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The twin-field quantum key distribution (TF-QKD) requires that two lasers hundreds of kilometers apart must have the
same frequency to achieve the high single-photon interference visibility. This means that both lasers need to be stabilized to
the same frequency reference. A simple and robust system is presented for simultaneously stabilizing two 1550-nm lasers
at the single-photon level. By utilizing the single-photon multi-frequency modulation technology, both the fiber laser and
distributed feedback (DFB) laser are stabilized to the 7-phase shifted fiber Bragg grating at the same time. The frequency
fluctuations of fiber laser and DFB laser are bounded within 1.39 MHz and 1.53 MHz over 2000 s, respectively. These two
frequency-stabilized 1550-nm lasers could be used for TF-QKD.
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1. Introduction

The security of quantum key distribution (QKD) is guar-
anteed by the basic principles of quantum mechanics.!!=]
Now the QKD is currently in the stage of network construc-
tion, and the intercity networks require the long communi-
cation distance and high bit rate. The twin-field quantum
key distribution (TF-QKD) is the most potential communi-
cation protocol at present because it could break through the
QKD distance limit by measuring the single-photon interfer-
ence at an untrusted intermediate node.®! Tt is also immune to
the side-channel attacks from single-photon detectors (SPDs),
such as the measurement-device-independent quantum key
distribution.[7=13!

Since Lucamarini et al. proposed the first TF-QKD pro-
tocol in 2017,1 the TF-QKD has attracted the wide atten-
tion and many theoretical investigations have been carried out,
such as phase-matching TF-QKD,['¥l sending-or-not-sending
TF-QKD,[!>:16] no phase postselection TF-QKD, 711 and
partial phase postselection TF-QKD.[??] At the same time, the
experimental research has also developed rapidly. In 2019,
Minder et al. demonstrated the feasibility of break through
the key-rate limit without trusted relay by using the TF-QKD

experimental demonstration.”! In 2020, Chen et al. imple-
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mented TF-QKD with independent lasers over 509-km ul-
tralow loss optical fiber by using the sending-or-not-sending
protocol, and they also demonstrated that the TF-QKD is use-
ful for the field implementation of intercity QKD.??! Later
they realized TF-QKD through sending-or-not-sending proto-
col with two lasers over a 511-km fiber linking the two distant
metropolitan areas.!??! In 2023, Liu et al. demonstrated the
fiber-based TF-QKD over 1002 km by using the 3-intensity
sending-or-not-sending protocol.?*! In a word, the technical
difficulty of TF-QKD is the precise manipulation of two-field
single-photon interference. That is, it should keep the fre-
quency, phase and polarization of twin-field single-photon sig-
nals hundreds of kilometers apart to be the same in order to
achieve the high single-photon interference visibility.

Here, we focus on the frequency stabilization of two
single-photon signals. The common Pound-Drever—Hall
method!>~2" combined with optical amplifiers are often used
to stabilize the two lasers to an ultra-stable Fabry—Perot (FP)
cavity as the frequency reference for a TF-QKD system. How-
ever, the optical amplifiers could only amplify the laser signal
at the classical laser intensity, and the multistage amplification
would increase the system noise and costs. So this method
may not be entirely suitable for the actual TF-QKD system.
The soft-lock scheme!?®! may be used for stabilizing the mul-
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tiple lasers by comparing the dip position differences between
the reference laser and unlocked lasers with the preset offsets.
But it is invalid at the single-photon level because the reflected
single-photon signal of the FP cavity cannot be effectively ex-
tracted from the random quantum noise. The 7 phase-shifted
fiber Bragg grating (PSFBG) has a stable Bragg frequency due
to its small size and easy isolation of external environmen-
tal noise through the tight packaging. Thus the PSFBG could
be used as the optical frequency reference.>”! Taking into ac-
count the photothermal effect from the classical laser induc-
ing the PSFBG frequency shift,[*%3!] the frequency stabilizing
scheme must be implemented at the single-photon level in or-
der to eliminate the photothermal effect of PSFBG.[3?!

This paper presents a simple and robust system for si-
multaneous stabilization of two 1550-nm lasers at the single-
photon level. The input laser is attenuated to the single-photon
level while single-photon signals also eliminate the photother-
mal effect of PSFBG. By applying the single-photon multi-
frequency modulation technology, the signal-to-noise ratio
(SNR) of modulated single-photon counting is improved and
both the fiber laser and DFB laser are simultaneously stabi-
lized to the PSFBG at the single-photon level.

2. Single-photon multi-frequency modulation
technology

The single-photon multi-frequency modulation technol-
ogy simultaneously modulates the output frequency of multi-
ple lasers by using multiple radiofrequency signals, and ob-
tains the corresponding error signal through the independent
demodulation. Thus multiple lasers could be simultaneously
locked to a frequency reference. This technology is divided
into four steps. The first step is to simultaneously modulate
multiple laser signals in high-frequency band. As is known to
all, the random single photon signals without modulation fol-
low the uniform distribution in the time domain. Correspond-
ingly, its frequency spectrum exhibits a white noise distribu-
tion. When the output frequencies of multiple lasers are simul-
taneously modulated with several independent cosine waves
and combined together, the total output frequency at time ¢ is

v(t) = Z[v,~+micos(27rf,-t)], (D)

1

where v; (i =1, 2, ...) is the i-th laser frequency without mod-
ulation, and m; (i = 1, 2, ...) is the i-th modulation amplitude
for the i-th modulation frequency f; (i =1, 2, ...).

