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This paper presents a wide-range tunable wavelength-locking technology based on optoelectronic 
oscillation (OEO) loops for optical fiber sensors and microwave photonics applications, explains the 
theoretical fundamentals of the design, and demonstrates a method for locking the relative wavelength 
differences between a leader semiconductor laser and its follower lasers. The input of the OEO loop in 
the proposed scheme (the relative wavelength difference) determines the radio-frequency (RF) signal 
frequency of the oscillation output, which is quantized into an injection current signal for feedback to 
control the wavelength drift of follower lasers so that they follow the wavelength change of the leader 
laser. The results from a 10-hour continuous experiment in a field environment show that the wave-
length-locking accuracy reached ±0.38 GHz with an Allan deviation of 6.1 pm over 2 hours, and the 
wavelength jitter between the leader and follower lasers was suppressed within 0.01 nm, even though 
the test equipment was not isolated from vibrations and the temperature was not controlled. Moreover, 
the tunable range of wavelength locking was maintained from 10 to 17 nm for nonideal electrical de-
vices with limited bandwidth.
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I. INTRODUCTION

In recent years, distributed feedback (DFB) lasers have 
played a significant role in many fields, ranging from opti-
cal communication [1] to optical-fiber sensors [2–4], owing 
to enormous advantages such as admirable beam quality, 
low cost, and wide tunable range. The drift of the source of 
the light-wavelength signal directly affects the stability of 
the system and the sensitivity of sensor measurements, so 
wavelength-stabilization research has received significant 
attention over the past few decades. Based on the principles 
of DFB [5, 6], the passive wavelength-stabilization method 
stabilizes the laser output by directly controlling the current 
and temperature of the laser diode. However, it is difficult 
obtain a high degree of stability with this method, because 
it has no control over intensity fluctuations caused by the 

external environment. To obtain better wavelength stabil-
ity, the laser wavelength can be stabilized with respect to 
an external reference, such as a Fabry-Perot (F-P) etalon 
[7–9], which has a transmission peak for a specific fre-
quency. By using this high-precision optical element, the 
output of the laser can be locked to the peak or slope of the 
wavelength reference [10]. Self-injection locking to an ex-
ternal fiber cavity is also an efficient technique for enabling 
the self-stabilization of semiconductor lasers. By using the 
frequency-selective characteristics of a ring resonator [11, 
12], a narrow self-injection locking linewidth and wave-
length stabilization of a distributed-feedback laser diode 
(DFB-LD) can be realized. The Pound-Drever-Hall (PDH) 
method, based on the principle of orthogonal demodulation, 
is one of the most widely used techniques for wavelength 
stabilization; it can lock laser output to an ultrastable opti-
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cal reference cavity with great accuracy, and the linewidth 
of a laser can be narrowed to the single-hertz level or less 
[13, 14]. Recently a relatively new wavelength-stabilization 
method using wave meters was proposed [15,16]. This 
method has the advantages of a wide locking range and 
high locking precision, and can effectively stabilize the la-
ser to any desired wavelength within the operating range of 
the wave meter through a closed-loop control system (PID 
controller).

Based on the theory of traditional optoelectronic oscil-
lation (OEO) devices [17, 18], we propose and put into 
practice a feasible wavelength-locking method that is 
obviously different from the methods above. Through 
careful design and parameter selection, the accuracy of 
the proposed method reaches the same level as the above 
methods. Recently, most OEO research has focused on the 
quality improvement of the oscillation frequency [19–22] 
or has explored the applications of OEO, such as optical-
fiber sensors [23–25]. In our scheme, an OEO loop works 
as a sensor to convert the optical wavelength drift to an 
electrical control signal. The OEO’s input and the leader 
and follower lasers are connected to form a dual-loop cav-
ity structure [26–28], which is composed of high-dispersion 
fiber (HDF) and several optical connection devices. The 
wavelength drift between the leader and follower lasers 
results in a change in the OEO cavity’s delay characteristics 
due to a dispersion effect, and the output oscillation fre-
quency changes accordingly. Furthermore, this change in 
oscillation frequency is quantified into an injection-current 
signal through a proportional-integral-dericative controller 
(PID) design, and feedback controls the wavelength drift of 
the follower lasers to follow the wavelength change of the 
leader laser.

