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Abstract

A high-stability actively mode-locked fiber laser (AMLFL) is proposed and experimentally
demonstrated. This AMLFL is based on a distributed feedback laser diode (DFB-LD)
injection locking with Fabry-Perot (F-P) etalon frequency stabilization. In this system, a
wavelength modulation method is employed to generate the feedback signal for frequency
stabilization. The stabilization mechanism utilizes the linear response characteristic of
the first-order derivative of the F-P etalon transmission peak. This achieves wavelength
stabilization of the DFB-LD. Subsequently, the stabilized light source is injected into the
ring cavity of the AMLFL. The proposed system does not require modification to the
existing AMLFL cavity. It also features a simple structure and low implementation cost.
Experimental results show that, with frequency stabilization, the wavelength drift of a
selected spectral line is reduced to within the 10 pm resolution of the OSA. Meanwhile, the
standard deviations of the 5 GHz spectral component power fluctuation and the average
output optical pulse power are 0.01 dB and 0.01 dB, respectively.

Keywords: actively mode-locked fiber laser (AMLFL); wavelength stabilization; injection
locking; Fabry-Perot (F-P) etalon; distributed feedback laser diode (DFB-LD)

1. Introduction

Fiber lasers utilize optical fibers as the gain medium and offer advantages such as
strong immunity to interference, high output power, high efficiency and high stability [1-3].
As an important class of fiber lasers, harmonic mode-locked fiber lasers (MLFLs) can
generate ultrashort pulses with narrow pulse widths, high peak powers, and broad opti-
cal spectra [4,5], making them attractive for applications in precision manufacturing [6],
biomedical applications [7] and quantum communication [8]. Therefore, MLFLs have
become an active area of research. In particular, harmonic mode-locked fiber lasers are
widely used to generate high-repetition-rate pulse trains by operating at a harmonic of the
fundamental cavity repetition frequency. The actively mode-locked fiber laser (AMLFL)
investigated in this work operates in such a harmonic mode-locking regime.

MLFLs are generally classified into passive and active mode-locking schemes [9-12].
Passive mode locking is achieved by incorporating a saturable absorber [13,14]. This cate-
gory includes natural saturable absorbers based on the intrinsic absorption properties of
materials, as well as artificial saturable absorbers based on nonlinear optical effects. How-
ever, conventional passively mode-locked fiber lasers are usually limited in fundamental
repetition rate by the cavity length and do not provide direct electronic synchronization to
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an external radio frequency (RF) clock without additional feedback control [15]. In contrast,
an AMLFL employs an external RF signal to drive an electro-optic modulator, which im-
poses periodic amplitude or phase modulation on the optical field inside the cavity [16,17].
When the modulation frequency matches an integer multiple of the fundamental cavity
repetition frequency, harmonic mode locking can be achieved, enabling the generation of
stable high-repetition-rate pulse trains. In ref. [18], the range of the repetition rate was
continuously tunable from 2 GHz to 6 GHz. At the repetition rate of 2.5 GHz, pulse-width
tuning from 4 ps to 30 ps was demonstrated. Zhang et al. [19] demonstrated a broad-
band III-V /thin-film lithium niobate AMLFL. The experimental results showed a stable
broadband frequency comb spanning 45 nm. This comb had a 10-dB spectral bandwidth of
19.1 nm. Its mode-locking beat-note signal-to-noise ratio (SNR) exceeded 60 dB. In ref. [20],
an actively mode-locked all-fiber laser capable of switching among multiple transverse
modes was demonstrated. The temporal pulse train exhibited a pulse spacing of 129.70 ns,
corresponding to a repetition rate of 7.71 MHz, and the corresponding RF spectrum showed
an SNR of 73.58 dB.