The second step is to convert the frequency modulation of
multiple lasers into single-photon counting modulation. When
the multiple laser signals are transmitted through the single
frequency reference, the detection probability of single pho-
ton signals coincide the cosine waves. During the sample time

T, the effective counting rate rr () is

rr(t) = Z {ri +a; {sm(ﬂ:flT)} cos(2mfit + nfiT)}, )
- nf;T
where r; (i =1, 2, ...) is the i-th average detection probability,
and a; (i =1, 2, ...) is the i-th modulation depth for the i-th
modulation frequency f; (i =1, 2, ...). The effective counting
rate is also modulated with multiple frequencies. After the sev-
eral single photon signals are converted to transistor—transistor
logic (TTL) pulses, the distribution of TTL pulses in the time
domain contains the multi-frequency modulation information.
The third step is to obtain the error signal by independent
demodulation. One lock-in amplifier (LIA) could only extract
the amplitude and phase information of the useful signal at
the i-th modulation frequency f; (i = 1, 2, ...) within the filter
bandwidth and reject the noise signal outside the filter band-
width. After the modulated TTL pulses transmitted through
the mixer and low-pass filter, the LIA output for the i-th mod-
ulation frequency f; i=1,2,...)1s

VsigViet & %ai d::g cos @, 3
where Vj, is the analog signal amplitude corresponding to the
TTL pulses, Vier and ¢ are the amplitude and phase of refer-
ence signal for the i-th modulation frequency f; i=1, 2, ...),
respectively. The phase-sensitive detection for each modula-
tion frequency is realized. So the SNR of modulated single-
photon counting is boosted and the corresponding error signal
is obtained.

The fourth step is frequency stabilization of multiple
lasers. The several error signals are optimized by adjusting
their intensity and response time and then independently in-
jected into the frequency control port of the corresponding
laser. Finally the multiple lasers could be simultaneously sta-
bilized to the same frequency reference.

3. Experiments

The whole locking system can be divided into the lock-
ing part of the fiber laser (NKT Photonics, Koheras Adjustik
E15) and the locking part of the distributed feedback (DFB)
laser (Teraxion, PureSpectrum-LM), as shown in Fig. 1. Both
the fiber laser and DFB laser operating at 1550-nm wavelength
with 40-mW output power emit the linearly polarized laser sig-
nal aligned to the slow axis of the polarization maintain fiber.
The isolators are used to block the reflected signals from the
other optical components. The attenuators are used to reduce
the each laser intensity to the single-photon level with about
0.1 photons per detection gate of the SPD (Quantum, QCD-
300), while single-photon signals also eliminate the photother-
mal effect of PSFBG (Teraxion, TFN). The fiber laser and the
DFB laser are independently modulated using the modulation
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signals with different frequencies. When the two single pho-
ton signals are combined and transmitted through the PSFBG,
the single-photon frequency modulation is transformed into
the single-photon detection probability modulation. After the
single-photon signals are detected by the gated SPD, the dis-
tribution of output TTL signals in the time domain contains
the information of two modulation frequencies.

Here, the working temperature of PSFBG is controlled by
using an active temperature feedback system. The temperature
stability of PSFBG is further improved by placing the PSFBG
in a temperature control box. The notch bandwidth and re-
jection bandwidth of PSFBG are 38 MHz and 250.8 GHz, re-
spectively. The insertion loss of PSFBG is 0.9 dB. The center
wavelength of PSFBG is 1550 nm and the whole frequency
tuning range is £20 GHz. The 38-MHz transmission peak for
the slow axis of PSFBG is used as the optical frequency refer-
ence.

Currelnt .
modulation mA m

Fig. 1. Schematic diagram of the two 1550-nm lasers stabilized to the PSFBG
(red dashed lines for the light signal, black solid lines for the electrical sig-
nal). PZT: piezoelectric transducer; Iso: isolator; Att: attenuator; C: coupler;
PSFBG: m-phase-shifted fiber Bragg grating; SPD: single-photon detector;
FG: function generator; LIA: lock-in amplifier; +: adder.

For acquiring the independent error signal, it is necessary
to set the optimal filter bandwidth and modulation frequency,
which ensures that one error signal could not contain the other
modulation information and the corresponding SNR is maxi-
mized.

