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Abstract: The classical 1.5 um band frequency-stabilized laser using acetylene gas saturated absorp-
tion can achieve high frequency stability and reproducibility, but its system design is complex and
bulky. For some practical applications, a simple, compact system containing anti-interference abilities
is preferred. In this study, a low-cost and simple-structured 1.5 um frequency-stabilized laser is
constructed using digital control methods, wavelength modulation technology, and acetylene gas
absorption. The fiber input and output optical devices of the system significantly simplify the optical
path and reduce the volume of the system. The error signal is obtained by the first-order differential
method, and a combination of the high-speed comparator circuit and the microcontroller unit (MCU)
is used to detect the error signal. Through the feedback control method of coarse temperature adjust-
ment and fine current adjustment, the second-level frequency stability of the laser is stabilized within
100 kHz, that is, the frequency stability reaches 10710, The designed system achieved continuous and
stable operation for more than 6 h, and the long-term frequency stability reached 10~°.

Keywords: laser frequency stabilization; DFB-LD; wavelength modulation; acetylene gas absorption;
digital control

1. Introduction

Lasers have been used in optical communication, optical frequency scaling, and high-
resolution spectroscopy since their appearance in the 1960s because of their excellent
coherence and brightness [1,2]. Precision measurement has the most extensive applications
in lasers, particularly in interferometry. In precision interferometry, the laser wavelength
is used as a “ruler” to measure the length, displacement, velocity, and other important
parameters based on the principle of laser interference. Thus, the stability of the laser
wavelength (or frequency) directly affects the accuracy of the measurement results [3,4].
Therefore, precision measurements require the laser to achieve a single-frequency output,
while also requiring the laser frequency fluctuation to be as small as possible. However,
the laser output from a free-running laser experiences slow drift and mode jumping owing
to various factors, such as working environment conditions [5,6]. Consequently, active
frequency stabilization of the laser is necessary. Laser frequency stabilization has become
essential in modern precision measurement technologies [7].

Currently, there are three main methods for achieving laser-output-frequency control
using active frequency stabilization: saturated absorption spectrum frequency stabilization,
external modulation frequency stabilization, and frequency stabilization without modu-
lation [8-12]. In 2011, Wang et al. [13] used a combination of saturated absorption and
polarization spectroscopy to ensure that the frequency fluctuation of the external cavity
semiconductor laser (ECDL) did not exceed 0.6 MHz within 300 s. The experimental struc-
ture of the saturated absorption spectroscopy frequency stabilization technique is simple
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and inexpensive; however, the modulated signal introduces additional noise, which reduces
the frequency stabilization accuracy. In 2017, Aldous et al. [14] used carrier modulation
dependent on the acousto-optic modulator (AOM) drive frequency to provide spatially
and spectrally separated sidebands to achieve laser wavelength stabilization and stabilize
the laser output frequency on the order of MHz. In 2021, Yasui et al. [15] stabilized the
light source frequency using an optical frequency comb that was more than five orders of
magnitude more stable than when the laser was free-running and eliminated the effect of
frequency fluctuations over long measurement times. Moreover, the light source frequency
could be locked to any frequency of the comb teeth.

The above three methods used ECDL for frequency stabilization and obtained high-
frequency stability; however, ECDL exhibits disadvantages such as slow tuning speed,
large size, and difficult optical path collimation [16], which require further development
and improvement. In addition, distributed feedback semiconductor lasers (DFB-LDs) have
been employed as the core light source in optical systems owing to their direct high-speed
modulation, low cost, small size, easy integration, and mass production [17,18].

