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Twin-field quantum key distribution (TFQKD) overcomes the linear rate-loss limit, which promises a
boost of secure key rate over long distance. However, the complexity of eliminating the frequency
differences between the independent laser sources hinders its practical application. We analyzed and
determined the frequency stability requirements for implementing TFQKD using frequency-stabilized
lasers. Based on this analysis, we proposed and demonstrated a simple and practical approach that utilizes
the saturated absorption spectroscopy of acetylene as an absolute reference, eliminating the need for fast
frequency locking to achieve TFQKD. Adopting the 4-intensity sending-or-not-sending TFQKD protocol,
we experimentally demonstrated the TFQKD over 502, 301, and 201 km ultralow-loss optical fiber,
respectively. We expect this high-performance scheme will find widespread usage in future intercity and
free-space quantum communication networks.
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Introduction.—Quantum key distribution (QKD) [1–6]
offers an information-theoretically secure way to share
secure keys between distant users. Since the quantum
signal is forbidden to be amplified [7] and decays expo-
nentially with the transmission distance, without a quantum
repeater, the point-to-point secret key capacity scales
linearly with the channel transmission [8], which poses
an inevitable barrier for long-distance QKD. As an efficient
version of measurement-device-independent (MDI) QKD
[9,10], the twin-field QKD (TFQKD) [11] improves the
secure key rate to overcome the linear rate-loss limit [8],
which enhances the key rate to the square root scale of the
channel transmittance with current available technologies.
Therefore, the combination of measurement-device inde-
pendence and excellent tolerance on channel loss made
TFQKD rapidly becoming the focus of competing research
once it was proposed. At present, TFQKD has obtained
many achievements in theory [11–15] and experiment [16–
30]. These efforts pave the way for the realization of long-
distance quantum communication networks with enhanced
security and improved performance.
However, implementing TFQKD is challenging, because

the protocols require coherently controlling the twin light
fields from remote parties. Any phase differences caused by
frequency differences between independent lasers or chan-
nel fiber fluctuations may disturb the coherence of the twin

light fields. Currently, the phase differences caused by
hundreds of kilometers of fiber fluctuations are generally
limited and can be effectively compensated using mature
techniques, either in real time [17,23,25,28] or through
postprocessingmethods [18,20–22,24,26,30]. The fast phase
variations originating from the light sources without fre-
quency locking can be much more severe than that caused by
long fiber fluctuations. By fast frequency locking such as
time-frequencymetrology [18,20,24,26–28,30] or the optical
phase locking loop [16,17,23,25], the relative frequency
differences are real-time eliminated with gigantic and com-
plicated settings on light sources. Alternatively, through the
high-speed single-photon detection and the fast Fourier
transform (FFT) algorithm [29], the relative frequency differ-
ences could be eliminated in postprocessing with high-count
measurement devices and complex data postprocessing
operations in a measurement station. All these previous
methods could potentially hinder its wide application.
Moreover, the scarcity of free-space link channels means

that an additional channel for frequency locking [16–
18,20,23–28,30] could increase the cost and complexity
of free-space TFQKD. Meanwhile, generating secure keys
on small data sizes is inevitable in free-space experiments
due to their weather dependence; therefore, data post-
processing operations [29] could impede efficient data
collection during implementation of TFQKD in free space.
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Here, we analyzed the relative phase drift between
separate lasers that are hundreds of kilometers apart and
determined that frequency-stabilized lasers, demonstrating
typical absolute frequency stability with an Allen deviation
[31–33] better than 1 × 10−10, are capable of fulfilling the
requirements for implementing TFQKD. Based on this
criterion, we proposed the utilization the technique of
saturated absorption spectroscopy of acetylene as a replace-
ment for the previous methods employed to eliminate the
relative frequency differences between lasers. This
approach leverages the two acetylene cells as absolute
frequency standards, enabling the stabilization of the
frequency drift of Alice’s and Bob’s seed fiber lasers with
a stability better than 2 × 10−12, respectively. As a result,
the frequency differences between light sources are effec-
tively constrained to vary within a narrow range of less than
300 Hz. With the implementation of these two stabilized
light sources, we demonstrated the 4-intensity sending-or-
not-sending (SNS) TFQKD [13] with the actively-odd-
parity-pairing [34–37] method over different fiber lengths.
Our approach simplifies the system by eliminating the need
for a shared optical frequency reference and an additional
fiber channel for laser locking between lasers, without
increasing the complexity of measurement devices or data
postprocessing. Furthermore, without servo-induced noise