In order to better improve the output stability of AMLFLs, there are broadly two main
classes. The first approach employs active feedback control of the cavity length, thereby
achieving output stability of the AMLFL. P. Yan et al. [21] employed a phase-locked loop
(PLL) structure to feedback-control the pump power of the pump laser, thereby changing
the nonlinear refractive index of the erbium-doped fiber and enabling cavity-length control
of the laser cavity. As a result, repetition-rate stabilization was achieved over 1 h. In ref. [22],
a highly vibration-resistant all-polarization-maintaining fiber design was adopted, and the
free-running MLFL exhibited a long-term repetition-rate stability. R. Pan et al. [23] reported
a fiber actuator composed of a piezoelectric transducer and a ring-type displacement
amplifier. Experimental results showed that the laser repetition rate reached a fractional
stability over a 24-h observation duration. The second method utilizes injection locking
to achieve output stability of the AMLFL. In ref. [24], V. Billault et al. designed a scheme
using injection locking to suppress supermode noise and maintain the output stability
of an AMLFL. The RF spectral rejection of the supermode spur exceeded 140 dBc/Hz.
K. Krzempek [25] proposed a system which injected the nanosecond 1.55 pm master
oscillator pulses into the slave cavity of the dissipative soliton resonance laser to induce the
cross-phase modulation effect, thereby automatically compensating for cavity-length drift.

However, quantitative analysis of the long-term wavelength and power stability of
AMLFLs remains insufficient. Despite these advances, some drawbacks remain in existing
AMLFL systems. First, there is a lack of quantitative analysis before and after external
optical injection, particularly regarding long-term stability. Second, as the design of the
feedback loop becomes increasingly complex, the demands on feedback technology become
higher, and the cost also increases. Therefore, exploring more efficient and economical
wavelength stabilization schemes for AMLFLs is necessary.

In this paper, we propose and experimentally demonstrate a high-stability AMLFL
based on distributed feedback laser diode (DFB-LD) injection locking with Fabry-Perot
(E-P) etalon frequency stabilization. In the system, frequency stabilization of the DFB-LD is
first achieved by employing a wavelength modulation method, where the linear response
characteristic of the first-order derivative of the F-P etalon transmission peak is utilized
to generate the feedback signal. Subsequently, the stabilized DFB-LD is injected into
the ring cavity of the AMLFL. Finally, wavelength-stabilized mode locking is realized.
Experimental results demonstrate that after adopting the frequency-stabilized injection
scheme, the wavelength drift of a selected spectral line in the AMLFL output is reduced
to within the 10 pm resolution of the OSA. In addition, the SD of the power fluctuation of
the 5 GHz spectral component is 0.01 dB, and the SD of the average power of the output
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optical pulse is 0.01 dB. This approach requires no changes to the original main ring cavity
of the AMLFL, thereby maintaining a low cost and a simple configuration.

2. Operation Principles
2.1. Free-Running Active Mode-Locking

When an AMLFL operates in a steady state, the frequency spacing between longitudi-
nal modes within the gain bandwidth of the gain medium is related to the cavity length and
the refractive index of the intracavity medium. Assuming an optical resonant ring cavity
with a length of 2L, the longitudinal mode spacing Av and the frequency of longitudinal
modes vy, can be expressed as

Av = ¢ Vi = ¢
oL’ ™M 2L

1)

where c is the speed of light in vacuum, 7, is the refractive index, and N is a positive
integer. For simplicity, a symmetric set of longitudinal modes around the center frequency
is considered. The zeroth-order mode is selected as the central longitudinal mode, and
K modes are assumed on each side of it. Therefore, a total of 2K + 1 longitudinal modes
are considered to oscillate together in the cavity. The output optical field of the AMLFL is
expressed as:

K
Eout(t) = Y Exexpli(¢r + wyt)] 2)
k=—K

where Ey, wy and ¢y represent the amplitude, angular frequency, and initial phase of the
k-th longitudinal mode, respectively. The condition for mode locking is that the phases of
all longitudinal modes are synchronized, with a fixed constant phase difference A¢ between
any two adjacent longitudinal modes, that is, ¢ — ¢,_1 = A¢. This phase relationship
implies that ¢y = ¢ + kA¢p. ¢ is the phase of the zeroth-order longitudinal mode of
the mode-locked laser. The angular frequency wy can be expressed as wy = wg + 2kTAv.
wy is the center angular frequency of the AMLFL, that is, the angular frequency of the
zeroth-order longitudinal mode. For analytical simplicity, an idealized equal-amplitude
approximation is adopted here. In practice, the amplitudes of different longitudinal modes
may vary due to the finite gain bandwidth, intracavity loss, and spectral filtering. Under
this approximation, the amplitudes of all longitudinal modes are denoted as Ey, and the

output optical field of the AMLFL can be written as

K
Eout(t) = ) Egcos[(wy+ 2kmAv)t + ¢ + kA (3)
k=—K

Then, the total optical intensity can be given by

sin? | (2K + 1) (mavt + 5 )|
sin? (ﬂAvt + %)