In 2011, Numata et al. [19] used a phase modulator (PM) to externally modulate the
laser output to lock the DFB-LD output frequency to the center of the CO, absorption
spectrum. The peak-to-peak value of the laser frequency jitter was less than 0.3 MHz in
0.8 s (average time). This method offered a large slope of error signal, small background
signal effect, and ease of locking. However, the high cost of the PM limits its practical
application. To overcome the high cost of external modulators, in 2014, Sun et al. [20] used
a polarization rotational optical feedback method to stabilize the frequency of a DFB-LD at
the D saturation absorption line of cesium, which does not require additional electrical
feedback and eventually reduces the frequency drift of the laser from 96 MHz to 6.6 MHz,
ensuring high frequency stability while lowering system costs. In 2017, Du et al. [21]
designed a frequency-stabilized system device based on a space-body absorption cell
and frequency-modulated spectral counting, which has a root-mean-square frequency of
approximately 50 kHz in 0.1 s (average time). However, the Allan variance of this frequency
stabilization gradually deteriorates after 1000 s, and the long-term stability of the frequency
remains challenging. In 2016, Jinjin et al. [22] stabilized the output wavelength of a 1550 nm
DFB-LD at the edge of the absorption line of hydrogen cyanide (HCN) gas and used a
digital signal processor to complete the frequency search and frequency stabilization to
achieve frequency shift within 15 MHz in 2 h. The study further demonstrated the potential
of digital control methods in frequency stabilization. In 2019, Jiaoxu et al. [23] proposed
a water-vapor-based second harmonic absorption property to establish a new method of
frequency stabilization for 1396-nm narrow line width DFB-LD. They reported that the
wavelength drift of the laser output was effectively suppressed within +0.16 pm (20 MHz)
in 100 h. This work demonstrated significant advancements in stabilizing laser frequencies
over longer time scales. These developments illustrate the gradual improvements in DFB-
LD frequency stabilization technology across different time scales and cost efficiencies.
Despite significant achievements, the relative frequency stabilization accuracy of the DFB-
LD is generally in the MHz range, that is, the frequency stability is of the order of 10~8.
Therefore, the frequency stabilization technology of the DFB-LD must be further developed
with higher accuracy.

The acetylene gas molecule (C;Hy) has a linear symmetric molecular structure and no
permanent dipole moment. It is gaseous and inactive at room temperature. In addition,
C,H; has more than 50 strong absorption spectral lines (1520-1550 nm), with different
vibrational absorption spectral lines spaced up to GHz and the whole absorption band
spanning up to THz. Thus, the C;H; saturation absorption spectral line in the 1.5 um band
is an ideal wavelength/frequency reference standard [24,25]. As early as 2012, Xiaobo
Wang et al. [26] proposed a single-photon modulation technique based on kHz modulation
frequencies. By detecting the single-photon absorption spectrum of acetylene gas, they
achieved a frequency stability better than 25 MHz for the 1.5 pm DFB-LD output. However,
this system was bulky, limiting the modulation frequency, and its frequency stability was



Photonics 2024, 11, 621

30f13

insufficient for current applications. In 2020, Roy Zektzer et al. [27] designed a compact
integrated laser wavelength stabilization system with an acetylene gas absorption cell.
Their experimental results showed that this system could maintain the frequency stability
of a 1.5 pm laser within 400 kHz for 34 s. Although this system provided a cost-effective
and compact acetylene frequency stabilization solution, its long-term stability was poor,
making it unsuitable for applications requiring extended operation times.

This study developed a low-cost and simple-structured 1.5 pm DFB frequency-stabilized
laser using a digitally controlled method combining the wavelength modulation technique
and CH, absorption. The optical devices in this system were all fiber input—-output types,
which simplified the optical path and reduced the size. First-order differentiation was
used to obtain the error signal, which delineates two states differing by 180° when the
central wavelength deviates from the frequency stabilization reference, and the design
realized a combination of a high-speed comparator circuit and a microcontrol unit (MCU)
for error signal identification. The high-speed comparator allowed for fine adjustment of
the laser frequency stabilization locking point by setting thresholds. The addition of MCU
digital assistance improved the anti-interference capability of the frequency stabilization
system against external environmental fluctuations. Experimental results showed that the
DFB-LD frequency stabilization scheme achieves high frequency stability. The second-level
frequency stability of the laser was controlled to the order of 1071° with an integration
time of about 100 s, which was two orders of magnitude better than that before stabiliza-
tion, representing an improvement of over 100 times. For long-term frequency stability,
the standard deviation of the feedback DC signal over 6 h of operation was calculated.
The frequency stability of the laser was maintained at 10~%, demonstrating a significant
stabilization effect.

