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Measurement-device-independent quantum key distribution (MDI QKD) provides immunity against all
attacks targeting measurement devices. It is essential to implement MDI QKD in the future global-scale
quantum communication network. Toward this goal, we demonstrate a robust MDI QKD fully covering
daytime, overcoming the high background noise that prevents BB84 protocol even when using a perfect
single-photon source. Based on this, we establish a hybrid quantum communication network that integrates
free-space and fiber channels through Hong-Ou-Mandle (HOM) interference. Additionally, we investigate
the feasibility of implementing HOM interference with moving satellites. Our results serve as a significant
cornerstone for future integrated space-ground quantum communication networks that incorporate
measurement-device-independent security.
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Quantum key distribution (QKD) in principle offers
information-theoretical security for private communication
[1,2]. However, due to device imperfections in realistic
setups, there exist attacks in practical QKD [3]: specifically,
the photon number splitting (PNS) attack on an imperfect
single-photon source [4,5] and various types of attacks
on measurement devices [6–9]. The decoy-state method
[10,11] addresses the PNS attack issue with standard weak
coherent pulses generated by attenuated laser pulses and
has become a standard technique in current QKD experi-
ments [12]. Measure-device-independent QKD (MDI
QKD) [13,14] enhances the security of QKD against any
detector imperfections. By combining the decoy-state
method, MDI QKD can perfectly solve all possible attacks
on measurement devices and the PNS attack on an
imperfect source in a realistic QKD system.
In recent years, the successful operation of the Micius

quantum science satellite [15–20], along with other efforts
targeting nanosatellite-based long-distance quantum com-
munication [21–24] and fiber-based backbone connecting
metropolises [25], demonstrate the practical feasibility of a
future global quantum network. With MDI QKD recently
implemented in free space for the first time [26], extending

its use in future global-scale quantum communication
network is essential for enhancing the security of QKD
in practice. Simultaneously, achieving robust, all-day
functioning capabilities is fundamental for a large-scale
quantum communication network encompassing numerous
satellites across different time zones worldwide [27,28]. A
flexible interface that links free space and fiber is also
necessary for practical quantum communication between
space and ground. Owing to the high velocity between
satellites and the ground, the feasibility of independent
photons interference between moving objects in MDI QKD
must be thoroughly investigated.
In this Letter, we have conducted a thorough examina-

tion of the aforementioned aspects in free-space and fiber
hybrid channels toward a global-scale quantum network.
(i) We accomplish a robust free-space MDI QKD in
daylight. To overcome the bright background light, one
may reduce the actual background noise in practice or
improve the noise tolerance theoretically. Efforts have been
made to reduce the actual background noise by spatial,
spectral, and temporal filtering [27,28]. For MDI QKD, it is
worth noting that, due to the twofold coincidence nature,
the tolerance of background noise is greatly increased,
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making the scheme suitable for daylight applications. We
experimentally verified this on a 7.7-km free-space channel
by performing MDI QKD fully covering daytime, from
8 a.m. to 5 p.m. Notably, our system using weak coherent
sources operates under background noise levels exceeding
the limit of the BB84 protocol with a perfect single-photon
source [29]. (ii) Building upon this, we establish a hybrid
quantum communication network with two free-space
channels (7.7 and 1.4 km, respectively) and a 75-km fiber
channel. Utilizing single-mode-fiber coupling based on
adaptive optics (AO), we achieve Hong-Ou-Mandel
(HOM) interference between photons from free-space
and fiber channels, serving as the interface and outcome
of MDI QKD. (iii) Moreover, we conduct a feasibility study
of HOM interference with a moving satellite, and our
experimental results indicate that high interference quality
can be implemented using state-of-the-art technology.
Our daylight free-space MDI QKD is conducted over the

7.7-km urban atmosphere and 75-km fiber coil between
Alice and Bob, as shown in Fig. 1. Generally speaking, the
background noise during daytime is more than 5 magni-
tudes higher than that at full moon midnight under the
same meteorological and geographical conditions [27,38].