on rapidly frequency locking on laser sources, a high-
performance single-photon interference to support a low
phase flip error rate of less than 3% is obtained; thus, the
final secure key rates corresponding to total sent pulses as
few as 2 × 1011 are still considerable. In other words, if the
similar system frequency of about 1 GHz to that in
Refs. [25,30] is used, a considerable secure key rate can
be obtained at the minutes level.
In the promotion of the practical application of quantum

communication, which overcomes the linear rate-loss limit,
there are two related works [28,38] that demonstrate
different approaches by applying the so-called mode-
pairing protocol. Without relative frequency locking
between independent laser sources, Refs. [28,38] simplify
the setup compared to previous demonstrations on
TFQKD. Nonetheless, the final secure key rate of the
mode-pairing protocol depends entirely on the postselect-
ing time slots within the coherence time of the laser
sources. As a result, without ultrastable laser sources that
have a much longer coherence time but add more complex-
ity and cost [28], the final secure key rate and tolerable
transmission loss are lower than those of TFQKD.
The experimental setup is shown in Fig. 1(a). Alice and

Bob use two continuous wave (cw) fiber lasers with a
linewidth of several hundred hertz which are referenced to

FIG. 1. (a) Schematic of experimental setup. In Alice’s and Bob’s lab, two acetylene-stabilized lasers are employed as the light
sources. These lasers are then modulated with two phase modulators (PMs) and three intensity modulators (IMs) to generate a waveform
pattern that time multiplexes the weak signal pulses with strong phase reference pulses and attenuates them to bring the signal pulses to
the single-photon level with an attenuator (ATT). The prepared light pulses are finally sent to Charlie through the ultralow-loss fiber
spools for detection. Charlie uses a dense wavelength division multiplexer (DWDM) and a circulator (CIR) to filter the noises before the
polarization beam splitter (PBS) and the beam splitter (BS). The interference results are detected by superconducting nanowire single-
photon detectors (SNSPDs). EPC, electric polarization controller; PC, polarization controller. (b) Waveform pattern of the modulation.
The cw light beam is modulated to a waveform pattern that 100 signal pulses are time multiplexed with four strong phase reference
pulses in a basic period.
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the saturated absorption spectroscopy of acetylene [39,40]
as their light sources. The narrow linewidth cw light beam,
with a central wavelength of 1542.3837 nm, is then
modulated to generate a waveform pattern [as shown in
Fig. 1(b)] where the single-photon-level quantum signal
pulses are time multiplexed with strong phase reference
pulses. The generated light pulses are transmitted to Charlie
through ultralow-loss (ULL) fiber spools. Upon reaching
Charlie’s beam splitter (BS), they interfere, and the result-
ing signals are detected by two superconducting nanowire
single-photon detectors (SNSPDs) before being recorded
by a time tagger.
Crucially, the realization of TFQKD involves controlling

the phase evolution of the fields, which travel hundreds of
kilometers through the channel before interfering at
Charlie’s BS. The fast relative phase drift rate between
the two optical fields sent from users hundreds of kilo-
meters apart to Charlie can be written as
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dt

¼ 2π
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where ΔΦ is the differential phase between the two optical
fields, ν1 and ν2 are the output frequency of the lasers, S is
the light speed in the fiber, ν̄ ¼ ðν1 þ ν2=2Þ, l̄ ¼
ðl1 þ l2=2Þ, l1 and l2 are the fiber lengths, and t is the
time slot during relative phase detection. The first term in
Eq. (1) represents long fiber fluctuation, while the second
and fourth terms are related to the lasers’ short-term
linewidth and fast frequency drift. The second term
indicates rapid phase variation caused by the lasers’ fast
frequency drift during the interval of laser transmission
over long fiber links, while the fourth term shows rapid
phase variation caused by the lasers’ fast frequency drift
during the interval of relative phase detection. The third
term represents fast relative phase fluctuations caused by
frequency differences between lasers, which is related to
the slow frequency drift and long-term stability of the
lasers’ frequency. Numerical calculations reveal that the
fast relative phase variation related to short-term linewidth
and fast frequency drift can be ignored. It is much smaller
than the phase variation caused by long fiber fluctuation
and frequency differences between the lasers. Moreover,
improving the long-term stability and eliminating gradual
frequency drift to achieve an absolute frequency stability
better than 1 × 10−10 in laser frequency stabilization is
capable of fulfilling the requirements for implementing
TFQKD. (See Supplemental Material for details of the laser
frequency stabilization requirements for implementing
TFQKD using independent lasers [41,42].)
In C-band optical communication, gas-based absorption