Results from a 10-hour continuous experiment in a field 

environment indicate that the wavelength jitter between the 
leader and follower lasers can be suppressed within 0.01 
nm, and the locking accuracy can reach ±0.38 GHz with an 
Allan deviation during 2 hours (σ2 at 2 h) of 6.1 pm under 
conditions where the test equipment was not isolated from 
vibrations and the temperature was not controlled, which 
can meet the needs for laser-wavelength stability during 
measurements made with optical-fiber sensors. Moreover, 
even though the bandwidths of some nonideal electrical 
devices were limited, the adjustable locking range still 
reached 10–17 nm.

II. PRINCIPLES OF OPERATION

The experimental setup for the wavelength-stabilizing 
system of leader and follower lasers is shown in Fig. 1. 
The entire experimental environment reproduces an actual 
engineering environment as much as possible, without mea-
sures for vibration isolation or temperature control, even 
though the thermoelectric cooler (TEC) pins of the DFB 
lasers are disabled. Without loss of generality, the inputs of 
the wavelength-locking module are: the leader laser is set 
to 1552 nm, and three sets of follower lasers with different 
wavelengths are set to 1535 nm, 1540 nm, and 1542 nm.

In the wavelength-locking module shown in Fig. 1, the 
optical path is shown in yellow. First, the output of the lead-
er/follower lasers is sent to the coupler and split into two 
paths: 10% of the light power is trapped for the proposed 
wavelength-stabilization procedure, and the rest is used 
for normal optical-fiber sensing and microwave photonics 
applications. Then, the wavelength-division multiplexer 
(WDM) couples two signals to one path, which is injected 
into the Mach-Zehnder modulator (MZM) and modulated 
by the oscillation radio-frequency (RF) signal output from 

FIG. 1. Experimental setup for the wavelength-stabilizing system for leader and follower lasers. A small part of the light energy of 
the leader and follower lasers enters the wavelength-locking module, and the rest of the light energy locked by wavelength will be 
used for other purposes. The optical and electronic paths are shown in yellow and green respectively.
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the oscillation loop. The loop is mainly composed of a 
200-m-long HDF, NDCF-G.652C (YOFC, Hubei, China), 
which has a high dispersion coefficient of about −140 ps/
(nm.km) at 1545 nm and accelerates the dispersion effect. 
The dispersion-induced optical delay reflects the relative 
wavelength drift of the leader and follower lasers, and this 
optical delay is further converted into electrical signals for 
subsequent feedback processing. Finally, the multiwave-
length delayed optical signal is separated by a WDM split-
ter and sent to the balanced photodetector (PD) for photo-
electric conversion.

In the wavelength-locking module shown in Fig. 1, the 
electronic path is shown in green. First, the PD receives 
two optical signals and converts them to an oscillating RF 
signal by photoelectric conversion, where the relative drift 
of the wavelengths of the leader and follower lasers is con-
verted to the frequency jitter of an oscillating RF signal. 
The central frequency of the oscillating RF signal is deter-
mined by the delay in the photoelectric loop. Then, a low-
noise amplifier (LNA) is used to compensate for the loss in 
the optoelectronic loop. The amplified RF signal is divided 
into two paths by a 3-dB coupler; one path is applied to the 
MZM via the RF port to form an OEO loop and maintain 
its self-sustained oscillation, and the other path is sent to 
a mixer to achieve a beat frequency with the reference RF 
signal output from the tunable local oscillator (LO). Finally, 
the beat-frequency signal is processed by a proportional-
integral (PI) controller, which produces a correction signal 
to adjust the injection current of the follower laser. Feed-
back controls the wavelength drift of the follower lasers to 
follow the wavelength change of the leader laser, and the 
wavelength difference between the lasers is gradually stabi-
lized at a fixed value.

