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Quantum key distribution (QKD) aims to generate secure private keys shared by two remote parties.
With its security being protected by principles of quantum mechanics, some technology challenges remain
towards practical application of QKD. The major one is the distance limit, which is caused by the fact that a
quantum signal cannot be amplified while the channel loss is exponential with the distance for photon
transmission in optical fiber. Here using the 3-intensity sending-or-not-sending protocol with the actively-
odd-parity-pairing method, we demonstrate a fiber-based twin-field QKD over 1002 km. In our
experiment, we developed a dual-band phase estimation and ultra-low noise superconducting nanowire
single-photon detectors to suppress the system noise to around 0.02 Hz. The secure key rate is 9.53 × 10−12

per pulse through 1002 km fiber in the asymptotic regime, and 8.75 × 10−12 per pulse at 952 km
considering the finite size effect. Our work constitutes a critical step towards the future large-scale
quantum network.
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Introduction.—With the security protected by laws of
quantum mechanics, quantum key distribution (QKD)
[1–7] can distribute secret private keys between remote
parties through photon transmission. Given the advantage
in security, there are also some barriers to the practical
application of QKD. The biggest challenge is the channel
loss to the single-photon level weak light used in QKD.
This limits the secure distance of practical QKD severely
since a quantum signal cannot be perfectly cloned [8].
The channel transmittance decreases exponentially with the
distance, hence the channel and detection noise prevents
the QKD system to produce secure key in a long distance.
Moreover, with the number of heralded events being
smaller in longer distance QKD, the finite-key effect
becomes a problem that reduces the generation of key
bits. Through the extensive studies of QKD in the past
decades, much progress has been made towards practical
applications. Alongside these studies, the secure distance
has been raised drastically with several notable break-
throughs in both theory and technology, especially after the
twin-field QKD (TF-QKD) is proposed [9].

The key rate of traditional QKD protocols scales linearly
with the channel transmittance η. TF-QKD [9] improves
this relation to

ffiffiffi

η
p

without using a quantum memory or
trusted relay. This provides a promising way to a longer
secure distance of point-to-point QKD and to a large-scale
quantum network with fewer trusted relays. So far, TF-
QKD has been demonstrated experimentally in lab [10–20]
through up to 830-km spooled fiber [20], and in the field
test through 511-km deployed fiber between metro-
politans [17].
Here we demonstrate a TF-QKD using sending-or-not-

sending (SNS) protocol [21] over long distance fiber spools.
The advanced 3-intensity decoy-state method [22] and the
actively-odd-parity-pairing (AOPP) [23,24] are used to
improve the key rate. The system noise is suppressed in
experiment using narrow filter assisted superconducting
nanowire single-photon detectors (SNSPDs) and using a
data postprocessing based dual-band phase estimation
method. We achieve a 1002 km distribution distance in
the asymptotic regime, and a 952 km distribution distance
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considering the finite size effect. Further, a 47.06 kbps
secure key rate is achieved through 202 km fibers.
Protocol.—We adopt the SNS protocol [21] using 3

intensities (3-intensity SNS-TF-QKD) and the improved
key rate calculation [22]. We also apply the AOPP [23]
method to reduce the bit-flip error rate. Different from
[25,26], we use the advanced decoy-state analysis [22] to
improve the secure key rate. Say, Alice takes decoy-state
analysis after bit-flip error correction. This means we can
use the whole numbers of heralded time windows of each
intensity for the decoy-state analysis [22]. This improves
the key rate because on the one hand, we don’t need to
spend a subset of code bits only for decoy-state analysis, on
the other hand, we have a larger data size in the decoy-state
analysis and hence the finite-data effect is reduced. There
are three weak coherent state sources from Alice and Bob:
the vacuum source v, the decoy source x, and the signal
source y whose intensities are μv ¼ 0; μx; μy, respectively.
In each time window, Alice (Bob) randomly chooses one
source l (r) from the three candidate sources with prob-
ability pl (pr) with l; r ¼ v, x, y and then sends the
prepared pulse to the measurement station which is con-
trolled by Charlie. Charlie is assumed to measure the
interference result of the incoming pulse pair and announce
the measurement results to Alice and Bob. In the protocol,
Alice and Bob send N pulse pairs to Charlie, then Charlie
announces those time windows with correct heralding.