Iout(t) & |Eout(t)|2 = E(% 4)

It should be noted that the equal-amplitude approximation is used only to obtain a com-
pact analytical expression. Unequal modal amplitudes would modify the detailed temporal
pulse envelope, but they do not change the basic conclusion that stable mode locking re-
quires fixed phase relationships among the longitudinal modes. From Equations (3) and (4),
it can be seen that the output optical field and optical intensity of an AMLFL are related to
Av and A¢. Due to environmental factors such as mechanical vibration and temperature
drift, Av and A¢ may change, potentially leading to mode unlocking. Therefore, it is
necessary to study an AMLFL with stable wavelength.
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2.2. Frequency-Stabilized Injection Light

To address the wavelength drift, a frequency-stabilized DFB-LD based on the F-P
etalon is proposed. In this work, the F-P etalon is modeled as an ideal plane-parallel etalon
consisting of two parallel reflecting surfaces. Under this plane-parallel approximation, the
normalized transmittance of the F-P etalon can be described by the standard Airy function

as follows [26]:
1

T(w) =
1+

4R ) wnFPLFP (5)
e
where R is the power reflectivity of the reflecting surfaces, ngp is the refractive index of the
medium inside the cavity, Lgp is the cavity length, and w is the angular frequency of the
incident light. As an example, considering the center frequency w = wgp of a transmission
peak of the F-P etalon, it satisfies

L
WFP”:P FP _ N7t ©)

where N is an integer. Taking the first derivative of Equation (5) with respect to w yields
the frequency discrimination curve:

i 2wnppLgp
_ 4nppLgpR(1 — R)? ° c

2
‘ [(1 —R)2+4Rsin2(amF§LFPﬂ

T'(w) = (7)

Near the center of a transmission peak, the sin? term is very small, and T (w) is approx-
imately linear. Figure 1 shows the transmission spectrum and the first-order differential
curve of the F-P etalon. The blue line represents the transmission peak of the F-P etalon,
and the red line represents its first-order differential curve.

WFP
Angular freqyency

Figure 1. Schematic diagram of the transmission spectrum and the first-order differential curve of the
F-P etalon.

It can be seen from Figure 1 that the first-order differential curve is approximately
linear in the vicinity of the center frequency of the transmission peak. When the angular
frequency of the DFB-LD w is higher than the center angular frequency of the transmission
peak wrp, the first-order differential is negative. When wy, < wgp, the first-order differential
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is positive. The sign of T'(w) indicates the direction of deviation of the DFB-LD frequency
from the transmission peak, which enables frequency discrimination.

To obtain the feedback signal, a small sinusoidal modulation is applied to the driving
current of the DFB-LD, causing its output angular frequency to vary sinusoidally around
the center value wy :

w(t) = wr + Awsin (Qf) (8)

where Aw is the modulation amplitude and () is the modulation angular frequency. The
modulated DFB-LD passes through the F-P etalon, and the transmitted optical intensity is
givenby I(t) = IyT(w(t)). By expanding T(w) in a Taylor series around wy, we obtain:

T(w(t)) = T(wr) + T'(wr)Awsin (Q) + %T//(WL)(Aw)zsinz (Qt) + - - )

The photodetector (PD) converts light intensity into an electrical signal, which is then
mixed with a local oscillator signal M sin (Q)t). After passing through a low-pass filter to
remove high-frequency components, the resulting direct current (DC) component of the
mixed signal serves as the feedback signal:

1 /
Vo (wr) = s MAWT (wr) (10)