2. Experimental Principle
2.1. Frequency Identification Properties of C;H;

The distribution of acetylene gas (C2H2-12-H(3)-50-FCAPC) transmission peaks near
1530 nm were measured using an erbium-doped fiber amplifier (EDFA) as the light source
(Figure 1a). These spectral lines are separated from each other and can all be used as a
reference for laser frequency stabilization. The absorption peak at the peak wavelength of
1530.40 nm was chosen for the experiment, and the 3 dB bandwidth of the absorption peak
was approximately 7 pm, as shown in Figure 1b.
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Figure 1. (a) Distribution of the acetylene—gas transmission peak near 1530 nm; (b) Detailed view of
the absorption peak at 3 dB.
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The absorption spectrum is of Lorentzian type [28], and the transmittance can be

expressed as
2

«
Llw)=1- % (1)
7%+ (@ = wo)
where « is the absorbance of the absorption center, <y is the half-width of the absorption
spectrum, and wy is the central frequency of the transmission peak. The primary differential
curve is
/ ~ 2a9(w — wy)

L (w)
[+ (w — wo)2]2

(2)

Near the center frequency of the transmission peak, |w — wy| < 7, the approximation is

L (w) = Zuc(a)’yz wp) 3)
Figure 2 shows the simulated transmission spectrum of the acetylene absorption
chamber and its first-order differential curves. The simulation parameters were as follows:
wp =1530.4nm, v = 0.5, « = 5, and w ranged from 1527 nm to 1533 nm. The first-order
differential curve in the region near the wavelength of 1530.40 nm at the center of the
absorption peak was approximately linear, and the first-order differential was positive
when w > wp and negative when w < wy. This property can be used for frequency
identification.
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Figure 2. Diagram of acetylene absorption transmission line at 1530.4 nm and its first—order differen-
tial curve.

2.2. Generation of Error Signals

The modulation-demodulation method is widely used to obtain first-order differentia-
tion [29]. A modulation signal is added to the laser frequency.

dwy = Asin Ot 4)

where A is the modulated signal amplitude, and () is the modulated signal frequency.
After the modulated laser was absorbed by the acetylene gas, the spectral signals were
Taylor-expanded to obtain

L(w + 6w;) = L(w) + L (w) Asin Ot

1. » _ (5)
+§L (w)A%sin“Qt + ...
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Then, the modulated optical signal was multiplied by B sin(Q¢), which has the same
frequency and phase as the modulated signal, to obtain the following:

L(w + w;) - BsinQt = L(w)Bsin Qt + L' (w) ABsin2Qt
]. "

t3 (w)A%Bsin®Qt + ...

(L' (w)AB — L' (w) AB cos 20)t) (6)

1
2

. 1 » 2 . 3
—|—L(w)Bstt—|—§L (w)A”Bsin®Qt
+...

1.
After this signal was converted by the photodetector, only EL (w)AB was a low-
frequency term; the remaining were frequencies of () and its multiples. Using the low-pass

filter (LPF), the DC error signal %L,(w)AB term can be obtained. This is the required

error signal. When the laser frequency is greater than the acetylene absorption peak center
frequency, the error signal is positive, and it is negative in the opposite case. This error
signal was used for the feedback correction of the laser output frequency to achieve laser
frequency stabilization.

