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In the past two decades, quantum key distribution networks based on telecom fibers have been
implemented on metropolitan and intercity scales. One of the bottlenecks lies in the exponential decay of
the key rate with respect to the transmission distance. Recently proposed schemes mainly focus on
achieving longer distances by creating a long-arm single-photon interferometer over two communication
parties. Despite their advantageous performance over long communication distances, the requirement of
phase locking between two remote lasers is technically challenging. By adopting the recently proposed
mode-pairing idea, we realize high-performance quantum key distribution without global phase locking.
Using two independent off-the-shelf lasers, we show a quadratic key-rate improvement over the
conventional measurement-device-independent schemes in the regime of metropolitan and intercity
distances. For longer distances, we also boost the key rate performance by 3 orders of magnitude via
304 km commercial fiber and 407 km ultralow-loss fiber. We expect this ready-to-implement high-
performance scheme to be widely used in future intercity quantum communication networks.
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Quantum key distribution (QKD) [1,2], as a building
block of quantum networks, allows remote communication
parties to establish a secure key based on the laws of
quantum physics [3,4]. Currently, many QKD networks of
various sizes have been implemented worldwide, such as
metropolitan [5–8] and intercity scales [9]. For a metro-
politan network, the loss budget between two nodes is
around 10 dB [8]. Usually, the network users are connected
to trusted nodes as service providers. For an intercity
network, the single-link loss is typically 20 dB. Often,
we need to set up trusted relays outside of cities [9]. In
practice, when one of the trusted nodes is compromised, the
network security can be severely damaged [10]. Also, it is
difficult and expensive to ensure the security of relay nodes
outside cities. Moreover, due to the complicated construc-
tion of single-photon detectors, imperfect detection devices
would introduce security loopholes [11,12].
To close the detection loopholes and reduce the number

and cost of trusted nodes, Lo et al. proposed measurement-
device-independent quantum key distribution (MDI QKD)
[13]. In a generic MDI QKD setup, as shown in Fig. 1, the
two communication parties, Alice and Bob, emit encoded

laser pulses to a detection site, owned by an untrusted party,
Charlie. Charlie employs an interferometer as a quantum
relay to correlate the received quantum signals. Charlie
announces interference measurement results, based on
which Alice and Bob can extract secure key bits. The
security of MDI QKD requires no assumption on how
Charlie performs measurement and announcement, making
it naturally immune to all the detection attacks. Meanwhile,
MDI QKD helps reduce the number of trusted nodes
and makes quantum communication networks more
implementable.
To pursue a practical usage of MDI QKD in metropolitan

and intercity quantum networks, we need to consider two
main issues: improving the key rate and reducing the
experiment requirement. In the conventional MDI QKD
schemes, Alice and Bob encode information into two
optical modes, such as two adjacent pulses [14]. This type
of encoding, namely two-mode encoding, is relatively
simple to implement since it does not require additional
devices and modulation. However, the performance of two-
mode encoding schemes is limited by the overall channel
transmittance η since it requires coincidence detection at
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two optical modes. Another type of MDI QKD, twin-field
QKD [15], can achieve a quadratic improvement in the key
rate. We refer to this as one-mode encoding. In one-mode
encoding schemes, Alice and Bob encode information into
a single optical pulse, and then Charlie performs a single-
photon interference to correlate pulses from two users. This
type of encoding, however, necessitates a more challenging
experiment implementation because it is more sensitive
to environmental noises, especially phase fluctuations of
lasers and phase drifts in optical channels. To suppress
noises, existing experiments apply advanced global phase-
locking techniques [16–21] to stabilize the phase references
between two remote parties, which remains challenging
and impractical for large-scale applications.
From the comparison of the existing MDI QKD schemes

above, there seems to be a trade-off between high perfor-
mance and simple implementation. Surprisingly, a recent
MDI QKD proposal, mode-pairing quantum key distribu-
tion (MP QKD) [22], employs a hybrid encoding method to
offer both high performance and simple implementation.
See also Ref. [23] for a similar idea without a rigorous
security proof. Different types of MDI QKD schemes are
illustrated in Fig. 1. In MPQKD, Alice and Bob encode key
information in a single optical pulse. After Charlie’s
announcement, they pair all the detected locations and
generate raw key bits among each pair. The core observa-
tion of MP QKD is that the two optical modes used to
encode the relative information can be determined after
Charlie’s announcement. At the encoding and detecting
stage, Alice and Bob only consider a single mode and do
not require coincidence detection in predetermined loca-
tions. At the postprocessing stage, they generate the raw
key bits from two pulses and avoid the global phase-
locking requirement. Therefore, the users can achieve a
quadratic improvement in key rate with simple hardware
implementation.
By adopting two off-the-shelf lasers, we realize this