Consequently, spectral filtering is a critical aspect for free-
space QKD in the daytime. However, a narrow band filter
typically incurs additional loss in signal photons and
necessitates a much higher accuracy of frequency calibra-
tion between the source and filters. Particularly for MDI
QKD, since a twofold coincidence measurement is required
between photons from two different channels, the addi-
tional filtering loss is doubled. Interestingly, the require-
ment for twofold coincidence measurement allows MDI
QKD to tolerate considerably high background noise,
thereby enabling the relaxation of filtering bandwidth.
In our experiment, after filtering by a dense wavelength
division multiplexer (DWDM) with a bandwidth of 0.8 nm,
the background noise is reduced to an acceptable level, and
the extra loss of signal became negligibly small.
Furthermore, atmospheric turbulence on a sunny day is

considerably more severe than that at night. This turbulence
distorts the spatial mode of the laser beam, significantly
impairing the quality of HOM interference in MDI QKD.
We address this issue through the use of AO and a
postselection method. We employ an additional 1570-nm
laser transmitted through the same atmospheric channel as
the signal and detected by a high-speed photodiode for each
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FIG. 1. Setup of free-space and fiber-integrated MDI QKD. (a) Top view of the experimental layout in the Pudong area, Shanghai. The
distances of the two free-space channels are 7.7 and 1.4 km, respectively. Signal pulses are sent by 280-mm-diameter telescopes and
received by 400-mm-diameter telescopes. Both the transmitters and the receivers are equipped with a tracking system to ensure an
optimized efficiency. A 75-km-long fiber coil connects the measurement terminal to the third encoding terminal. (b) A detailed diagram
of the encoding terminals. A portion of the signal laser is transmitted through a hydrogen cyanide (HCN) gas absorption cell for optical
frequency calibration. The remaining portion is modulated using amplitude modulators (AMs) and phase modulators (PMs) to construct
pulse pairs, decoy-state, time-bin encoding, phase encoding, and phase randomization. The modulation pattern’s timing sequence is
generated using a homemade arbitrary waveform generator (AWG), with its clock locked to an ultrastable crystal oscillator (CO).
(c) After filtering by dense wavelength division multiplexers (DWDMs), the incoming signal photons enter an optical switch (OS)
network-based router. Two beams are selected for interference measurement using superconducting nanowire single-photon detectors
(SNSPDs) with a detection efficiency of approximately 70% and dark counts below 30 cps. The detection output is recorded with a time-
to-digital converter, whose clock is also locked to an ultrastable CO. (d) The topology of the setup. LD, laser diode; PD, photodiode;
FBS, fiber beam splitter; FPBS, fiber polarizing beam splitter; PC, polarization controller; CIR, circulator; ATT, attenuation.
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channel to probe the instantaneous channel efficiency. This
serves as the reference for both AO and the postselection
method. AO can be classified as conventional AO with
aberration measurement [39] and optimized AO without
aberration measurement [40]. The latter is more suitable
for the long-distance horizontal free-space channel since
strong turbulence can cause intensity scintillations and
phase discontinuity, leading to errors in aberration meas-
urement. Utilizing the measured intensity as input and a
deformable mirror as output, we operate a modal version of
the stochastic parallel gradient descent (M-SPDG) algo-
rithm-based optimized AO system [40] to compensate for
the first 12 orders of Zernike aberration. It effectively
corrects the primary part of the atmospheric turbulence,
with frequencies in the tens of hertz range, as well as the
static aberration of the 400-mm-diameter receiver tele-
scope. The AO enhances single-mode-fiber coupling effi-
ciency and suppresses intensity fluctuations in most
scenarios during the day, at a distance of 7.7 km, which
is comparable to the effective thickness of the atmosphere
[12]. Furthermore, we postselect twofold clicking events in
time windows where the ratio of probe lights intensities
is sufficiently close to an expected value. At a certain
moment, we denote the efficiency of the two channels as
η1ðtÞ and η2ðtÞ, respectively. The efficiency of a free-space
channel is estimated by the measured intensity of the
corresponding probe light, which varies dramatically with
time. The efficiency of a fiber channel is stable and
measured beforehand. The ratio of two channel efficiencies
rηðtÞ ¼ η1ðtÞ=η2ðtÞ serves as a reliable indication for
postselection of signals. A ratio that deviates from the
expected value suggests an intensity mismatch of signal
pulses. Consequently, we only select signal pulses at
moments that satisfy ð1=rtÞ > ½rηðtÞ=re� > rt, where re
represents the expected value and rt denotes the threshold.
Owing to the measurement-device-independent nature of
the protocol, rt and re can be determined afterward,
optimizing key generation based on a specific atmospheric
condition. In our Letter, we choose rt values between 0.34
and 0.58. We employ the Fried parameter r0 [30], or Fried’s
coherence length, to describe the strength of atmospheric
turbulence, with smaller r0 values indicating stronger
turbulence. Notably, under extremely strong turbulence
conditions, such as during sunny noon, the intensity
fluctuation cannot be effectively suppressed by AO; thus,
the postselection method plays a more significant role. As
shown in Fig. 2, a positive final key rate can still be
generated with a small r0 of ∼1.8 cm (at 810 nm),
equivalent to ∼4.5% of the receiving diameter.
A detailed diagram of the encoding terminals is illus-

trated in Fig. 1(b). To implement the decoy-state MDI QKD
[31,41–43], the four-intensity protocol was employed
[32,33]. A continuous-wave (cw) distributed feedback
(DFB) laser diode with a wavelength of 1550 nm and a
linewidth of 10 MHz is utilized in each encoding terminal.