In this design, a gas absorption cell was proposed to serve as the absolute reference for
wavelength. The chosen acetylene gas absorption cell is commonly used as a wavelength
calibrator in the C-band for optical communications, providing multiple absorption peaks
for laser wavelength calibration. After passing through the gas absorption cell, the optical
signal was converted into an electrical signal by a photodetector. Due to the effect of
wavelength modulation, the photodetector received a time-varying signal instead of a
direct current (DC) signal. The reference wavelength of the laser produced different signals
depending on its position relative to the absorption peak.

Figure 3 shows the demodulated signal of the laser’s reference wavelength at different
positions relative to the absorption peak. When the reference wavelength coincides exactly
with the valley of the absorption peak, the wavelength change of the frequency () output is
a repetition frequency of 2() signal. Since the cosine function is perfectly symmetrical at
the reference wavelength, and both sides of the absorption peak are symmetrical, the signal
with a repetition frequency of 20 is completely flat and has no () frequency component.
However, when the reference wavelength is shifted from the bottom of the absorption
peak, the symmetry of the modulating signal is disrupted, resulting in a staggered 2()
output signal. At this point, there is a repetition of the envelope with a frequency of Q).
Further shifting weakens the 2() signal component and enhances the () signal component.
Therefore, when the amplitude of the feedback DC signal from Equation (6) is zero, the
reference wavelength is aligned with the valley of the gas absorption peak. When it is not
zero, the wavelength is shifted, and the phase of 2() can be in two states, differing by 180°,
indicating different directions of the shift.

Based on the above analysis, the sign (positive/negative) of the error feedback signal
can be used to determine the position of the central wavelength of the laser output relative
to the absorption peak of the acetylene gas absorption chamber, thereby providing feedback
to control the laser output wavelength.
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Figure 3. Demodulated signal at different positions of the absorption peak for the reference wave-
length of the laser.

3. Experimental Setup

A block diagram of the composition of the frequency stabilization system of the
semiconductor laser based on digital control using acetylene gas absorption is shown in
Figure 4. The optical path was output by a distributed feedback semiconductor laser (DFB-
LD) with a wavelength of 1530 nm. The light was divided into two paths using a optical
coupler with a splitting ratio of 2:8 into two paths—one is the output light source of the
system, and the other for feedback correction of the frequency stabilization system—and
enters the acetylene gas absorption chamber. The light passing through the acetylene gas
absorption chamber was converted into an electrical signal using a photodetector (PD) and
amplified using an amplifier (OPA1611). The PD had an optical fiber pigtail input, 3 dB
bandwidth of 14 GHz, 17 dBm maximal input optical power, and 0.8 A/W responsivity.
The OPA1611 operational amplifier had single-ended input, chip input voltage noise of
1.1 nVV/Hz at 1 kHz, ultra-low noise, and distortion. The signal generator provides two
identical signals with the same frequency of 12 MHz: One signal with high and low levels of
+50 mV and —50 mV, respectively, is applied to the current source of the laser to modulate
the optical frequency of the laser output, and the other signal with high and low levels of
+750 mV and —750 mV, respectively, is mixed and demodulated in the multiplier (AD835,
offering fast processing speed and low product noise) with the electrical signal after detector
conversion and amplifier amplification. The mixed signal was passed through an LPF to
obtain a DC error signal related to the frequency offset. The DC error signal was acquired
using an acquisition card to observe the effect of the feedback control. The error signal was
detected using a high-speed comparator circuit, a microcontroller unit (MCU) (ADCMP602)
providing a 3.5 ns propagation delay, and a single-supply TTL/CMOS comparator chip,
which has applications for high-speed instrumentation design, as threshold detectors
and pulse width modulators. In the frequency stabilization device design, a high-speed
comparator circuit was used to detect the error signal caused by the laser frequency
deviation from the center frequency of the acetylene gas chamber. For input error signal
less than the threshold voltage set by the comparator, the comparator output a low level
and vice versa. The MCU determined the offset direction between the current laser and
center frequencies of the acetylene chamber based on the high and low levels obtained
from the comparator circuit. To control the output voltage of the DAC, feedback control
of the laser temperature control and current control module was implemented, and laser
frequency stabilization was realized.
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Figure 4. DFB-LD frequency stabilization system block diagram; DFB-LD: distributed feedback
semiconductor laser; TEC: Thermo Electric Cooler; CC: current control; OC: coupler; C;Hj: acety-
lene gas absorption chamber; PD: photodetector; AMP: electrical amplifier; MIX: multiplier; LPF:
low-pass filter; MC: electrical tee connector; Capture Card: signal acquisition card; Comparator:
high-speed comparator; MCU: micro control unit; DAC: digital-to-analog converter module; AWG:
signal generator.