Finally, they distill the secure keys according to the
following formula:

R ¼ 1

N
fn01½1 −Hðe0ph1 Þ� − fn0tHðE0

tÞg; ð1Þ

where R is the key rate of per sending-out pulse pair; n01 is
the lower bound of the number of survived untagged bits
after AOPP and e0ph1 is the upper bound of the phase-
flip error rate of those survived untagged bits after
AOPP; n0t is the number of survived bits after AOPP and
E0
t is the corresponding bit-flip error rate in those survived

bits; f is the error correction inefficiency which we set to
f ¼ 1.16; HðxÞ ¼ −x log2 x − ð1 − xÞ log2ð1 − xÞ is the
Shannon entropy. To consider finite-key effects, they
need to estimate parameters n01 and e0ph1 faithfully with
finite data, also, tailing terms [22] have to be added to
Eq. (1) [22,24,27]. (See Supplemental Material [28] for
details of the theoretical calculations, which includes
Refs. [29,30].)
Experiment.—The experimental setup is shown in Fig. 1.

Two lasers with wavelengths λ1 (1548.51 nm) and λ2
(1550.12 nm) are frequency locked to an ultrastable cavity
at Charlie, using the Pound-Drever-Hall (PDH) technique
[31–33]. The Hertz level linewidth light is then sent to
Alice and Bob.

FIG. 1. Experimental setup. In Charlie’s station, two lasers (λ1 ¼ 1548.51 and λ2 ¼ 1550.12 nm) are frequency locked to an
ultrastable cavity, then combined, and distributed to Alice (Bob) via 450 (450 km) single mode fiber spools. In Alice’s (Bob’s) station, λ2
is regenerated with an optical phase-locked loop (OPLL). The λ2 light is encoded to dim phase reference and quantum signal with time
multiplexing, then combined with the λ1 strong phase reference with wavelength multiplexing. Signals from Alice and Bob are
transmitted to Charlie for interference. The interference results are measured with SNSPDs. Additional SNSPDs are used to monitor the
signal intensities at Alice and Bob, the polarization and the relative delay at Charlie. Beam splitter (BS); polarization beam splitters
(PBS); intensity modulator (IM), phase modulator (PM); attenuator (ATT); dense wavelength division multiplexing (DWDM);
optical circulator (CIR); erbium-doped fibre amplifier (EDFA); dispersion compensation module (DCM); electronic polarization
controller (EPC).
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Alice and Bob modulate the λ1 light from Charlie to a
400 ns pulse in each 1 μs period, as the “strong phase
reference.” A locally prepared laser with a nominal line-
width of 1 kHz is locked to the λ2 light from Charlie using
an optical phase-locked loop (OPLL). This λ2 light is
modulated with a 100 ms period. The initial 40 ms of light
serves as the “dim phase reference,” with intensity set to a
higher level for phase estimation at Charlie; the remaining
60 ms is used as “quantum signals,” with intensity set to the
single photon level. Four different relative phases between
Alice and Bob (δAB ¼ f0; π=2; π; 3π=2g) are modulated for
both the strong phase reference and dim phase reference.
The quantum signals are modulated to 3 intensities and

16 phases, following the 3-intensity SNS-TF-QKD proto-
col. A fraction of the λ2 light is monitored to stabilize the
intensities of the decoy states and the dim phase reference,
before attenuating to a single photon level. Then, the λ1 and
λ2 light are combined and transmitted to Charlie through
ultra-low-loss fibers with an average attenuation of less
than 0.157 dB=km.
At Charlie’s measurement station, one output of the PBS

is used to monitor the light from Alice and Bob. The
polarization is adjusted according to the detection rate at
this monitoring port. The λ1 detections is set between
75 kHz and 300 kHz, and the λ2 as low as possible. The
rising edges of the λ1 pulses are used to compensate the
relative delay between Alice’s and Bob’s signals (See
Supplemental Material [28] for details of the feed-
back system). The light from the signal ports of the
PBSs are combined for interference. The interference
output of the λ1 and λ2 light are separated and filtered
by DWDMs, measured with SNSPDs, and recorded with a
Time Tagger.
The most challenging barriers to achieving ultra-

long distance TF-QKD lies in reducing the channel loss
and the system noise. To reduce channel loss, we adopted
the “pure silica core” technology by reducing the doped
Ge in the core, and we decreased the fictive temperature
in the manufacturing process. We adopted a large
effective area design with around 125 μm2 effective area,
to reduce the nonlinear effect in transmission. To reduce
the system noise, we adopted low temperature filters in
the SNSPDs resulting a lower dark count rate (DCR); we
developed a time-multiplexing dual-band phase estima-
tion method that helps to control spurious photons from
the channel.
The main contribution of the dark count noise of the