spectroscopy, such as hydrogen cyanide (HCN) and
acetylene, is commonly employed to stabilize laser fre-
quency, thereby improving long-term stability and elimina-
ting gradual frequency drift. However, differences in the

structure and properties of molecules and atoms, as well as
external factors such as temperature, pressure, and gas
purity, could impact the accuracy and stability of these
methods. As a result, not all gas-based absorption spec-
troscopy methods can meet the requirements. For example,
HCN gas-based absorption spectroscopy in free-space
MDIQKD achieves a frequency stability of approximately
1 × 10−7 [43], which falls short of the requirements for
TFQKD. In contrast, acetylene’s specific transitions offer
more precise and well-defined frequencies with a stability
better than 2 × 10−12 [39,40], making it a good choice for
implementing TFQKD (see Supplemental Material [41] for
details of the acetylene-stabilized laser). By referring to the
acetylene cells, as shown in Fig. 2(a), the frequency
differences between the two independent fiber lasers are
restricted to slow variation within a small range of 300 Hz.
Under the influence of the frequency differences, as shown
in Fig. 2(b), the phase fluctuation rate of the two indepen-
dent light sources is about 0.015 rad=μs [here, it is
important to note that, in order to effectively measure
phase variations on the order of microseconds (μs), the
acquisition bandwidth of the interference signal must be set
much higher than 1 MHz; however, this increase in
bandwidth can introduce high-frequency electronic noise,
which may cause the measured phase drift to appear faster
than its actual value], which is comparable to the fluc-
tuation of hundreds of kilometers of fiber links in the

FIG. 2. (a) Variation of the frequency difference between the
light sources. (b) Relative phase drift rate between the light
sources.
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field [24] and can be eliminated through fiber fluctuation
suppression.
After configuring the light sources, the emitted cw light

beams from them are encoded to generate a waveform
pattern that 100 signal pulses are time multiplexed with
four strong phase reference pulses within a basic period.
For each basic period of 1 μs time sequence, 100 signal
pulses with four random intensities and 16 random phase
values are prepared in the first 400 ns, each with a 240 ps
pulse duration and 3.76 ns interval. Then four strong phase
reference pulses with the same intensity and fixed phase
values are prepared in the following 496 ns, each with a
124 ns pulse duration. Finally, an extinction pulse with a
duration of 104 ns is prepared to recover the SNSPDs
before starting a new transmission period. Before the
prepared pulses are sent out of Alice’s and Bob’s labs,
they are attenuated on both sides to bring the signal pulses
to the single-photon level with passive attenuators. Through
two symmetrical fiber links consisting of ultralow-loss fiber
spools, the two pulse trains arrive at Charlie and interfere at
a BS. The interference results are detected by two SNSPDs
and recorded by a high-speed multichannel time tagger.
To suppress system noise, two dense wavelength divi-

sion multiplexers operating at the central wavelength of
1548.15 nm with a bandwidth of 100 GHz are inserted in
Charlie to filter the nonlinear scattering light that originates
from the strong phase reference pulses [20]. Additionally,
two circulators are inserted to prevent the strong reference
pulses from being reflected off the end face of the SNSPDs
into the optical fiber links, thus scattering backward
noise [20].
To ensure that the twin-field light pulses arrive at Charlie’s