4. Experimental Results
4.1. Experimental Test before Frequency Stabilization

To explore the relationship between the output frequency of the DFB laser and the
working temperature and injection current in the experiment, we conducted tests on the
variation of the DFB laser output wavelength with respect to the working temperature
and drive current. During the free operation of the DFB laser, we utilized a high-precision
temperature control platform to adjust the working temperature of the laser within the
range of 20-30 °C, with a step size of 0.1°C. The spectrometer recorded the output wave-
length of the laser. The test results, as shown in Figure 5a, revealed a linear relationship
between the working wavelength of the laser and the temperature variation. Through
linear fitting, we obtained the slope of this curve to be 0.1 nm/°C, indicating that when the
working temperature of the laser changed by 0.01 °C, the wavelength of the laser changed
by 0.001 nm.

Similarly, we fixed the operating temperature of the laser at 25 °C and tested the
relationship between the output wavelength and the drive current. As shown in Figure 5b,
the variation of the laser’s output frequency with the drive current also exhibited a linear
relationship. Through linear fitting, we obtained the slope of this curve to be 0.01 nm/mA,
indicating that when the current changed by 1 mA, the corresponding change in the laser
output wavelength was 0.01 nm.

After completing the MCU’s DAC driver program, we conducted tests on the output
voltage of the DAC module channels. The upper part of Figure 6 shows the main program
for testing the output voltage of the DAC module. Upon initializing the DAC ports in the
main function, the voltage output settings for different DAC channels were accomplished
by calling the DAC unipolar output function and setting the channel with the DAC_CODE
encoding value. The actual output voltage calculation formula is as follows:

Vet X DAC_CODE

Vout = on

@)
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where Vot is the output voltage, Vi is the reference voltage, DAC_CODE is the digital
code of the DAC, and 7 is the number of bits of the DAC. Here, V. is 5V, and # is 16;
the DAC_CODE encoding values for channel one and channel two are set to 35,000 and
60,000, respectively. Calculations show that the output voltage for channel one is 2.67 V
and for channel two is 4.58 V. The actual measurement results are consistent with the
theoretical calculation results. The lower part of Figure 6 shows the main program for the
MCU controlling the DAC module to drive the DFB laser current. The MCU adjusts the
laser frequency stabilization setpoint within a small range by detecting the high and low
levels of the high-speed comparator output, achieving automatic frequency stabilization
at startup.

1531 T T T T
1530.8 1530.5
- = °
E 1530.6 [ E 1530 - o ©
=] < o °
) o0 °
5 15304 4 £15295¢ 0 ©
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Figure 5. The influence of current and temperature tuning on laser wavelength. (a) Effect of
temperature variation on laser wavelength; (b) Effect of current variation on laser wavelength.

I dac_v1_v2_output(DAC_CH1.35,000); |
Idac_vl_v2_output(DAC_CH2,60,000); DAC Channel Output Voltage Test Program |

|
I {countl=countl+step;
jdac_v1_v2_output(DAC_CHI, countl);}

. else if(GPIO_ReadInputDataBit(GPIOA, GPIO_Pin 0)== 1 && count1>20,000 && countl <40,000)
- {countl=count1-step;

|
|
|
|
!dac_vl_v2_0utput(DAC_CH1,countl);} I
lelse DAC Feedback Control Program '
| {count] = countl; |

|

Figure 6. Main program for the MCU to control the DAC module.