From Equation (10), it can be seen that when w; = wgp, T'(wr) = 0 and Vg, (w) = 0;
when w; < wgp, T'(wy) > 0 and Vg, (wp) > 0; when wp > wgp, T'(wr) < 0 and
Vip(wr) < 0. The corresponding process is illustrated in Figure 2. When the center
wavelength exactly coincides with the peak of the transmission spectrum, the wavelength
modulation at angular frequency () produces an output signal with an angular repetition
frequency of 2(), and the feedback DC signal is zero. When the center wavelength deviates
from the transmission peak, the output signal exhibits an angular repetition frequency of
2(), while the feedback DC signal becomes non-zero. In this way, after obtaining the DC
signal, the driving current of the DFB-LD is feedback-controlled according to its magnitude,
so that the feedback DC signal approaches zero, thereby achieving frequency stabilization
of the DFB-LD.

z,  transmission spectrum

2 of the F-P etalon

2

=

2}

=

g
AAs \
=5 =2

<Z <Z Angular}requency
> S S

~ ~
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Figure 2. Schematic of the demodulation signal obtained after the DFB-LD passes through the
transmission peak of the F-P etalon.

3. Experimental Setup

The schematic diagram of the high-stability AMLFL based on DFB-LD injection locking
with F-P frequency stabilization is shown in Figure 3. It mainly consists of two sections:
the AMLFL and the F-P frequency stabilization module. In the AMLFL, an erbium-doped
fiber amplifier (EDFA, EDFA-MD-L-30-FC/UPC, Wuhan Post and Telecommunications
Research Institute, Wuhan, China) is used as the gain module. The EDFA is a commercial
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module with an internal pump laser diode. Therefore, no additional external pump
optical path is required in the ring cavity. It provides a broadband-amplified optical
field and simultaneously amplifies the intracavity optical signal. During the experiments,
no adjustment is made to the EDFA operating setting. An optical band-pass filter (OBPF,
BVF-200CL, Alnair Laboratories Corporation, Tokyo, Japan) with a center wavelength of
1550 nm and a 3-dB bandwidth of 3 nm is used. Through a 3:7 optical coupler (OC1), 30%
of the optical field is extracted from the cavity as the output. This output is split into two
parts by a 5:5 OC2. One part is connected to an optical spectrum analyzer (OSA, OSA-AP1,
APEX Technologies, Tokyo, Japan), while the other part is converted into an electrical
signal by PD1 (DSC40S, 16 GHz, Discovery Semiconductors, Inc., Ewing, NJ, USA), and
its time-domain waveform and frequency-domain electrical spectrum are observed using
an oscilloscope (OSC, 861004, Agilent Technologies, Santa Clara, CA, USA, >50 GHz
bandwidth) and an electrical spectrum analyzer (ESA, 8564EC, Agilent Technologies, Santa
Clara, 9 kHz—40 GHz), respectively. The remaining 70% of the optical field continues
circulating within the ring cavity. An optical delay line (ODL, manual variable optical
delay line, VDL-001, General Photonics Corp., Chino, CA, USA) precisely and controllably
delays the AMLFL pulses in time, thereby fine-tuning the ring cavity length to satisfy the
mode-locking condition. After propagating through the single-mode fiber (SMF, G.652.D,
Yangtze Optical Fibre and Cable Joint Stock Limited Company, Wuhan, China), the optical
field enters the dispersion-compensating fiber (DCF, DM1013-A, Yangtze Optical Fibre
and Cable Joint Stock Limited Company, Wuhan, China). The DCF is used to adjust the
intracavity dispersion, balancing the normal and anomalous dispersion to compensate for
pulse-broadening effects. A 5-GHz microwave signal generated by an RF source is used as
the modulation signal for the Mach-Zehnder modulator (MZM, AM40, Fiber-Resources,
Zhuhai, China), which is biased at the quadrature point. Since the MZM is polarization-
sensitive, a polarization controller (PC1) is placed before it to ensure stable polarization of
the input optical field. An isolator (ISO) ensures unidirectional propagation of the optical
field within the cavity, thereby preventing back-reflection crosstalk. Finally, the optical field
returns to the EDFA, completing the optical resonant loop.