For the fiber laser, the integration time and filter slope
of LIA (Stanford Research Systems, SR830) are 300 ps and
24 dB respectively, and the equivalent filter bandwidth is
0.26 kHz. For the DFB laser, the integration time and filter
slope of another LIA (Stanford Research Systems, SR830) are
100 ps and 12 dB, respectively, so the equivalent filter band-
width is 1.25 kHz. The modulation frequency for the fiber
laser and DFB laser are 9 kHz and 80 kHz respectively, which
can avoid the influence of flicker noise in the low frequency
band. The frequency spacing between two modulation fre-
quencies is 71 kHz, which is ten times larger than either filter
bandwidth. So the each LIA could only extract the useful sig-
nals for its own modulation frequency and suppress the noise
signals outside the filter bandwidth. For the fiber laser, the cor-
responding error signal is firstly optimized by a servo system

and later injected to the piezoelectric transducer port to change
the cavity length for adjusting the output wavelength. For the
DFB laser, the corresponding error signal is also optimized by
another servo system and then loaded to the current modula-
tion port to control the laser wavelength. Finally both the fiber
laser and DFB laser are stabilized to the PSFBG simultane-
ously.

4. Results and discussion

We first measure the transmission signal of both lasers,
and then analyze the error signal and frequency locking re-
sults of both lasers. The transmission signal of both lasers are
measured using the two ramp signals to independently scan
the fiber laser and DFB laser under the classical light at the
same time, as shown in Fig. 2.

0.5 Ramp signal for fiber laser 3
0.4r ) 12
’; Ramp signal for DFB laser ;
: 0.3F 11 °
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= Transmission =
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Fig. 2. Transmission signal and ramp signal for the fiber laser and DFB
laser. The vertical axis on the left and right depicts the amplitude of
transmission signal and ramp signal, respectively. The two red lines
represent the two ramp signals for the fiber laser and DFB laser, re-
spectively. The two peaks with black colored line are the corresponding
transmission signal for the fiber laser and DFB laser, respectively.
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Fig. 3. (a) Error signal for the fiber laser and the inset is the correspond-
ing modulation signal. (b) Error signal for the DFB laser and the inset
is the corresponding modulation signal.
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The single-photon multi-frequency modulation technol-
ogy is used to simultaneously stabilize the fiber laser and DFB
laser to the PSFBG. For the fiber laser, the error signal is dis-
played in Fig. 3(a) with the SNR being 25. The linear slope
for optical frequency versus amplitude is 64 MHz/V. For the
DFB laser, the error signal is shown in Fig. 3(b) with the SNR
being 33. The linear slope for optical frequency versus ampli-
tude is 95.2 MHz/V. The above two error signals are effective
for stabilizing two 1550-nm lasers at the same time.

The frequency stabilization results of fiber laser are pre-
sented in Fig. 4. As depicted in Fig. 4(a), the free running
fiber laser exhibits a significant random frequency drift ex-
ceeding 38 MHz. However, when the negative feedback sys-
tem is employed, it effectively suppresses the frequency drift
of the fiber laser. The statistics of locked error signal is fitted
by using a Gaussian function, as illustrated in Fig. 4(b). The
full width at half maximum (FWHM) of locked error signal is
1.39 MHz, indicating that the stabilized fiber laser maintains
its frequency within a bounded range of 1.39 MHz over the
duration of 2000 s.

—— Loop off
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Fig. 4. (a) Frequency stabilization results for the fiber laser with feed-
back loop on or off. (b) Statistics of the locked error signal.

The frequency stabilization results of DFB laser are pre-
sented in Fig. 5. As depicted in Fig. 5(a), the free running DFB
laser exhibits a significant frequency drift exceeding 38 MHz.
However, the frequency drift of the DFB laser is effectively
suppressed with the implementation of a feedback loop. Fur-
thermore, the statistical analysis reveals that the locked er-
ror signal conforms to a Gaussian distribution, as illustrated
in Fig. 5(b). The FWHM of the locked error signal is mea-
sured to be 1.53 MHz, indicating that the stabilized DFB laser

experiences a bounded frequency drift within 1.53 MHz over
the duration of 2000 s. Remarkably, despite encountering the
temperature fluctuations and mechanical vibrations, both fre-
quency stabilization systems for the two 1550-nm lasers per-
form admirably and result in the significantly improved long-
term frequency stability.
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Fig. 5. (a) Frequency stabilization results for the DFB laser with feed-
back loop on or off. (b) Statistics of the locked error signal.

5. Conclusion

In conclusion, we have shown a simple and robust sys-
tem for simultaneous frequency stabilization of two 1550-nm
lasers. By use of the single-photon multi-frequency modula-
tion technology, both the fiber laser and DFB laser are simul-
taneously stabilized to the PSFBG at the single-photon level.
The frequency fluctuations of fiber laser and DFB laser are
bounded within 1.39 MHz and 1.53 MHz over 2000 s, respec-
tively. The advantages for our system are as follows: (i) these
two 1550-nm lasers are directly stabilized at the single-photon
level by utilizing the single-photon multi-frequency modula-
tion technology; (ii) this single-photon multi-frequency mod-
ulation technology is a general method and it could also be
used for phase or polarization stabilization of multiple lasers
at the same time; (iii) these two 1550-nm frequency-stabilized
lasers could be applied for TF-QKD.
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