Subsequently, we tested the linear relationship between the output voltage of the DAC
module and the operating current of the DFB laser. Different DAC codes were sent via the
MCU, and the operating current of the DFB was measured. As shown in Figure 7, when the
DAC module output voltage code varied between 14,500 and 22,000, the laser operating
current ranged from 59 mA to 75 mA, demonstrating a good linear relationship.

From the experimental tests, we concluded that when the DAC_CODE changed by
the smallest increment, the corresponding change in the laser current was approximately
0.0015 mA. Figure 7 shows that when the drive current changed by 1 mA, the laser output
wavelength changed by approximately 0.01 nm. Therefore, when the DAC_CODE value
changed by the smallest increment, the wavelength change was 0.015 pm. This control
precision far exceeds the frequency stability of the laser in free-running mode. Thus, this
scheme can achieve the frequency stability of the DFB laser.
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4.2. Automatic Frequency Stabilization after Power on

According to Figure 2 and Equations (3) and (6), when the laser output frequency is
aligned with that of the acetylene gas absorption peak, the theoretical value of the error
signal should be zero, given that the threshold voltage setting of the comparator should be
positive, and the threshold voltage of the comparator was set to 1 mV.

When the feedback control system was not operating, that is, the laser was running
freely, the error signal fluctuates owing to the laser frequency drift (first half of Figure 8a).
After the feedback control system was powered on, the MCU began judging the current
laser output frequency relative to the acetylene gas absorption peak based on the high and
low levels received from the comparator. The MCU controlled the output voltage of the
DAC to complete the feedback control of the laser temperature and current control modules.
The error signal was generated to rapidly approach the threshold voltage until it was locked
near the threshold voltage to realize the laser frequency stabilization function (latter part of
Figure 8a). During the operation of the frequency stabilization system, we recorded the
DAC output code (DAC_CODE) and selected results from 15 to 20 min, as shown by the
red line in Figure 8b. It can be seen that throughout the stabilization process, the MCU
adjusted the DAC output by comparing the detected error signal with the threshold. This
adjustment stabilized the laser’s central frequency, as the error signal was locked at the
comparator’s threshold voltage.
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Figure 8. (a) The error signal of laser free—running and feedback control; (b) The change of DAC
code values of laser feedback.

Further testing the stability of the frequency stabilization system, for a free-running
laser, with change in the laser working temperature, the error signal fluctuated significantly
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owing to the change in the laser frequency (indicated by the green line in Figure 9). When
the frequency stabilization system was powered on, the error signal was locked near the
threshold voltage, and changes in the laser working temperature did not cause a fluctuation
in the error signal, with the error signal remaining near the threshold value (indicated
by the red line in Figure 9). With an experimental observation time of more than 6 h, the
frequency-stabilized laser did not lose its lock, indicating that this frequency-stabilization
device was suitable for long-term operation with fluctuations in environmental factors.

40 . .
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Figure 9. The influence of changing the laser operating temperature on the error signal.

4.3. Frequency Stability Estimation

The effectiveness of frequency stabilization can be measured using a simple frequency
stability measure, which is calculated by combining the fluctuation amplitude of the feed-
back error signal and the frequency discrimination sensitivity to invert the laser frequency
fluctuation [30-32].

