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The dual-mode stabilization scheme has been demonstrated as an efficient way to stabilize laser frequency. In this study,
we propose a novel dual-mode stabilization scheme that employs a sizable Fabry–Pérot cavity instead of the microcavity
used in previous studies and has enabled higher bandwidth for locking. The results demonstrate a 30-fold reduction in laser
frequency drift, with frequency instability below 169 kHz for integration time exceeding 1 h and a minimum value of 33.8 kHz
at 54 min. Further improvement could be achieved by optimizing the phase locking. This scheme has potential for use in
precision spectroscopic measurement.
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1. Introduction

The frequency-stable laser is a powerful tool for high-precision
spectroscopy[1–3], optical atomic clocks[4–6], quantum commu-
nication[7,8], and gravitational wave detection[9,10]. To achieve
frequency stabilization, various approaches have been proposed.
The most common method is to lock a laser to a molecular or
atomic transition, since the transition frequency is unique and
invariant[11–15]. To improve the locking performance, sub-
Doppler schemes[16–18], such as saturation absorption, multi-
photon absorption, or ultracold molecular spectroscopy, are
preferred. These techniques can provide better spectral resolu-
tion, leading to stabler locking. By locking a laser to a
specific transition, the laser frequency can be precisely con-
trolled and stabilized, enabling high-precision measurements
and applications.
Another method is to use an ultrastable optical cavity to

purify the laser frequency[19–23]. In addition to the cavity finesse,
the consistency of the cavity length plays a dominant role in laser
performance.
Passive strategies, such as cryogenic monocrystalline sili-

con[24–29] and multiple-layer isolation from ambient heat and
vibration[30,31], have been introduced to stabilize the cavity
length and the free spectral range (FSR). The fractional

frequency instability beyond 10−18 for integration time of
dozens of seconds has been demonstrated. Nevertheless, the
drift of the laser frequency is still observable with longer integra-
tion time, attributed to the residual influence from ambient
conditions.
Active stabilization of the cavity length is another approach.

For example, one cavity mode can be locked to a HeNe laser to
stabilize the laser frequency at the infrared region[32]. The laser
frequency drift of hundreds of kilohertz at the infrared region
has been demonstrated. This requires a cavity mirror with a
dichroic dielectric coating. Dual-mode stabilization with a whis-
pering-gallery mode cavity has also been proposed[33,34], where
two external cavity diode lasers (ECDLs) are locked to two cavity
modes, respectively. The beat note between the two laser
frequencies is measured and stabilized to an external radio fre-
quency (RF) by actively controlling the temperature of the cavity
and the cavity length[35,36]. However, the bandwidth of the con-
trol is limited to the hertz level, which cannot compensate
for higher frequency noise. Additionally, this method is only
suitable for microcavities, which are trivial to control their
temperature.
In this paper, a new type of dual-mode stabilization is pro-

posed. A sizable Fabry–Pérot cavity with length of 40 cm is
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utilized. The cavity length and the FSR could be feedback con-
trolled by detuning a piezoelectric transducer (PZT) attached to
one cavity mirror. This allows a high bandwidth of the control,
which is expected to improve the stability of the laser frequency.
In addition, a fiber laser is used as the first laser, and a single-
sideband modulator (SSM) is used to shift the laser frequency
and generate the second laser. By using the same source for both
lasers, the common part in their locking deviation is eliminated
during the beating process. Therefore, better phase locking
should be desired. The paper presents the experimental princi-
ple, followed by a detailed description of the experimental setup
and procedure. Finally, the measurement results are analyzed to
demonstrate the effectiveness of the proposed dual-mode stabi-
lization technique.

2. Experimental Principle

For an optical cavity, the frequency of the nth longitudinal mode
of the cavity f n could be expressed as

f n = nf FSR � Δf , �1�

where f FSR is the cavity FSR, i.e., the frequency separation
between adjacent cavity resonant modes. Δf represents the off-
set frequency, introduced by the phase shift of the cavity mirror,
and it could be considered as constant for a given laser frequency
range[34,37]. When the FSR is stabilized, the mode frequency is
effectively “frozen,” since it is determined by the cavity length
and the FSR. This enables precise control and stabilization of
the laser frequency if the laser is locked to an external cavity.
The challenge in cavity-based stabilization lies in accurately

measuring and stabilizing the cavity FSR. The proposed scheme
of the paper is illustrated in Fig. 1. Two lasers are incident into
the cavity and locked to their corresponding cavity modes,
respectively. In the frequency domain, the two laser frequencies
(represented by two red arrows) coincide with the respective
teeth of the cavity mode comb (with orders of n1 and n2, respec-
tively). The beat note between the two laser frequencies is equal
to a multiple of the cavity FSR, i.e., �n1 − n2� · FSR. The beat
note as well as the FSR can be acquired by a photodetector
and then phase-locked to an external RF by detuning the cavity
length. Moreover, it is crucial to emphasize that the beat note, as
the error signal, includes any noise arising from the fluctuations
in the cavity’s length. By controlling the cavity length, the FSR

can be stabilized, which in turn stabilizes the laser frequency.
Overall, the proposed scheme provides a promising approach
for achieving frequency stability in optical cavity-based systems.