NbN SNSPDs is the blackbody radiation coming along
the input fiber. This noise is reduced using multiple filters.
The long-wavelength (> 2 μm) noise photons are filtered
by coiling the fiber to a 28 mm diameter at 40 K cold plate.
Other blackbody photons are filtered out by inserting a
customized cryogenic bandpass filter (BPF) before cou-
pling the fiber to the SNSPD chip at 2.2 K cold plate [34].
The BPF is centered at 1550 nm with a 5 nm bandwidth and

a 85% transmittance. After suppressing the blackbody
photons, the DCR is reduced from about 10 Hz to about
0.02 Hz. Further, the photon absorption is optimized by
using a distributed Bragg reflector (DBR) based optical
cavity [35] to enhance the detection efficiency to 94� 2%.
We note the system detection efficiency decreases to
around 60% due to the loss in transmitting and insertion
loss of the BPF.
The dominant source of noises from the channel is

identified as the re-Rayleigh scattering of the phase
estimation signal in pervious studies [15,17]. For example,
approximately 8 Hz re-Rayleigh scattering is expected
when the detected rate of the time-multiplexed phase
reference is 2 MHz [15,17]. The dual-band stabilization
method reduces the re-Rayleigh scattering noise by setting
the wavelength of the phase reference light different from
the quantum signal [19]. The re-Rayleigh scattering gen-
erated by the λ1 strong phase reference can be easily filtered
with a DWDM. After compensating the fast phase fluc-
tuation with λ1, the residual phase of the λ2 quantum signal
can be corrected with a much weaker dim phase reference
time multiplexed with the quantum signal.
However, in the ultralong fiber scenario, the noise

induced by the λ1 strong phase reference cannot be
neglected. The measured noises in the λ2 channel reach
approximately 0.55 Hz when the detected reference count
is 2 MHz through a 300 km fiber. As a comparison, the
crosstalk noise to the λ2 channel is around 10−3 Hz when
removing the fiber spools and setting the same λ1 detection
rate. We attribute the main source of noise to the sponta-
neous Raman scattering of the λ1 light as it propagates
through the fiber. (See Supplemental Material [28] for
details of the measurement of noises).
To avoid the spontaneous Raman scattering noise, we

modulate the strong phase reference to a 400 ns pulse in the
1 μs period. The quantum signals is transmitted solely
during the last 600 ns when λ1 is set to vacuum. The noise
in the signal period is filtered with time division.
We developed data postprocessing methods for the time-

multiplexed dual-band phase estimation that removes the
need of active phase modulators and real-time feedback
circuits for phase compensation.
The first step is to estimate the relative phase of λ1 strong

phase reference. We follow the procedure in our previous
phase estimation method [12] to correct fast phase changes.
As shown in Fig. 2 and its inset (a), the phase drift of the
strong phase reference shows a monodirectional drift in a
large timescale, while fast oscillations appears in short
period.
The second step is to estimate the phase of the quantum

signal. The simplest method is to set the strong phase
reference directly as the estimation of the phase of quantum
signal:

ϕsðtÞ ¼ ϕrðtÞ þ ϕsð0Þ − ϕrð0Þ: ð2Þ
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We define the residual phase ϕresidual as the difference
between the estimated phase ϕsðtÞ and the actual phase
ϕs actðtÞ of the quantum signal:

ϕresidualðtÞ ¼ ϕs actðtÞ − ϕsðtÞ ð3Þ

The residual phase ϕresidual stands for the error induced in
the phase estimation process, which will affect the QBER
in the X basis. A smaller residual phase indicates a better
estimation.
With the simple estimation method, the residual phase is

already reduced by more than 1000 times compared with
free drift, similar to the reported hardware-based dual-band
compensation [18]. The residual phase in Eq. (2) is mainly
contributed by the wavelength difference. It is possible to
take this effect into consideration in data processing:

ϕsðtÞ ¼ ϕrðtÞ × λ2=λ1 þ ϕsð0Þ − ϕrð0Þ: ð4Þ

Taking the wavelength difference into consideration by
Eq. (4), the residual phase is further suppressed, resulting in
a standard deviation of 4.3° in the 30 s test.
The final step is to determine the phase difference

ϕsð0Þ − ϕrð0Þ present in Eqs. (2) and (4). Here we optimize
this value based on the least squares method, taking both
the detections of strong phase reference and dim phase
reference into account. (See Supplemental Material [28]
for details of the phase estimation). In the experiment,
this phase difference is calculated and refreshed every
500 ms, to avoid any accumulated errors due to inaccurate

wavelength settings, high-order residual phase errors, and
accumulated errors in estimating strong phase reference.
Result.—Our system runs at a 1 GHz frequency with a

signal pulse width of 120 ps. The quantum signals are not
sending in the first 400 ns of the 1 μs period when strong
phase reference emits, or in the first 40 ms of the 100 ms
period when dim phase reference is sending. Further, the
detected quantum signals near the edges of these strong
light are also dropped, to avoid potential noises. The
effective signal frequency is 351 MHz.
The dark counts of the ultralow noise SNSPDs are

measured to be 0.014 and 0.026 Hz on installation, with
detection efficiencies of 60% and 55%. The total noises of
the λ2 quantum channel is measured to about 0.019 and
0.035 Hz, when the strong phase reference is on. In data
processing, we employ a 200 ps window to further filter the
noises, whose efficiency is about 65%. We note the SNSPD
dark counts increased during the experimental tests.
We take measurements at total fiber distances between