high-performanceMDI QKDwithout global phase locking.
To this end, we adjust the original MP QKD protocol [22]

and introduce phase reference estimation techniques to deal
with the frequency fluctuation of two independent lasers.
The results show that our implementation can achieve a
quadratic key-rate improvement over the conventional MDI
QKD schemes.
We now briefly introduce the MP QKD scheme and

leave a complete description in Supplemental Material [24].
In each round, Alice generates a laser pulse of coherent
state j ffiffiffiffiffi

μa
p

eiϕ
ai with modulated intensity μa randomly

chosen from f0; ν; μg and modulated phase randomly
chosen from f0; ð2π=DÞ; ð4π=DÞ;…; ½2πðD − 1Þ=D�g. In
this Letter, we pick up D ¼ 16 and 0 < ν < μ < 1.

Similarly, Bob generates a coherent state j
ffiffiffiffiffi
μb

p
eiϕ

bi.
They then emit the two coherent laser pulses to Charlie,
who performs the interference using a balanced beam
splitter and two single-photon detectors L and R. Charlie
then announces the detection results of each pulse. After
repeating the above procedure for many rounds, Alice and
Bob postselect all the rounds with successful detection that
either L or R clicks. They “pair” these rounds and
determine the basis and key values on each pair based
on the relative intensity and phase information. Afterward,
they perform basis sifting, key mapping, and data post-
processing similar to the two-mode MDI QKD schemes.
The final key length of the MP scheme is given by

K ¼ MZ
11½1 − hðeZ;ph11 Þ� − fMμμhðEμμÞ; ð1Þ

where hðxÞ ¼ −xlog2x − ð1 − xÞlog2ð1 − xÞ is the binary
entropy function and f is the error correction efficiency.
The single-photon component of the Z-basis pairs, MZ

11,
and the corresponding phase error rate, eZ;ph11 , can be
estimated by the decoy-state method [25–27]. The number
of pairs used to distill final key bits, Mμμ, and the bit error
rate, Eμμ, can be directly obtained from the experiment. For
simplicity, here we only use the Z-basis pairs with
intensities ðμ; μÞ for key generation. The key rate is defined

Two-Mode Effective Click One-Mode Effective Click Mode-Pairing Effective Click

Alice Charlie Bob

Click Click Click ClickClick Click Click Click

L R

FIG. 1. Comparison of different MDI QKD schemes. In conventional MDI QKD schemes using two-mode encoding, key information
is encoded into two predetermined pulses. Only when Charlie detects both pulses can Alice and Bob learn the encoded information,
denoted as gray arrows. In twin-field QKD schemes using one-mode encoding, key information is encoded into one pulse, which is
easily disturbed in the channel. When Charlie announces a click on a pulse, denoted as a green arrow, Alice and Bob can derive a key bit.
In mode-pairing MDI QKD, Alice and Bob encode information into one pulse to get rid of the coincident detection requirement and pair
the clicked pulses based on detection results. They can distill one key bit from any two paired successful detections, denoted as red
arrows, which is robust against channel disturbance.

PHYSICAL REVIEW LETTERS 130, 030801 (2023)

030801-2



as R ¼ K=Npair, where Npair is the number of possible pairs
and equals half the total number of rounds.
When we implement MP QKD with two independent

lasers, it brings new challenges. When the fiber length
increases, the probability of successful detection decreases,
enlarging the average pairing length. Consequently, the
phase references between the pairs of the two users will
drift away due to the phase fluctuation of the lasers and
fibers. This leads to a high phase error rate and hence a low
key rate. To compensate for the phase reference deviation,
Alice and Bob need to estimate the underlying phase
reference. To do this, for some rounds, they emit strong
light pulses without phase modulation for the interference
detection. In a 100 μs cycle, Alice and Bob use the first
25.76 μs for strong light pulses, followed by a 3.07 μs
recovery region of vacuum state to avoid the cross talks,
and the rest 71.17 μs for QKD pulses. After Charlie
announces the measurement results, Alice and Bob can
use the maximum likelihood estimation (MLE) method to
estimate the ΔωðtÞ with the click results of strong light
pulses. The likelihood function we use is

