main challenge for this
drone-based entanglement distribution is to inte-
grate the quantum node into a small drone. The oc-
tocopter we developed has a high thrust and low
structure weight, and its payloads include an AEPS
and two APT units. They are all home-built with
a total weight of 11.8 kg, including all the control
electronics, which is the key to long flight duration.
(For details, see Supplementary Information I).

AEPS
The AEPS is built with Sagnac interference of
two-sided pumped type-II spontaneous parametric
down-conversion (SPDC) [25]. The pump light is
from a miniaturized single-longitudinal-mode 405-
nm laser diode (LD),with amaximumfiber-coupled
output power of up to 20 mW before the polarizing
beam splitter PBS2. It is based on a Fabry-Perot LD
with self-injection locking [26]. The total weight
of the AEPS is 468 g and it is sealed in a vibration-
isolated package to maintain the performance in the
air. The schematic of the Sagnac interferometer is
shown in Fig. 2a.The polarization of the laser is con-
trolled by a combination of a half-wave plate (HWP)
and a quarter-wave plate (QWP), and focused onto
a periodically poled KTIOPO4 (PPKTP) crystal
at the center of a Sagnac interferometer. By tuning
the PPKTP temperature, we achieve degeneration
of the SPDC from 405.0 to 810.0 nm (for details,
see Supplementary Information II). Focusing is
achieved using a homemade collimator that has an
aspheric lens to image a beam waist at the center
of the PPKTP crystal. The waist size of the pump
beam is optimized to achieve high count rates and
collection efficiencies into SMFs. The splitting ratio
for clockwise and counterclockwise pump power
can be optimized to the unit by changing the pump
polarization before the dual-wavelength polarizing
beam splitter PBS1, so that we can obtain the max-
imum polarization-entangled-photon state |ψ〉 =
(|HV 〉12 − |VH〉12)/

√
2, where |H〉 (|V 〉) rep-

resents the horizontal (vertical) polarization state,
and the subscripts 1 and 2 denote two output ports
connecting to the Alice and Bob links, respectively.
The relative phase change in the distribution links is
compensated by a motorized phase shifter formed
by wave plates at the output port (for details,
see Supplementary Information III). In the lab,
under a pump of 15 mW, our AEPS can generate
∼2.4 million entangled-photon pairs per second,
based on the coincidence measurement and taking
the coupling/detection efficiencies into consider-
ation. This result is comparable to previous work
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Figure 2. Schematic of the AEPS and its performance. (a) Schematic map of AEPS. The pump laser is a 405-nm LD that is
self-injection locked with a volume holography Bragg (VHG) grating. The polarization entanglement is generated in a Sagnac
loop with a PPKTP crystal. LD, laser diode; C, collimator; DM, dichroic mirror; HWP, half-wave plate; ISO, isolator; LPF, long-
pass filter; M, mirror; PBS, polarization beam splitter; QWP, quarter-wave plate. (b) The measured two-photon correlation in
the lab. The interference with one photon projected to |H 〉, |V 〉, |D 〉 and |A〉 states all have >97.0% visibilities. The error
bars represent one standard deviation in the counts.

[27] but in a much smaller size. We performed four
correlation measurements by projecting the photon
in port 1 in |H〉, |V 〉, |D〉 = (|H〉 + |V 〉)/√2
and |A〉 = (|H〉 − |V 〉)/√2 states, respectively,
and recorded two-fold coincidence counts while
changing the linear polarization projection angles
in port 2. The visibilities are measured to be 97.4%,
97.7%, 97.1% and 97.0%, respectively, as shown in
Fig. 2b. The CHSH Bell inequality is also tested,
with the S-parametermeasured to be 2.725± 0.017.

APT SYSTEM AND ITS PERFORMANCE
The entanglement distribution relies on efficient
air-to-ground optical links and multi-weather
operation requires SMF collection for both Alice
and Bob, which greatly enhances the signal-to-noise
ratio but adds more challenges for the tracking pre-
cision. Here, it is achieved using a homemade APT
system, including two pairs of airborne transmitter
APT (TX) units for entanglement-distribution
and ground-based receiver APT (RX) units for
Alice and Bob stations. These units are designed
to realize bidirectional APT [28] for both upward
and downward link directions so that both TX units
and RX units can be correctly pointed, as shown in
Fig. 3a. Each APT unit is composed of a three-axis
motorized gimbal stage and a telescope platform.
The gimbal stage moves the telescope platform for
coarse pointing alignment of the TX/RX telescope
by a proportion integration differentiation (PID)
error signal calculated from the target image using
a coaxial zoom camera. The target for this imaging

identification is an uncollimated 940-nm LD on
the corresponding receiver or transmitter side.
The inset of Fig. 3a shows the zoom-in of the
telescope platform.The telescope on each APT unit
collimates light to a beam size of 26.4 mm for the
810-nm entangled photons. A carbon-fiber base
plate is used for the telescope platform, where the
composite structure design is optimized for best
thermal stability. For simplicity, a commercially
available 50-mm 90-degree off-axis parabolic mirror
(OAPM) is used for this collimation. A 637-nm
beacon light passes through the central hole of the
parabolic mirror for the second-stage fine tracking.
The small aperture of this beacon light results in
a relatively large divergence angle and thus offers
a sufficient field of view for the fine tracking. The
fine-tracking loop is also integrated on the telescope
platform, which is formed by a position-sensitive
detector (PSD) and a fast-steering mirror (FSM).
The PSD is mounted at the image position of the
transmitter or receiver fiber port to a dichroicmirror
(DM). It monitors the focal position of the beacon
light to generate the error signal and feeds back to
the FSM. With proper feedback electronic controls,
the TX unit and the RX unit can be pointed at each
other within the accuracy for SMF coupling.