In the frequency stabilization module, the driving current of the butterfly packaged
DFB-LD (BFLD-CH35-20PM-FA) is provided by a driver circuit board. The output light
from the DFB-LD passes through an OC4 (5:5), where 50% of the optical field is extracted
as the frequency-stabilized output. The remaining 50% is directed into the F-P etalon and
subsequently received by a PD2 (DSC40S, 16 GHz). The resulting electrical signal from
PD2 contains a 12 MHz fundamental component related to the frequency deviation of the
DFB-LD from the F-P transmission peak. This signal is amplified and fed into the RF port
of a frequency mixer. One channel of an arbitrary waveform generator (AWG, RIGOL
DG1062Z) generates a 12 MHz electrical signal to modulate the driving current of the
DFB-LD via the driver circuit board. Another synchronized 12 MHz electrical signal is fed
into the LO port of the frequency mixer. After low-pass filtering, the mixed signal produces
a DC component that is used as the feedback DC signal for frequency stabilization. The
feedback DC signal is further sent to a voltage comparator (ADCMP602). The comparator
compares the DC feedback voltage with a preset threshold voltage and outputs a high or
low logic level to the STM32 microcontroller. It should be noted that the comparator does
not use an independent reference-frequency source. The 12 MHz frequency reference for
demodulation is provided by the AWG. Ideally, the feedback DC voltage is 0 mV when the
DFB-LD wavelength coincides with the F-P etalon transmission peak. In the experiment,
the threshold voltage is set to 1 mV to avoid false triggering caused by residual electrical
noise and DC offset. This feedback DC signal is further processed by a comparator and then
sent to an STM32 microcontroller, which generates a feedback control signal under software
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control. The control signal is converted through a digital-to-analog converter (DAC) module
and applied to the DFB-LD driver circuit board to achieve frequency stabilization of the
DFB-LD. To adjust the optical power of the injected light, the frequency-stabilized DFB-
LD output passes through an optical attenuator (ATT). Additionally, PC2 is employed to
match the polarization state of the injected light with that of the ring cavity. Finally, the
frequency-stabilized DFB-LD output is injected into the ring cavity through the 1% port of
an OC3.

—— Optical signal
— = - Electrical signal

OBPF
EDFA
(internal pum;
150 (R IReT
«
. mzmb=l

SIVED) g N LUl ocs 0%
Drive

er circuit board

I

I

I

I

I "
AWG Mixer

A il - k¥

| LO RF

|

1

|

=

Frequency stabilization module

Figure 3. Schematic diagram of the high-stability AMLFL based on DFB-LD injection locking with
F-P frequency stabilization. EDFA: erbium-doped fiber amplifier, OBPF: optical band pass filter,
OC: optical coupler, ODL: optical delay line, PD: photodetector, SMF: single-mode fiber, DCF:
dispersion-compensating fiber, PC: polarization controller, MZM: Mach-Zehnder modulator, ISO:
isolator, EA: electrical amplifier, LPF: low-pass filter, DAC: digital-to-analog converter, DFB-LD:
distributed feedback laser diode, F-P etalon: Fabry-Perot etalon, AWG: arbitrary waveform generator,
ATT: optical attenuator, OSC: oscilloscope, OSA: optical spectrum analyzer, ESA: electrical spectrum
analyzer, MC: microwave coupler.

4. Experimental Results
4.1. Frequency Stabilization

First, experiments on the frequency stabilization module are carried out. With fre-
quency stabilization control activated, the feedback DC signal is compared with the thresh-
old voltage of the comparator. If the feedback DC signal exceeds the threshold, a high-level
output is generated. Conversely, when the feedback DC signal falls below the threshold, a
low-level output is produced. Figure 4 shows the feedback DC signal with and without
frequency stabilization control. The green curve represents the free-running condition of
the DFB-LD, which manifests as irregular fluctuations in the feedback DC signal. The blue
curve corresponds to the feedback DC signal under frequency stabilization control. It can
be seen that the feedback DC signal remains stable, indicating that frequency stabilization
has been achieved. The stepwise variation under frequency stabilization results from the
discrete DAC control of the DFB-LD driving current, indicating that the feedback loop
drives the DFB-LD frequency toward the F-P etalon transmission peak and finally locks it
near the zero-feedback point.
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Figure 4. Voltage variation curve of the feedback DC signal with and without frequency
stabilization control.