BS with identical polarization and timing, feedback
devices are incorporated to adjust the channel delay and
polarization.Before the twin-field light pulses fromAlice and
Bob interfere at Charlie’s BS, a polarization beam splitter
(PBS) is inserted. Real-time monitoring of the idle beam of
the PBS allows for the detection of changes in polarization
and channel delay caused by fluctuations in the fiber paths.
An electric polarization controller is then employed to adjust
the polarization accordingly. Additionally, the clock phase of
the encoding signal sources is adjusted approximately every
20 s to compensate for variations in channel delay.
In addition to polarization and arrival time perturbations,

fluctuations in fiber paths can also introduce disturbances
in the global phase of the signal pulses. However, these
disturbances were effectively eliminated through the appli-
cation of the postdata selection method [18].
After considering all of the above, we performed sym-

metrical 4-intensity SNS TFQKD over various lengths of
ULL optical fibers: 201, 301, and 502 km. The total losses,
including connections,were 33.6, 50.4, and 83.7 dB,with an
average of 0.167 dB=km. The total insertion loss of the
optical components was optimized to 1.8 dB in Charlie.
Then, we adopted two high-performance SNSPDs with a

detection efficiency of 70%and 72%, alongwith an effective
dark count rate of 0.2 Hz for both, to detect the interference
results. We set a time gate of 0.3 ns to suppress noise,
resulting in an additional loss of 1.2 dB. To get high key
rates, we applied the advanced decoy-state analysis method
in the decoy-state analysis and the advanced key distillation
scheme to extract the final keys (see Supplemental Material
[41] for details of the protocol). Taking into account the
finite data size effect [34,44], we then calculated the secure
key rates [37].
As shown in Fig. 3, the obtained secure key rates were

R ¼ 8.74 × 10−5, R ¼ 1.15 × 10−5, and R ¼ 9.67 × 10−8

for the three different distances, respectively (see Supple-
mental Material [41] for details of the experimental results).
Here, we emphasize that, although our key rate is similar to
that of several recent works [27–29,38], our system is less
complex and more cost effective. Reference [27] used
ultrastable lasers and electro-optic frequency combs for the
phase reconciliation of the twin fields. Reference [29]
employed high-count measurement devices and a fast FFT
algorithm for the same purpose. References [28,38] dem-
onstrated results using the mode-pairing protocol.

FIG. 3. Secure key rates of the SNS TFQKD experiment. The
red triangles indicate the experimental results over 201 km,
301 km ULL fiber with a total sent pulses of 2.87 × 1012, and
502 km ULL fiber with a total sent pulses of 3.68 × 1012; the
brown triangles indicate the experimental results while the total
sent pulses are curtailed to a small size of 2 × 1011. The black
cross represents the experimental results from Ref. [27]. The
green dot and purple square represent the experimental results
from Refs. [28,38], respectively, obtained over the ULL fiber.
Meanwhile, the black square and blue diamond indicate the
experimental results from Refs. [29,38], respectively, over the
standard fiber. The purple curve is the simulation result with our
experimental parameters that a total of 2.87 × 1012 pulses are sent
and the phase flip error rate is 2.5%. The orange curve shows the
simulation result with our experimental parameters that a total of
3.68 × 1012 pulses are sent and the phase flip error rate is 3.5%.
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In conclusion, we have analyzed the phase drift between
separate lasers and determined that frequency-stabilized
stability better than 1 × 10−10 can fulfill the requirements
for implementing TFQKD. Based on this criterion, we
proposed a practical approach to implement TFQKD using
local optical oscillators referenced to the saturation absorp-
tion of acetylene. Subsequently, we experimentally dem-
onstrated TFQKD over different lengths of ULL fibers.
Compared to previous works, our approach may have
limitations in terms of wavelength selection flexibility
and potential challenges in channel multiplexing when
used in conjunction with classical optical communication,
as it relies on the frequency of the gas-based absorption
spectrum. Nonetheless, our Letter offers an effective
and practical solution for TFQKD, taking a significant
step toward various applications, especially in free-space
scenarios with limited channel resources and weather-
dependent implementation. Furthermore, our approach
eliminates the need for a shared optical frequency reference
and an extra fiber channel for laser locking between lasers,
improving scalability, cost effectiveness, and robustness.
This is particularly advantageous for large networks that no
longer require a uniform optical frequency reference.
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