The background noise associated with 1550-nm light is
only 3% of the background noise by 800-nm light [27]. A
portion of the signal laser is transmitted through a hydrogen
cyanide gas cell for optical frequency calibration. The
remaining portion is modulated using amplitude modula-
tors (AMs) and phase modulators to create pulse pairs,
decoy-state, time-bin encoding, phase encoding, and phase
randomization with a pulse pair repetition rate of 250 MHz
and a pulse duration of 1 ns. Time-phase encoding is used
in the experiment. In the Z basis, the key bit is encoded by
eliminating the later pulse or the earlier pulse, while in the
X basis, the key bit is encoded into the linear superposition
state with relative phases of 0 or π between the two pulses.
Pulse pairs are directly modulated by AMs on the cw laser,
rather than passing single pulses through an unbiased
Mach-Zehnder interferometer (MZI). Given that the pulse
separation of 2 ns is significantly shorter than the laser’s
coherence time of 100 ns, the relative phase between the
two pulses is stable. The timing sequence of the modulation
pattern is generated using a homemade arbitrary waveform
generator, with its clock locked to an ultrastable crystal
oscillator to ensure a low-frequency drift. The residual

(a)
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FIG. 2. Results of MDI QKD at each hour of daytime. (a) The
estimated secure key rate for different times during the full day,
without considering statistic fluctuation. All collected data are
grouped in units of one hour. Higher secure key rates are obtained
using the postselection method (blue bars). By summing up all
the achieved data from 8∶00 to 17∶00, 35 629 bits of the final key
were distilled in 20 786 s, taking statistical fluctuations into
account. (b) The mean atmospheric turbulence parameter r0 (see
text) and the loss for each hour. The single-mode-fiber coupling
efficiency makes a prominent contribution to channel loss under
strong atmospheric turbulence, i.e., small r0. Consequently, the
values of r0 and loss at different times are highly correlated
during the daytime. As atmospheric turbulence subsides at dusk,
reflected as large r0, the correlation weakens.
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differences in clock frequency are measured and compen-
sated by evaluating the pulse arrival times at Charlie’s
terminal, ultimately achieving a time synchronization
accuracy of 32 ps [26], which ensures high indistinguish-
ability in the time domain. The encoded signal is sent along
with an additional 1570-nm probe laser of approximately
10-mW emitting power.
A total sifted key of 1 295 684 was obtained in 20 786 s

after postselection, from which 35 629 bits of the final key
were distilled using the double-scanning method [34]. The
error rates on the Z-Z and X-X bases are 0.69% and 32.7%,
respectively. As the experiment was performed before
the double-scanning method was proposed, experimental
parameters were set according to the single-scanning
method. The key rate would be even higher with the
optimization of the double-scanning method. For each
one-hour interval, the channel efficiency and the final
key rate are estimated, along with r0 values, as shown in
Fig. 2(b). Particularly, the strongest atmospheric turbulence
and the largest background noise typically occur at noon.
To demonstrate the high background noise tolerance of our
system, we replace the DWDMwith a bandwidth of 0.8 nm
with an interference filter featuring a bandwidth of 3 nm at
noon. When disregarding statistical fluctuation, a final
secure key rate of 9.33 bps (bits per second) was obtained,
under an observed background noise of 12.9 kcps (kilo
counts per second) on a sunny day with the solar altitude
angle of around 50°. It is interesting to note that the BB84
protocol with a perfect single-photon source has the highest
secure key rate among all prepare-and-measurement
schemes of qubit-encoded QKD under the same condition
and can be considered as a benchmark for evaluating other
QKD schemes. As shown in the Supplemental Material
[29], the BB84 protocol with a perfect single-photon source
fails to work under such a high noise level as in this Letter.
We express that all MDI QKD network demonstrations