To further evaluate the stability of the frequency stabilization module, the operating
temperature of the DFB-LD is manually varied to observe the corresponding feedback DC
signal. The experimental results are shown in Figure 5. The operating temperature of the
DFB-LD is tuned up and down by 0.01 °C under both free-running and frequency-stabilized
conditions. It can be observed that without frequency stabilization control, the feedback DC
signal exhibits significant fluctuations. With frequency stabilization control, the feedback
DC signal is rapidly regulated to approximately 0 mV even when the operating temperature
varies, demonstrating effective suppression of temperature-induced frequency drift.

Without frequency stabilization
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Figure 5. Voltage variation curve of the feedback DC signal when adjusting the temperature with
and without frequency stabilization control.

4.2. Free-Running AMLFL

When the 1% port of OC3 is disconnected, the system operates as a free-running
AMLFL. To obtain a clear and stable time-domain waveform, the ODL is manually tuned
to adjust the cavity length until 5 GHz RF modulation frequency applied to the MZM
matches a high-order harmonic of the fundamental cavity repetition frequency of the
AMLFL. At this point, the measured optical spectrum is shown in Figure 6a. It can be
seen that the center wavelength of the spectrum is approximately 1548.55 nm. Harmonics
of the repetition rate within a 22 GHz span are displayed in Figure 6b. The RF spectrum
shows a 5 GHz harmonic repetition component, which is consistent with the RF modulation
frequency applied to the MZM. The weakening of the 4th harmonic around 20 GHz is
mainly caused by the finite pulse width of the pulse train and the non-flat high-frequency
response of the electrical detection chain. It should be noted that the RF spectrum is plotted
over a wide frequency span to show the 5 GHz repetition component and its harmonics.
Therefore, the supermode sidebands close to the main harmonic components are not clearly
resolved in this display scale, which does not imply the complete absence of supermode
noise. Moreover, by observing the detailed RF spectrum around the 5 GHz component, the
spacing between adjacent side modes is measured to be approximately 1.7 MHz, which
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corresponds to the fundamental cavity repetition frequency of the AMLFL. Figure 6¢
presents the corresponding time-domain waveform. The oscilloscope-measured temporal
pulse width is observed to be 39.6 ps. Meanwhile, the repetition rate is 5 GHz.

-10 T T T

Optical power (dBm)
Electrical power (dBm)

15 20
Frequency (GHz)

(a) (b)

_60 1 1 1 _90 L
1547.8 1548.0 1548.5 1549.0 1549.3 0 5 10
Wavelength (nm)

"

iy
MVl

(©)

Figure 6. Experimental results of the free-running AMLFL. (a) The measured optical spectrum.

Amplitude (mV)

(b) The measured RF spectrum. (c) The corresponding time-domain waveform.

4.3. Injection into the AMILFL Without Frequency Stabilization

The 1% port of OC3 is connected to the system, with the injection light source pro-
vided by the DFB-LD without frequency stabilization. The driving current of the DFB-LD
is adjusted so that its center wavelength roughly aligns with the center wavelength of
the AMLFL. In addition, it is experimentally observed that an excessively high injection
power may disturb the intracavity balance and lead to waveform distortion or unstable
mode-locking operation, while an excessively low injection power may weaken the stabiliz-
ing effect. Therefore, the injection power used in this experiment is selected as —20.96 dBm,
at which stable mode-locked operation and improved long-term stability are obtained. To
evaluate the output characteristics of the system, the optical output signals are measured
and recorded. The measured optical spectrum is shown in Figure 7a. The red curve shows
the center wavelength of the DFB-LD. The center wavelength of the AMLFL is approxi-
mately 1548.55 nm. In this case, the center wavelength of the DFB-LD is set to match that
of the AMLFL, which is 1548.55 nm. The output optical power of the DFB-LD is 10.31 dBm,
and its linewidth is 5 MHz. The spectrum shows that the injection into the AMLFL without
frequency stabilization exhibits a longitudinal mode spacing of 0.04 nm, which corresponds
to a pulse repetition frequency of 5 GHz. The electrical spectrum of the AMLFL is shown in
Figure 7b. The corresponding time-domain waveform is shown in Figure 7c. The zoomed-
in view of Figure 7c shows that the oscilloscope-measured temporal pulse width is 39.9 ps.
Injection into the AMLFL without frequency stabilization mainly enhances long-term fre-

https:/ /doi.org/10.3390/photonics13080771


https://doi.org/10.3390/photonics13080771

Photonics 2026, 13, 771

10 of 15

quency stability, reduces timing jitter, and improves repetition-rate accuracy, rather than
modifying the temporal pulse profile. Consequently, the oscilloscope-measured temporal
pulse width changes only slightly.

the center wavelength of the DFB-LD

-10 T 7
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= ]
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Figure 7. Experimental results of injection into the AMLFL without frequency stabilization. (a) The mea-
sured optical spectrum. (b) The measured RF spectrum. (c) The corresponding time-domain waveform.