Before the quantummeasurement, we perform a
classical test of ourAPTsystemat a trackingdistance
of 100 m. The PSD tracking errors are recorded by
an onboard data-logging system and typical values
at the TX unit and RX unit are shown in Fig. 3b and
c. With the octocopter on the ground, the tracking
errors are 1.19μm for the TX unit and 0.57μm for
the RX unit, and they increase to 1.33 μm for the
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Figure 3. Schematic of the APT system and its performance. (a) Schematic map of the whole APT system. A coaxial zoom camera is used on each APT
unit to image the 940-nm LD on the other link side for coarse tracking. It generates the feedback signal to the gimbal stage for moving the image to the
center of the CMOS array. The TX and RX telescopes are shown in detail for the two-way fine tracking using the 532- and 637-nm beacon lights. FSM,
fast-steering mirror; OAPM, off-axis parabolic mirror; PSD, position-sensitive detector; SMF, single mode fiber. (b) Measured tracking errors of the TX
unit and the RX unit before take-off. (c) Measured tracking errors of the TX unit and the RX unit during flight.

TX unit and 0.62 μm for the RX unit after take-off.
All of them are smaller than the mode field diameter
of 5 μm for the SMF at 810 nm. An 808-nm LD
is used as the reference light and coupled in the
transmitter fiber link with a 1% power ratio through
a 99:1 fiber coupler. The fiber-to-fiber coupling
losses are measured to be around 12 and 14 dB for
Alice and Bob, respectively, with negligible weather
dependence. The polarization of the reference light
is pre-aligned to match the H/V reference frame of
the AEPS, and also used for real-time polarization
calibration.

The total weight for eachTXunit is 3750 g, which
is within the payload limit of our octocopter. It can-
not be lighter because of the bulky commercial parts
such as the OAPM and the PSD, which can be fur-
ther reduced to fit onto the size of a modern pic-
ture drone (for details, see Supplementary Informa-
tion IV).Thecoupling loss ismainly attributed to the
non-perfect alignment of the telescope, which can
also be reduced in the future.

MULTI-WEATHER ENTANGLEMENT
DISTRIBUTION
Between the AEPS and the TX APT units, we have
included a real-time polarization correction system
tomaintain the original entanglement state from the
source against in-air vibrations from air turbulence.
It offers full polarization control for real-time
compensation, under the classical reference from an
808-nm onboard LD. Meanwhile, a classical com-
munication link is utilized for coincident count syn-
chronization from Bob to Alice through a classical
optical-fiber communication system. Then our
set-up is ready for the entanglement distribution.

For simplicity, we only discuss the link to Alice;
the link to Bob is the same. On the receiver side, the
RX unit has an adjustable HWP set integrated in
the free-space path for the state projection measure-
ment.The collected photons are then coupled into a
polarization-maintaining fiber (PMF) and directed
to a polarizing beam splitter (PBS) for simultaneous
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orthogonal polarization projection measurements,
with one silicon single-photon avalanche detector
(SPAD) for each PBS output. The PBS and the
SPADs are both enclosed in a waterproof black box
for multi-weather operation. The classical commu-
nication from Alice to Bob for coincident count
synchronization is achieved through a classical
optical-fiber communication system that converts
the electrical signal from detectors at Bob to an
optical signal and transmits it toAlice through a fiber
spool of 300 m. Finally, the received arrival time
signals are processed through two time-to-digital
converters (TDCs) for coincidence measurements
(Supplementary Information V).

The Alice and Bob ground stations are separated
by 200m, with the octocopter in the center for a sin-
gle arm length of 100 m for the entanglement dis-
tribution. We tested the entanglement state during
the daytime, clear night and rainy night, and the ex-
perimental scheme is shown in Fig. 4a. The CHSH
inequality [29] is used to characterize the entangle-
ment, which is given by

S = E (a, b) − E (a, b ′) + E (a ′, b) + E (a ′, b ′),
(1)

where a(b) and a ′(b ′) are the measurement
angles at Alice (Bob) and E (a, b) etc. are the
quantum correlations at the two remote locations.
The measurement angles that are changed by the

HWP sets inside the RX telescopes are selected
among four different groups: (0, 1/8π), (0, 3/8π),
(1/4π, 1/8π) and(1/4π, 3/8π). We collected
the data for each E (a, b) for 120 seconds and
got an average count rate of ∼10 Hz. The exper-
imental results are shown in Fig. 4b. The CHSH
S-parameters are calculated to be 2.41 ± 0.14,
2.41 ± 0.24 and 2.49 ± 0.06, in the daytime with
illuminance of 7316 lx, clear night and rainy night,
respectively, without subtracting accidental counts.
At all three of the above conditions, the CHSH-type
Bell inequalities are violated with up to 8.2 standard
deviations, which confirms successful entanglement
distribution in our drone-based quantum network.