The RF signal oscillation from the dual-loop OEO with 
large mode spacing and low phase noise [27] has a central 
frequency fRF that can be expressed as

𝑓𝑓�� = 𝑛𝑛eff 𝛥𝛥⁄ 𝜏𝜏        ,                  (1) 

  

, (1)

where neff is the effective index of the fiber and Δτ is the 
differential delay time induced by the dispersion effect of 
the HDF in the dual-loop OEO. The single-loop delay τ re-
sulting from dispersive components in the loop is given by

𝜏𝜏 𝜏 𝜏𝜏 𝜏 𝜏𝜏 𝜏 𝜏𝜏          ,                 (2) 

  

, (2)

where l  is the wavelength of the laser injected into the 
loop, L is the length of the HDF, and D is the dispersion 
coefficient of the HDF. As shown in Fig. 1, the outputs of 
the lasers are coupled into the same HDF, and the differen-
tial delay time is only dependent on the wavelengths of the 
lasers. The central frequency of the oscillation RF signal fRF 
can be rewritten as

𝑓𝑓�� = 𝑛𝑛eff �𝛥𝛥𝛥𝛥 𝛥 𝛥𝛥 𝛥 𝛥𝛥�⁄                        (3) 

  

, (3)

where Δl  is the wavelength difference between the leader 
laser and the follower laser. According to Eq. (3), fRF has a 
unique uncertainty Δl , so the dual-loop OEO can work as a 
sensor for detecting the drift of Δl  caused by external envi-
ronmental changes. Then, the wavelength drift information 
is converted from the optical domain to the electrical do-
main, which can be directly detected by the beat frequency 
with the reference signal through the mixer. The reference 
signal’s frequency fLO set by the LO is given by

𝑓𝑓�� = 𝑛𝑛eff �𝛥𝛥𝛥𝛥� ⋅ 𝐿𝐿 ⋅ 𝐿𝐿�⁄ + 𝛥𝛥𝑓𝑓�       ,            (4) 

  

, (4)

where Δl 0 is the target wavelength difference for locking 
the system, and Δf0 is a frequency compensation (approxi-
mately tens of Hz) ensuring that the beat-frequency signal 
can reach the low-frequency band and is convenient for 
subsequent PID-module processing. By adjusting the output 
frequency of the LO, the system can flexibly lock multiple 
wavelength differences. The PI controller processes the 
beat-frequency signal, and feedback controls the injection 
current of the follower laser. Thus, the follower laser can 
dynamically compensate for the wavelength drift of the 
leader laser to completely stabilize the wavelength differ-
ence between the lasers.

It is worth noting that the scheme we propose aims to 
stabilize the lasers in actual optical-fiber sensors, so the 
working environment (i.e. temperature, humidity, and vi-
bration) of the lasers is established as for a general real-
world situation. In addition, to evaluate the wavelength 
stability and long-term continuous operation of the system, 
the temperature control of the lasers is not activated, and no 
deliberate isolation and vibration reduction measures are 
used in the experiment.

If part of the output of the 3-dB coupler in Fig. 1 is con-
nected to a spectrum analyzer, the response of the dual-
loop OEO can be observed. Figure 2 shows the measured 
spectral responses of the wavelength-locking module for 
the leader laser at 1552 nm and three sets of follower lasers 
with different wavelengths. According to the wavelength 
difference between the leader and follower lasers, the spec-
tral response is divided into three zones, corresponding to 
10 nm, 12 nm, and 17 nm. For example, the green zone cor-
responds to the measured spectral responses of the leader 
and follower lasers at 1552 nm and 1540 nm respectively. 
When the wavelength-locking system is not activated, it 
can be observed that the RF oscillation frequency jitters 
within the range of 4.160 to 4.465 GHz, as shown by the 
thin green lines, which characterizes the instability of the 
wavelength difference. Meanwhile, it is worth noting that 
to present the result more clearly, only a few thin lines are 
shown in each zone. When the system is activated, the RF 
oscillation frequency is gradually stabilized at the single 
thick green line at 4.375 GHz, which indicates that wave-
length difference locking is completed. The parameters of 
the HDF used in the experiment are given in the description 
of Fig. 1, and its refractive index neff is approximately 1.47 
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at 1550 nm. The measured experimental result agrees well 
with Eq. (3).