202 and 1002 km between Alice and Bob, from 31.6 to
156.5 dB in a symmetric fiber setup. The secure key rates
are summarized in Fig. 3. Positive secure keys are gene-
rated in asymptotic regime for the 1002 km case, and in
finite size regimes for all other distances.
In the longest distribution distance of 1002 km, a total of

1.02 × 1014 signal pulses are sent. The secure key rate is

FIG. 3. Simulations and experimental results of the secure key
rates. The þ-shape points are our experimental results using
the parameters optimized for long distance (parameter No. 1), the
×-shape points are our experimental results using the parameters
optimized for short distance (parameter No. 2). The solid curves
are the simulation results considering the finite size effect. The
red dashed curve is the simulation result with infinite size
assumption. The circle markers indicates the state-of-the-art
TF-QKD results reported in Refs. [17–20]. The blue dashed line
shows the PLOB bound. Inset: the secure key rate per second in
short distances.

FIG. 2. Dual-band stabilization with data postprocessing. Main
figure: blue, free phase drift estimated with strong phase
reference in 30 s period; orange, residual phase drift after simple
compensation with Eq. (2); red, residual phase drift after fine
compensation with Eq. (4). Inset (a) the first 30 ms of the free
phase drift, and (b) histogram of the residual phase with fine
compensation (red line in main figure).
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calculated as 9.53 × 10−12, which is 0.0034 bps, consid-
ering the effective signal frequency. We note that due to the
narrow linewidth laser used in the experiment, the fiber
length between Alice-Charlie and Bob-Charlie do not have
to be exactly the same. For example, the fiber distances in
this test are 500 and 502 km between Alice-Charlie and
Bob-Charlie, respectively.
The finite size effect [27] is taken into consideration

for all other experimental tests with the fiber lengths
between 202 and 952 km for composable security under
any coherent attack [26,27]. In the calculation, the error
correction inefficiency is set to f ¼ 1.16, the statistics
block size is set to the complete length of the test, the
failure probability of applying the Chernoff bound in the
finite-size estimation is set to ε ¼ 10−10, the failure
probability of the error correction process and the privacy
amplification process are set to εcor ¼ εPA ¼ 10−10, and the
coefficient of the chain rules of smooth min and max
entropies is set to ε̂ ¼ 10−10.
We test the performance for all the fiber distances with

the parameters optimized for long distance (the “þ” shape
points in Fig. 3). The number of signal pulses sent is 5.18 ×
1014 in the 952 km case, 1.02 × 1014 in the 901 km case,
1.52 × 1013 in the 600 to 800 km cases, and 1.26 × 1012 in
the 202 to 499 km cases. The secure key rate in the 952 km
case is calculated as 8.75 × 10−12, which is 0.0031 bps.
(See Supplemental Material [28] for details of parameters
and results). The secure key rates exceed the absolute
PLOB bound [36] for all the tests with the fiber distances
equal to or longer than 398 km, where the PLOB bound is
calculated as − log2ð1 − ηÞ with the optical and detection
efficiency in Charlie set to ηopt ¼ 100%.
Next, we optimized the parameters for short distance,

and performed the experiment for 202 to 398 km again (the
“×” shape points in Fig. 3). The dim phase reference is set
to 400 ns in the 1 μs signal period, the intensity set to the
quantum signal level through all the 100 ms period. The
effective signal frequency is thus increased to 900 MHz.
The number of signal pulses sent is 3.24 × 1012 in the same
collection time as the previous 202 to 398 km tests. The
secure key rate is increased from 3.01 × 10−5 to 5.23 ×
10−5 for the 202 km test, with the key rate per second
increased from 10.56 to 47.06 kbps.
Conclusion.—In conclusion, we experimentally demon-

strated an SNS-TF-QKD over 1002 km in the infinite
regime and up to 952 km considering the finite size effect.
The main elements enabling the ultralong distance experi-
ment include the ultra-low-loss fiber, the ultra-low-noise
SNSPD, and the time-multiplexed dual-band phase stabi-
lization method. Our experiment demonstrates the feasibil-
ity of SNS-TF-QKD through the extremely long fiber
channel. The secure key rate through shorter fiber is
applicable in many practical scenarios. We expect the
technology developed in this work will find more general
applications in quantum communications [37].
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