fðΔωÞ ¼
X
ði;jÞ

ln

�
1

2
þ ð−1ÞDi−Dj

cos ½Δωτðj − iÞ�
4

�
; ð2Þ

where i, j denote the locations of the two paired rounds and
Di, Dj denote corresponding results. For convenience, we
use 0 to represent the left detector clicks and 1 to represent
the right one clicks. The time interval between two adjacent
pulses is τ. The summation here is taken over all possible
pairs of strong light pulses. Alice and Bob can repeat the
estimation steps to get frequency differences for a period of
time. They fit the estimated results to obtain ΔωðtÞ of QKD

pulses using 200 periods. More details and test results are
shown in Supplemental Material [24].
The experimental setup is shown in Fig. 2. Alice and Bob

employ the off-the-shelf continuous-wave lasers (ORION
1550 nm Laser Module) whose linewidth is 2 kHz and
center wavelength is 1550.12 nm. An intensity modulator
chops the emitted light into pulses of width 400 ps at
625 MHz. Then, the key and basis information is encoded
into these pulses by two Sagnac rings and three phase
modulators for different intensities and phases. Afterward,
pulses are attenuated to the single-photon level by an
electrical variable optical attenuator and transmitted to
Charlie for interference detection. More details for the
setup are shown in Supplemental Material [24].
We consider the experimental settings under the scenario

of metropolitan and intercity quantum networks. For a
metropolitan (intercity) network, the loss budget between
Alice to the measurement site is around 10 dB [8] (20 dB
[9]), corresponding to 100 km (200 km) fiber from Alice to
Bob when using a symmetric channel. A longer intercity
communication distance of 300 to 400 km is also of
practical interest. Hence, we perform the experiment via
101, 202, 304 km standard and 407 km ultralow-loss
optical fibers. The main experiment parameters are listed
in Table I.
After Alice and Bob compensate for the phase

differences using estimated ΔωðtÞ, they can use the
X-basis error rate to quantify how well they have estimated
the phase reference. We test the X-basis error rate and the
number of pairs under different pairing lengths and
communication distances. The results show there is a
trade-off: a larger l results in more pairs but increases
the X-basis error rate. In practice, Alice and Bob can set a
proper maximum pairing length Lmax, beyond which they

Alice Charlie

SR2

IM

Laser

SR1

SR2

IM

Laser

SR1

PM1
BS

SNSPD1 SNSPD2

SNSPD3 SNSPD4
PM2

PM3

EVOA

PBS

EPC

PM1

PM2

PM3

EVOA

Bob

PBS

EPC

Fiber

Spool

Fiber

Spool

FIG. 2. Experimental setup. Alice’s and Bob’s setups are identical, but their encoding modulations are independent. The continuous-
wave laser is chopped into discrete pulses by an intensity modulator (IM). Then these pulses are randomly modulated into one of the four
intensities—strong, signal, decoy, and vacuum pulses—with the aid of two Sagnac rings (SR1, SR2). Three phase modulators (PM1,
PM2, PM3) are used for phase encoding and active phase randomization. The encoded pulses are attenuated to the single-photon level
by an electrical variable optical attenuator (EVOA) and transmitted to Charlie. Before interference measurements, the pulse polarisation
is aligned by an electric polarization controller (EPC) and a polarization beam splitter (PBS). Finally, the signals are detected by
superconducting nanowire single-photon detectors (SNSPDs). SNSPD1 and SNSPD2 are used for interference detection, and SNSPD3
and SNSPD4 are used for polarization feedback and arriving time feedback. Note that we do not carry out any phase-locking operations
in the setup.
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do not pair the corresponding clicks. For a short distance
(101 km), the successful detection probability is high and
the average pairing length is small, so we pick up
Lmax ¼ 500. The average pairing length is larger for a
longer distance (202 km), so we pick up Lmax ¼ 1000. For
the cases of 304 and 407 km, we pick up Lmax ¼ 2000,
considering pairs with l > 2000 have a relatively high
X-basis error rate and contribute little to the final key rate.
We give the detailed results in Supplemental Material [24].
The key rates for different transmission distances are

presented in Fig. 3. Here, the Z-basis error rate is in the
order of 10−4 with the two Sagnac rings and the intensity
modulator, giving over 40 dB of extinction ratio for the
signal and vacuum states. We also compare the experi-
mental results with numerical simulations along with

previous experiments. As shown in the key-rate figure,
the ratio between the key rate and the square root of the
transmittance is given by ½ð7.75 × 10−5Þ=ð4.32 × 10−2Þ� ¼
1.80 × 10−3 for 101 km and the ratio is ½ð9.34 ×
10−6Þ=ð6.80 × 10−3Þ� ¼ 1.37 × 10−3 for 202 km. The
results show that under the intercity communication dis-
tances (101 and 202 km), the key rate-transmittance
relation of our system follows R ¼ Oð ffiffiffi