4.4. Injection into the AMLLFL with Frequency Stabilization

When the frequency stabilization module is activated, the system operates as an
injection-locked AMLFL with frequency stabilization. After adjusting the ODL to maintain
the AMLFL in a mode-locked state, the resulting optical spectrum, electrical spectrum,
and time-domain waveform of the system output field are shown in Figure 8. It can
be observed that the center wavelength of the spectrum remains near 1548.55 nm. The
oscilloscope-measured temporal pulse width is 39.2 ps, and the repetition rate is 5 GHz.
Similarly, when frequency-stabilized injection is applied, the injected DFB-LD light mainly
suppresses wavelength drift and power fluctuation. Since the gain bandwidth, RF mod-
ulation condition, and intracavity dispersion remain nearly unchanged, the oscilloscope-
measured temporal pulse width remains close to those obtained under the other two
operating conditions.

To compare the stability of the AMLFL output under three conditions, namely
free-running, injection without frequency stabilization, and injection with frequency sta-
bilization, experimental data are recorded over a 2 h observation period. The spectral
line located near the center wavelength of the AMLFL output spectrum, approximately
1548.55 nm, is chosen as the selected wavelength. During the stability test, the output
spectrum of the AMLFL is recorded every three minutes using the OSA, which has a
wavelength resolution of 10.00 pm. The center wavelength of the selected spectral line is
extracted from each recorded spectrum, and the collected values are used to evaluate the
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wavelength drift given in Figure 9a. The experimental curve of the free-running AMLFL
is represented by the red line. Similarly, the corresponding curve under injection without
frequency stabilization is depicted by the blue line. The case of injection into the AMLFL
with frequency stabilization is presented by the green line. The horizontal axis is the
observation time, fixed at two hours. The vertical axis represents the wavelength data
of the output light. Comparing the three curves clearly shows that free-running AMLFL
exhibits the largest wavelength drift range. In contrast, injection into the AMLFL with
frequency stabilization significantly reduces the wavelength drift range, demonstrating
the best long-term wavelength stability. The comparison of the power fluctuation of the
5 GHz spectral component is shown in Figure 9b, while the comparison of average power
drift of the output optical pulse is presented in Figure 9c. The data shown in Figure 9b,c
are obtained over a 2 h period under each operating condition, with observations recorded
every three minutes. It can be clearly seen that, among the three conditions mentioned
above, injection into the AMLFL with frequency stabilization exhibits the smallest power
fluctuation of the 5 GHz spectral component and the smallest average power drift of the
output optical pulse, demonstrating the best overall performance. The similar time-domain
waveforms in Figures 6-8 mainly verify stable mode-locked operation under the three
conditions, while the stability improvement is evaluated from the long-term wavelength
and power fluctuations.

the center wavelength of the DFB-LD
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Figure 8. Experimental results of injection into the AMLFL with frequency stabilization. (a) The mea-

sured optical spectrum. (b) The measured RF spectrum. (c) The corresponding time-domain waveform.
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Figure 9. Experimental results for free-running AMLFL, injection into the AMLFL with and without
frequency stabilization. (a) Wavelength drift of a selected wavelength. (b) The power fluctuation of
the 5 GHz spectral component. (c) Average power of the output optical pulse.

To comprehensively evaluate the three conditions described above, a comparative
analysis is performed. The data shown in Figure 9 are further quantitatively organized into
tabular form. The results are summarized in Table 1, which lists the maximum drift ranges
(MDRs) of a selected wavelength, the electrical power of the 5 GHz spectral component,
and the average optical power within the observation period. As shown in Table 1, for
injection into the AMLFL with frequency stabilization, the wavelength drift is within the
10 pm resolution limit of the OSA. Meanwhile, the maximum electrical power fluctuation
of the 5 GHz spectral component is 0.05 dB, and the maximum fluctuation of the average
optical pulse power is 0.03 dB.