were implemented in optical fibers before our current work.
Prior art MDI QKD network have been limited to fiber
channel only. However, in order to achieve the ultimate
goal of integrating a space-to-ground global quantum
communication network, a hybrid and scalable network
comprising both fiber and free-space channels is essential.
Here, trade-offs are made on the selection of wavelength to
satisfy the requirement of both types of channels. To
facilitate long-distance transmission in fiber channels, we
need to use telecom wavelengths. However, as this wave-
length is much longer than visible light, additional dif-
fraction loss is introduced in free-space channels.
Moreover, prior works have relied on additional fiber
channels to share time and frequency standard [44,45],
which constrained the network scalability. In our experi-
ment, the frequency and temporal domain of each user node
are locked independently. In addition, pulse pairs for the
encoding are generated through external modulation of a
cw laser rather than constructing an asymmetric MZI.

These improvements render the stability of our system
unaffected by the number of users, providing a distinct
advantage in scalability for our MDI QKD network system.
All three encoding terminals concurrently transmit signal
pulses to the measurement terminal through distinct chan-
nels. Three optical switches are utilized to direct two of
these signals for interference measurement. The routing of
optical switches in the measurement terminal undergoes
alterations in several-minute intervals to display the
capability to arbitrarily select encoding nodes. The detailed
parameters for the setup are presented in the Supplemental
Material [29]. The corresponding final key rates are
4.325 bps (Alice-Bob), 1.506 bps (Alice-David), and
3.261 bps (Bob-David), respectively, estimated using the
double-scanning method. As no data were collected under
extreme conditions during noon time, the final key rate is
slightly higher than the above full-day demonstration.
We further demonstrate the feasibility of performing

MDI QKD with a satellite. Because of the rapid movement
of satellites, the arrival time of signal pulses varies on the
order of milliseconds, while frequency variations lie within
the range of several gigahertz [29,46]. The variation in both
degrees of freedom significantly disrupts the indistinguish-
ability of arrival pulses and should be compensated to
achieve high-quality HOM interference. Fortunately, the
precise values of distances and frequency shifts can be
predicted in advance or in real time. Notably, with the
assistance of laser ranging [47], satellite orbit determination
can achieve a precision of approximately 1 cm (corre-
sponding to an arrival time precision of δT ¼ 33 ps) and
1 cm=s (corresponding to a frequency shift precision of
δf ¼ 6.5 kHz). The relationship δTδf ¼ 2.2 × 10−6 ≪
1=4π indicates that high visibility HOM interference can
be achieved with appropriate compensation for frequency
and time [48]. Doppler frequency shift compensation can
be effectively implemented by adjusting the temperature of
the laser cavity or introducing an additional electro-optic
modulator (EOM) or acoustic-optic modulator (AOM) [49].
Employing a field-programmable gate array and high-
speed digital-to-analog converter, the emitting time of
optical pulses can be fine-tuned to the order of several
picoseconds, ensuring indistinguishable arrival times in
variable channels.
A proof-of-principle experiment is performed to dem-

onstrate the feasibility of compensating for Doppler fre-
quency shifts. The DFB laser has a frequency-temperature
coefficient of approximately 12.5 GHz=K. This implies
that by adjusting the temperature of the laser cavity by
0.6 K, the frequency of the laser can be tuned by 7.5 GHz.
We perform HOM interference between two independently
temperature-controlled DFB lasers to demonstrate fre-
quency shift compensation, as shown in Fig. 3. A
Doppler frequency shift covering 6.87 GHz over 500 s
is calculated based on Micius’ orbit, and can be considered
close to the worst-case scenario. The temperature of the
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first laser is modulated according to the frequency shift
curve, thus simulating the Doppler frequency shift between
the arrival photons associated with a moving satellite. As
the temperature of the second laser remains unchanged, the
visibility of HOM interference rapidly decreases to 0. To
compensate, the temperature of the second laser is also
modulated according to the expected frequency shift. In
this case, an average visibility of 0.472 is achieved, which
is near the visibility limit of 0.5 when using coherent light.
In conclusion, we have successfully demonstrated, for

the first time, a free-space MDI QKD in full daytime and
a hybrid MDI QKD network comprising both free-space
and fiber channels. To further enhance the key rate for a
practical system in the future, several improvements can be
developed, including increasing the pulse repetition rate,
optimizing AO technology to augment the average channel
efficiency and suppress fluctuation, and dynamically
adjusting the QKD parameters. The robustness of our
system against background noise indicates promising
potential for practical application in the future.
Alongside the study of interference from moving objects,
there is substantial feasibility for an integrated space-
ground quantum communication network with MDI
QKD, or even twin-field QKD [50].
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