3. Experimental Setup

The experimental setup for the proposed dual-mode stabiliza-
tion is shown in Fig. 2. An erbium-doped fiber laser (EDFL)
at 1583 nm with a power of 200 mW is used as the light source.
The laser beam goes through a fiber coupled acoustic-optics
modulator (f -AOM1), and then is split into two parts via a
fiber splitter, with one part passing through another f-AOM
(f-AOM2) and an electro-optic modulator (f -EOM1) as the first
laser. The laser frequency would be shifted by 80 MHz, i.e., the
frequency imposed on the f-AOM2. The f-EOM1 is driven by
an RF signal at 25.6 MHz to generate modulation sidebands
for Pound-Drever-Hall (PDH) locking[38]. The other part passes
through a single-sideband modulator (SSM) driven by an RF
signal at 3.54 GHz, referred to as f vco, and another EOM,
i.e., f -EOM2, as the second laser. The f-EOM2 is driven by an
RF signal at 19.6 MHz to generate modulation sidebands for
the second PDH locking. The two parts are then combined
and sent into free space via a fiber-coupled collimator. Before
reaching a Fabry–Pérot cavity, the light passes through a match-
ing lens (MML), a half-wave plate (λ=2), a polarization beam
splitter (PBS), and a quarter-wave plate (λ=4).
The cavity consists of two mirrors with a reflectivity of

99.992% and a cavity finesse of 34,000. The two mirrors are sep-
arated by an invar tube with a length of 39.4 cm, corresponding
to an FSR of 393MHz and a cavity mode of 11.6 kHz. The cavity
length can be finely detuned using a PZT attached to the rear
cavity mirror.

Fig. 1. Principle of the proposed dual-mode stabilization.

Fig. 2. Schematic diagram of the experimental setup. EDFL, erbium-doped
fiber laser; f-AOM, fiber-coupled acoustic optic modulator; f-EOM, fiber-
coupled electro-optic modulator; f-S, fiber splitter; f-SSM, fiber-coupled sin-
gle-sideband modulator; f-C, fiber collimator; MML, mode-matching lens;
λ/2, half-wave plate; λ/4, quarter-wave plate; PBS, polarization beam splitter;
VCO, voltage-controlled oscillator; PD1,2, photodetector; FG, frequency gener-
ator; PID, proportional-integral-derivative servo; SG, signal generator; PS,
phase shift; LP, low-pass filter.
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Two PDH locking processes are employed to lock the two
lasers to their corresponding cavity modes, respectively. The
cavity reflection is deflected by a PBS and directed towards a
reflection detector (PD1). The output of PD1 is demodulated by
a reference signal at 25.6MHz to generate the error signal for the
locking of the first laser. The error signal is sent into two home-
made proportional-integral-derivative (PID) servos. One servo
controls the PZT inside the EDFL and is made up of two cascade
integrators and one proportion, which ensures that the gain at
low frequencies is sufficient for effective control of the PZT. The
other servo controls the driver frequency of the f-AOM1 so as to
broaden the locking bandwidth to 200 kHz. At the same time,
the output of PD1 is also demodulated by a reference signal
at 19.6 MHz, for locking the second laser to the cavity via the
control of the f vco. After this step, the f vco is proportional to
the cavity FSR.
To stabilize the cavity FSR, the frequency of the voltage-con-

trolled oscillator (f vco) is mixed with an external RF, and the
resulting signal is fed into a PID controller (PID4) to control
the stretch of the cavity PZT. This effectively phase-locks the
f vco signal to the RF, stabilizing the cavity FSR and the two laser
frequencies. Note that all frequency generators in the setup are
synchronized to a 10MHz signal reference generated by a rubid-
ium frequency standard.
The locking performance is analyzed using both the error sig-

nals and an optical frequency comb. The former determines the
in-loop noise. A part of the laser beam is split and beats with the
frequency comb, and then the laser frequency is directly mea-
sured to determine the out-loop noise.

4. Experimental Results

The performances of the stabilized lasers are affected by the sta-
bility of the two PDH locking processes. Therefore, the perfor-
mance of the two PDH locking processes used in the experiment
has been evaluated by analyzing the error signals. Figures 3(a)
and 3(b) are themeasured error signals when the laser frequency
is unlocked and detuned by scanning the laser frequency. The
curve in each panel shows three dispersion structures, with

the central one caused by the laser carrier and the two sides
caused by the modulation sidebands. The signal-to-noise ratio
of 50 for each signal results. The signal’s peak and valley coincide
with the half-maximum position of the cavity mode, yielding
a frequency-to-amplitude conversion rate of 4.3 kHz/V and
5.2 kHz/V, respectively. After locking, the two error signals
would be clamped to zero, as illustrated in Figs. 3(c) and 3(d).
This indicates that the lasers are successfully locked to their cor-
responding cavity modes. The error signals could be converted
to the frequency deviation, shown on the right coordinate in
Figs. 3(c) and 3(d).
To further assess the locking performance, the power spectral