By derivation of Eq. (3), the measurable wavelength-
jitter resolution R of the system can be obtained, expressed 
as

𝑅𝑅 𝑅 ����
�eff

𝛥𝛥𝛥𝛥��            ,              (5) 

 

, (5)

where ΔfRF is the minimum spectrum interval of the adja-
cent peak that can be measured by the spectrum analyzer. 
The measured results show that ΔfRF is approximately 5 
MHz; this value depends not only on the measurement ac-
curacy of the spectrum analyzer, but also on the overall 
length of the loop, which is the HDF length. Theoretically 
the resolution of the system can be improved simply by us-
ing a longer HDF; however, the photoelectric oscillation 
loop will need more time to stabilize. For the 200-m HDF 
applied in this experiment, the measurable wavelength-
difference jitter of the system can reach 0.01 nm, according 
to Eq. (5).

In Fig. 2, we demonstrate the wavelength-difference 
locking of the leader laser at 1552 nm and three sets of fol-
lower lasers with different wavelengths of 1535 nm, 1540 
nm, and 1542 nm, and asynchronously realize a group of 
follower lasers locking with a wavelength spacing of 10–17 
nm at time division. This means that multiple follower 
lasers with different wavelengths for the locking task can 
concurrently share the same leader laser and additional pas-
sive optical devices in the system, which also reduces the 
system’s cost, to a certain extent. In addition, benefiting 
from the rapid development of integrated circuits, the cor-

responding electronic components have become affordable. 
In theory, the wavelength-locking range of the scheme we 
propose is not limited to 10–17 nm. For instance, when the 
wavelength difference to be locked in the system is <10 
nm or >17 nm, the corresponding RF oscillation frequency 
will appear above 5.5 GHz or below 2.0 GHz in the spec-
trum respectively. However, it is limited by the bandwidth 
of the LNA in Fig. 1; the LNA used in the experiment was 
PMA3-63GLN-D+ (Mini-Circuits, NY, USA) with a band-
width from 2.5 GHz to 5 GHz, which prevents the above 
calculations from being realized in the experiment. Even 
so, compared to a method proposed elsewhere [7, 8], the 
scheme we propose can flexibly lock multiple wavelength 
differences within a wider range. Among the three types of 
follower lasers with different wavelengths demonstrated 
in Fig. 2, the most typical type is the group of data at the 
central bandwidth of the LNA, corresponding to the leader 
and follower lasers at 1552 nm and 1540 nm respectively. 
At the same time, to keep the organizational structure of the 
article more compact, the in-depth analysis shown in Figs. 
3–6. is based on this group of data alone.

III. EXPERIMENTS

To evaluate the wavelength-locking performance of the 
system, two sets of leader and follower lasers at 1552 nm 
and 1540 nm respectively are set in the same experimental 
environment: One set is the free-running case, and the other 
is regulated by the system. The wavelength-drift character-
ization of each set of leader and follower lasers is recorded 
and compared.

In practical applications, the effect of wavelength lock-

FIG. 2. Measured spectral responses of the wavelength-locking module when the leader laser is paired with three sets of follower 
lasers, and the wavelength difference is shown in each of the colored zones. The single thick line in each color zone represents the 
stable photoelectric oscillation output, while the multiple thinner lines represent the unlocked outputs.
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ing is limited by many factors. In terms of sensors, the 
wavelength drift caused by current jitter and temperature 
changes always exists, and sometime these effects combine. 
To evaluate the influence of these factors on the output 
wavelength of the laser, we first fixed the injection current 
of the lasers at 400 mA and observed the effects of tem-
perature changes on the laser’s output wavelength.