After the LPF, the output voltage was the error signal, which reflected the size of
the laser output frequency deviation from the center of the acetylene absorption peak
(1530.4 nm). From Equation (6) and the first-order derivative of the transmission peak in
Figure 2, it was observed that when the laser output frequency coincided with the center
frequency of the absorption peak, the error signal was 0. When the laser output wavelength
was to the right of the transmission peak center frequency, the feedback DC signal reached
its maximum value. The discriminant sensitivity was related to the slope of the first-order
derivative signal at the zero-crossing point because the first-order function within the 3 dB
linewidth (7 pm) of the acetylene absorption peak approximately exhibited linear variation.
Herein, the operating temperature was changed such that the laser output frequency shifted
to the half-width Av,, of the absorption peak. The discriminant slope F;; of acetylene gas
absorption can be obtained as follows:

AV

Fy=-—
sd Avy,

®)
where AV is the maximum change in the feedback DC signal. The half-width Av,, of the
absorption peak of the acetylene absorption chamber at 1530.40 nm was 440 MHz. When
the output frequency of the laser deviated from the absorption peak equal to this half-width,
the amplitude of the error signal was the highest. As shown in Figure 10, the error signal
was measured to be 100 mV. Therefore, the slope of the discriminative frequency curve for
acetylene was 0.23 mV/MHz. Thus, the stability of the output frequency of the laser is
determined by measuring the voltage stability of the error signal.
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Figure 10. The schematic diagram of the maximum value of the feedback DC signal.

As shown in Figure 11a,b, the variations in the error signal during the free operation
of the laser and feedback control were measured. To measure the stability of the laser fre-
quency, the Allan variance was calculated for average integration times between 0.1-300 s
for both sets of data, as shown in Figure 11c. The green line in Figure 11c, indicated that
the value of Allan variance of the laser when the frequency was not stabilized reached a
minimum value of 0.46 mv for an integration time of 0.3 s; consequently, an increasing
trend was observed. The red line in Figure 11c¢, indicated that the Allan variance decreased
after frequency stabilization, reaching a minimum value of 0.012 mV at an integration time
of about 100 s, after which the stability trend stabilized. The laser output frequency after
feedback control was two orders of magnitude lower than that in the free operation, and
the stability improved by more than hundred times. Based on the discriminative slope
obtained using Equation (8), the frequency of the DFB laser was stabilized within 100 kHz
in 100 s; that is, the frequency stability reached 1071 in 100 s. For long-term stability, the
root mean square error of the error signal was calculated to be 0.41 mV for 6 h of system
operation. The value of the discriminative slope obtained from Equation (8) indicated that
the frequency fluctuation was stable within 1.8 MHz, that is, the frequency stability reached
10 in6 h.
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Figure 11. The error signals depicted (a) when the laser operates freely and (b) when the frequency
stabilization system is implemented; and (c) Allan variance of free—running laser and feedback control.

5. Conclusions

A low-cost 1.5-pm DFB frequency-stabilized laser with a simple structure was devel-
oped using the digital control method, combining the wavelength modulation technique
and CyH; absorption. The optical devices in this system incorporated fiber input and
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output types for simplifying the optical path and reducing the size. The error signal was
obtained by first-order differentiation, wherein the design implemented a combination of
a high-speed comparator circuit and an MCU for error-signal identification. By setting
the threshold value of the high-speed comparator, the locking point of laser frequency
stabilization was varied within a small range. The addition of MCU digital assistance
realized automatic frequency stabilization at power-on, and the anti-interference ability of
external environmental fluctuations was strong. The second-level frequency stability of
the laser was controlled to have an order of 10719 with an integration time of about 100 s,
which was two orders of magnitude better than that before stabilization, representing an
improvement of over 100 times. For long-term frequency stability, the system operated
stably for over 6 h, with the laser’s frequency stability control being within the 10~ range,
demonstrating a significant frequency stabilization effect. Our research has demonstrated
significant advantages in terms of frequency stability, system volume, cost, and long-term
stability. By employing high-speed comparators and MCU digital assistance for stable
control, we have significantly improved the frequency stability of lasers at low cost and
with simplified structure. Compared to existing laser frequency stabilization methods and
other published research, our system can operate for extended periods and maintain high
frequency stability over a wide temperature range. This indicates that our research has
significant innovation and practicality in laser frequency stabilization technology compared
to other related work.
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