density (PSD) of the frequency deviation plotted in Fig. 3 is ana-
lyzed and shown in Fig. 4. In each panel of the figure, the PSD in
the low frequency region is smaller than 10−3 Hz2=Hz, owing to
the high gain in the low frequency region of the PID servos used
in the locking processes. When the frequency is larger than
100 Hz, both curves show a relatively flat response with values
of 1Hz2=Hz and 0.7Hz2=Hz, respectively. These results verify
that, considering that the cavity has negligible noise in the
high-frequency region, the instantaneous linewidths of the two
lasers, with observation times shorter than 0.1 ms, are in the
range of the hertz level. However, for dual-mode stabilization,
this frequency deviation would be inherited via the cavity and
amplified by a factor of 500,000, i.e., the ratio of the laser fre-
quency to the voltage-controlled oscillator (VCO) frequency,
yielding an absolute laser frequency jittering of around hundreds
of kilohertz.
After the two PDH lockings, the cavity length is stabilized

with the phase noise of the f vco as the error signal. The measured
phase noise between the f vco and the RF reference with unequal
frequencies before locking is shown in Fig. 5(a). A sinusoidal sig-
nal relative to the frequency difference between the two electrical
signals can be observed. And the adjacent peak and valley of the
signal indicate a phase difference of π, resulting in the phase
noise to amplitude noise ratio of 5.2 rad/V. Figure 5(b) displays
the phase noise with locking, which appears as a relatively flat
signal, indicating tight locking between the two frequencies with
a phase noise of around 0.124 rad. Figure 5(c) depicts the PSD of
the frequency deviation with locking retrieved from the phase

Fig. 3. Error signals for the two PDH locking processes. (a) Without and
(c) with locking for the first laser; (b) without and (d) with locking for the sec-
ond laser.

Fig. 4. PSD of the frequency deviation for (a) the first laser and (b) the second
laser.
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noise in Fig. 5(b). The PSD value remains constant at 5Hz2=Hz
for frequencies above 1 kHz, leading to an absolute laser fre-
quency jittering of approximately 1 MHz.
Finally, the absolute laser frequency has been measured by

recording the beating frequency between the laser and a fre-
quency comb with the aid of a spectrum analyzer. The result
is presented in Fig. 6. Figures 6(a) and 6(b)depict the result with-
out and with phase locking, respectively. To facilitate the com-
parison, the first datum in each figure is set to 0. It is evident that
without phase locking, the laser frequency drifts monotonically
due to the instability of the cavity length, which is primarily
influenced by ambient environmental variation. In this scenario,
the drift exceeds 15 MHz within 10 min. However, with phase
locking, the drift is significantly reduced to 2.5 MHz
over a period of 110 min, since the drift of the cavity length
is compensated by the locking. The corresponding Allan devia-
tions[39] are illustrated in Fig. 6(c), with the black curve repre-
senting the data with locking and the blue curve representing the
data without locking. It is clear to see that, without locking, when
the integration time is longer than 4 s, the Allan deviation
increases with a slope of

���

τ
p

, where τ is the integration time.
This means the system is likely dominated by Brownian noise,
while, with locking, the drift is suppressed and the suppression
ratio could reach 30 at an integration time of 1000 s. The optical

frequency instability remains below 169 kHz with the integra-
tion time longer than 1 h and reaches its minimum value of
33.8 kHz at the integration time of 54min. These results confirm
that the proposed dual-mode stabilization effectively stabilizes
the laser frequency. It is worth noting that the short-term behav-
ior of the laser frequency gets worse owing to the phase locking.
The value range is around 2 MHz, and the standard deviation is
89 kHz, with the former being consistent with the frequency jit-
tering introduced by the phase locking of the f vco. In addition,
the long-term stability of the locking is believed to be primarily
influenced by the drift of the locking offset, which is sensitive to
temperature variations.

5. Conclusion and Perspectives

In this paper, we propose a novel dual-mode stabilization
scheme to stabilize laser frequency. The scheme utilizes a fiber
laser and a single sidebandmodulator to generate two lasers with
different frequencies, which are then locked to their correspond-
ing cavity modes via two PDH lockings. A substantial Fabry–
Pérot cavity, instead of the previous employed microcavity, is
used. And the cavity length is stabilized by phase locking of
the beat note of the two lasers to an RF. Then, the laser frequency
could be detuned by varying the RF. To evaluate the locking per-
formance, we measure the error signals for the three locking
processes, which indicate the frequency deviation of the lock-
ings. The results show all of the in-loop locking noise in the short
term is smaller than 10Hz2=Hz, demonstrating that tight lock-
ings have been achieved. Using a frequency comb to analyze the
out-loop noise, we found that the drift of the absolute optical
frequency is restricted by a factor of 30 by the locking. The opti-
cal frequency instability remains below 169 kHz with an integra-
tion time longer than 1 h. However, this scheme enlarges the
white noise at the laser frequency, owing to the relatively inferior
phase locking. Further improvement can be achieved by opti-
mizing the phase locking. This technology is affordable and
has the potential to be utilized in applications that only require
a laser with a single stable frequency, such as differential absorp-
tion lidar (DIAL).
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