Table 1. Comparison of performance of free-running AMLFL and injection into the AMLFL with and
without frequency stabilization.

Wavelength Drift of a Power Fluctuation of Average Power of the
MDR Selected Wavelength the 5 GHz Spectral Output Optical Pulse
(pm) Component (dB) (dB)
Free-running 30 0.57 0.25
Injection w1’.chout. 20 0.39 0.09
frequency stabilization
Injection with frequency <10 0.05 0.03

stabilization

To further evaluate the stability of the system output, the standard deviations (SDs) of
the electrical power fluctuation of the 5 GHz spectral component and the average optical
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power fluctuation are calculated and summarized in Table 2. In the case of injection into
the AMLFL with frequency stabilization, both SD values are lower than those under the
other two conditions. These results demonstrate that the proposed frequency-stabilized
injection scheme effectively improves the power stability of the AMLFL output.

Table 2. Comparison of drift SD of free-running AMLFL, injection into the AMLFL with and without
frequency stabilization.

Power Fluctuation of the 5 GHz Average Power of the Output

SD Spectral Component (dB) Optical Pulse (dB)
Free-running 0.17 0.06
Injection wiﬂ?out. frequency 0.09 0.03
stabilization
Injection with frequency 0.01 0.01

stabilization

5. Discussion

To provide contextual information on the operating conditions of related AMLFL
systems, several previously reported systems and the proposed system are summarized
in Table 3. It should be noted that Table 3 is not intended to directly compare different
instability metrics, but rather to provide background information on the observation time,
repetition frequency, and center wavelength of representative systems.

Table 3. Comparison of previously reported systems and the proposed system.

Ref Observation Time Repetition Frequency ;ﬁﬁfgﬁi‘;‘u‘y;zizrg::)
[21] 1h 80.1 MHz 1569.5
[22] 12h 111 MHz ~1567
[23] 1h ~100 MHz ~1560
[24] - 4 GHz 780
[25] 25h 1.0 MHz 1063.5
This work 2h 5 GHz 1548.55

From all the experimental results presented above, the significance and practicality
of this system are well demonstrated. A frequency-stabilized DFB-LD based on the F-P
etalon is passively injected into the cavity of the AMLFL, which significantly improves the
output stability of the AMLFL in terms of the wavelength drift of a selected wavelength,
power fluctuation of the 5 GHz spectral component, and average power of the output
optical pulse. The experimental results are in good agreement with the theoretical analysis,
thereby confirming its reliability. In addition, the optical injection scheme does not alter the
intrinsic cavity structure of the AMLFL, providing a cost-effective and flexible solution for
high-stability AMLFL systems.

6. Conclusions

We have proposed and experimentally demonstrated a high-stability AMLFL based
on DFB-LD injection locking with F-P frequency stabilization. In this system, wavelength
modulation is employed, and the frequency-stabilized feedback signal is obtained by
exploiting the linear response of the first-order derivative of a transmission peak of the
F-P etalon. This frequency-stabilized optical source is then passively injected into the
ring cavity of the AMLFL. The experimental results show that, under the free-running
AMLFL condition, the MDR of a selected wavelength is approximately 30 pm. Without
frequency stabilization, the MDR of the same wavelength drift is reduced to approximately
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20 pm. With frequency stabilization, the wavelength drift is further reduced to within
the 10 pm resolution of the OSA. Furthermore, the output stability of the AMLFL is
significantly improved in the electrical spectrum and average power of the output optical
pulse. Specifically, the SD of the power fluctuation of the 5 GHz spectral component is
reduced to 0.01 dB, and the SD of the average output optical pulse power is also reduced
to 0.01 dB after frequency stabilization. The scientific novelty of this work lies in using an
externally frequency-stabilized DFB-LD as the injection source to improve the long-term
wavelength and power stability of an AMLFL without modifying its original main ring
cavity. The system features a low cost and a simple structure and is expected to find
applications in high-speed optical communications and microwave photonics in the future.
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