η
p Þ rather than

OðηÞ, indicating a quadratic improvement in the key rate.
For longer communication distances, even with higher

X-basis error rates caused by larger phase fluctuations, the
system can still maintain a key rate-transmittance relation-
ship well above R ¼ OðηÞ. Our system realizes key rates of
19.2 and 0.769 bits per second, respectively, via 304 km
and 407 km fibers, 3 orders of magnitude higher than those
of the existing MDI QKD experiments [30]. Besides, we
calculate the asymptotic key rate of the 304 km case with
the experimental data and show that our system has the
potential to break the linear key rate bound [31]. For the
one-mode MDI QKD schemes, the key rate is zero under
the same setting since the phase differences between Alice
and Bob are almost random without global phase locking.
We give more comparison and discussion in Supplemental
Material [24].
Our experiment shows that the MP QKD scheme owns

clear advantages over the existing MDI QKD implementa-
tions, especially in the regime of metropolitan and intercity
distances. We anticipate the MP QKD system and similar
designs to improve the performance of quantum commu-
nication networks. Also, we expect that the design of the
MP QKD experiment will be helpful for the construction of
quantum repeaters [32,33], as well as extending the reach
of the quantum internet.
In the future, the scheme has a few potential directions to

explore. First, in terms of instrument hardware, increasing
the system repetition rate is more beneficial to improving
the key rate of the MP QKD scheme compared with other
MDI QKD schemes. A higher repetition rate leads to
shorter time intervals between the pulses. Hence, the users
can choose a larger pairing interval to obtain more pairs. In
addition, this is advantageous to the phase reference
estimation and results in a lower X-basis error rate. The
users can also use frequency multiplexing to achieve a
similar goal since one can pair detection events from
different spectrum channels in the mode-pairing scheme.
Other improvements, such as narrowing the linewidth, or
improving the stability, will also help increase the key rate
further. Theoretically, applying more efficient pairing
strategies could also benefit the key rate. Because of the
low click probability caused by the low intensity and phase
matching of the X-basis pairs, the number of them is
relatively small, which affects the accuracy of parameter
estimation. One possible solution is that re-pairing the
clicks that fail to pair during key mapping stage. Intuitively,
the pairing process does not reveal anything about the final

TABLE I. Experimental parameters. The mean photon numbers
of signal and decoy states are denoted as μ and ν, respectively.
The total transmittance of a single side is η. The total pulses sent
by users is N. The maximum pairing length is Lmax. The detector
dark count is about 34 Hz, corresponding to a rate of
2.72 × 10−8=pulse. The detection efficiency is ηd ¼ 62.46%
including the insertion loss of 0.58 dB. The error-correction
efficiency is f ¼ 1.1. The security parameter is ϵ ¼ 10−10.

101 km 202 km 304 km 407 km

μ 0.309 0.338 0.531 0.429
ν 0.032 0.035 0.053 0.038
η 4.32 × 10−2 6.80 × 10−3 7.43 × 10−4 2.18 × 10−4

N 5.07 × 1011 2.10 × 1012 6.33 × 1012 7.66 × 1013

Lmax 500 1000 2000 2000
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FIG. 3. Key-rate performance. The experimental rate-distance
performance of MP QKD, compared with the theoretical simu-
lations, along with the existing two-mode MDI QKD experi-
mental results [28–30] and the linear key rate bound [31]. Data
points marked by red and blue stars are key rates of our system
using commercial fibers and ultralow loss (ULL) fibers, respec-
tively. We also calculate the asymptotic key rate for the 304 km
case based on the experimental data, marked by a hollow red star.
Here, N is the total number of QKD rounds, L is the maximum
pairing length, and EX is the X-basis error rate. The theoretical
expectation curves are simulated under different maximum
pairing lengths, data sizes, and X-basis error rates.
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key bits, so repairing X-basis pairs should not affect
security.
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