In this experiment, the octocopter is hovering
during the current entanglement distribution. How-
ever, we have experienced a maximum wind speed
of 18 km/h in the measurement, and the air turbu-
lence can move the airframe around by up to∼1 m.
The high performance of the APT system still of-
fers good tracking for efficient SMF coupling and
the real-timepolarization-compensation systempre-
serves the state for the Bell-inequality violation. A
faster polarization-compensation scheme is under
development to achieve entanglement distribution
in a high-g in-flightmaneuver for future applications.

CONCLUSION
In conclusion, we have shown the first mobile quan-
tum communication via entanglement distribution.
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Such a system has proved to be robust against
sunlight for all-day multi-weather entanglement dis-
tribution during the daytime, clear nights and rainy
nights, and the S-parameter exceeds 2.49 ± 0.06.
We have developed all of the key devices for a
lightweight airborne quantum node to fit into a
small drone airframe, including a polarization-
entanglement source and APT units. A symmetric
transmitter and receiver lens diameters are used
with SMF coupling, so that the single photons can
be collected and retransmitted without a loss in the
beam quality. This means that our mobile channel
is ready to be scaled towards multinode structures.
Therefore, all the key technologies have been pre-
sented towards a mobile quantum network. Here,
we focus on a local-area network with 40 minutes
and 200 m of on-demand coverage. With specially
designed components, we may package the whole
quantum node into a mini-sized picture drone for a
similar local-area network size. Based on this scheme
that we have developed, wide-area coverage can
be expected by loading the mobile quantum node
onto high-altitude UAVs [23]. With reasonable
lens diameters within the drone capability and low
diffraction loss, long-distance communication can
be established within the earth curvature limit at
the stratosphere. Such a scalable mobile quantum
network has the potential to realize full coverage
over multiple space and time scales.

It may not be limited to the entanglement
distribution as shown here, Which offers a flexible
and cost-effective way for future quantum key dis-
tribution [30–32], quantum teleportation [33,34],
quantum repeaters [35–38], quantum secure direct
communication [39–41] and quantum mechanics
foundations testing [42,43]. This network is an
important supplement that can link the existing
fiber and satellite quantum network, filling the gap
in the vast sky in-between and solving mobility and
multi-weather-functionality problems. It should also
be noted that all the discussions and technologies
that we have developed for the scalable multinode
network are applicable for all the free-space plat-
forms, including the high-altitude balloon [10],
aircraft [44], seawater [45] and satellites [2,14–18].
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33. Bennett CH, Brassard G and Crépeau C et al. Teleporting an unknown quantum
state via dual classical and Einstein-Podolsky-Rosen channels. Phys Rev Lett
1993; 70: 1895–9.

34. Pirandola S, Eisert J and Weedbrook C et al. Advances in quantum teleporta-
tion. Nat Photon 2015; 9: 641–52.

35. Briegel H-J, Dür W and Cirac JI et al. Quantum repeaters: the role of imperfect
local operations in quantum communication. Phys Rev Lett 1998; 81: 5932–5.

36. Duan L-M, Lukin MD and Cirac JI et al. Long-distance quantum communication
with atomic ensembles and linear optics. Nature 2001; 414: 413–8.

37. Azuma K, Tamaki K and Lo H-K. All-photonic quantum repeaters. Nat Commun
2015; 6: 6787.

38. Li Z-D, Zhang R and Yin X-F et al. Experimental quantum repeater without quan-
tum memory. Nat Photon 2019; 13: 644–8.

39. Long GL and Liu XS. Theoretically efficient high-capacity quantum-key-
distribution scheme. Phys Rev A 2002; 65: 032302.

40. Zhang W, Ding DS and Sheng YB et al. Quantum secure direct communication
with quantum memory. Phys Rev Lett 2017; 118: 220501.

41. Qi R, Sun Z and Lin Z et al. Implementation and security analysis of practical
quantum secure direct communication. Light Sci & Appl 2019; 8: 22.

42. Brunner N, Cavalcanti D and Pironio S et al. Bell nonlocality. Rev Mod Phys
2014; 86: 419–78.

43. Shadbolt P, Mathews JCF and Laing A et al. Testing foundations of quantum
mechanics with photons. Nat Phys 2014; 10: 278–86.

44. Nauerth S, Moll F and Rau M et al. Air-to-ground quantum communication. Nat
Photon 2013; 7: 382–6.

45. Ji L, Gao J and Yang A-L et al. Towards quantum communications in free-space
seawater. Opt Express 2017; 25: 19795–806.

https://www.dji.com