Figure 3 shows the measured wavelengths of the leader 
and follower lasers at 1552 nm and 1542 nm respectively 
with the corresponding temperature and injected current, in 
the free-running case. In the “temperature-injection current” 
coordinate plane, because the injection current of the lasers 
is fixed at 400 mA by the LT3080 and the environmental 
temperature changes are within the range of 10 °C to 30 °C, 
the data-point projection appears as a straight line, which 
represents the temperature distribution in the experiment. 
In the “injection current-wavelength” coordinate plane, the 
coupling between the injection current and wavelength is 
weak because the system is not activated, and the data-point 
projections of the lasers are gathered in two regions. In the 
“temperature-wavelength” coordinate plane, the tempera-
ture increase induces a redshift of the laser’s wavelength, 
and the wavelength drift with temperature is approximately 
0.2 nm/°C. Here all projections on each plane appear regu-
lar; however, the wavelength drift of a laser is sensitive to 
the environment and random, which leads to a change in 
the relative wavelength and random differences between 
the leader and follower lasers. Therefore, we continuously 
observed the wavelength-drift characterization of the leader 

and follower lasers at 1552 nm and 1540 nm respectively in 
the free-running case.

The measurement lasted for 10 hours, from 9:00 to 
19:00, and the measured values are presented as groups of 
circles in different colors in Fig. 4. It can be observed that 
the wavelength-drift trend of the lasers is consistent, red-
shifting with the temperature rise at noon and blueshifting 
with the temperature decrease in the evening. However, the 
yellow curve indicates that the wavelength drift of the two 
lasers is not synchronized, and the random fluctuations of 
the relative wavelength difference are within the range of 
11.87 to 13.07 nm. Moreover, because there is no deliberate 
vibration reduction during the experiment, the short-term 
wavelength jitter of the laser caused by personnel move-
ment is more obvious at approximately 14:00 and 17:00. 
Statistical analysis illustrates that the σ2 value at 2 hours of 
the laser wavelength difference was 166.3 pm, and the drift 
range was ±10.39 GHz when the laser was working in the 
free-running case.

For comparison, the real-time status of the other set of 
lasers was recorded at the same time, and the measured 
wavelengths of the leader and follower lasers at 1552 nm 
and 1540 nm respectively with the corresponding tempera-
ture and injected current, in the wavelength-locking case, 
are shown in Fig. 5.

In this case the injection current of the leader laser is 
still fixed at 400 mA, so the three-dimensional points of the 
leader laser are consistent with Fig. 3. In the “temperature-
injection current” and “injection current-wavelength” coor-
dinate planes, because a tunable injection-current signal is 
generated by the system and controls the wavelength drift 
of follower lasers to follow the wavelength change of the 
leader laser caused by the temperature change, the injec-
tion current of the follower laser is no longer consistent 

FIG. 3. Measured wavelengths of the leader and follower 
lasers at 1552 nm and 1540 nm respectively with the cor-
responding temperature and injected current, in the free-
running case. The three-dimensional (wavelength, temperature, 
and injection current) data represent the real-time status of 
the leader and follower lasers, where the seemingly regular 
projections for the leader and follower lasers on each plane 
indicate that wavelength locking is disabled.

FIG. 4. Time evolution of wavelength-drift characterization 
of the leader and follower lasers at 1552 nm and 1540 nm, in 
the free-running case. This continuous measurement lasted for 
10 hours. The real-time wavelength values of the leader and 
follower lasers are shown on the left axis, and the differences 
between the two lasers are shown on the right axis.
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with that of the leader laser at 400 mA, which is feedback 
controlled within the range of 333 mA to 447 mA. It can 
be observed that the data-point projection of the follower 
laser is more dispersed than that of the leader laser. In the 
“temperature-wavelength” coordinate plane, with increas-
ing temperature, the consistency of the wavelength change 
between lasers improves.

We further evaluated the wavelength-stability charac-
terization of the leader and follower lasers when the wave-
length locking system was activated. As shown in Fig. 6, 
the random fluctuations of the wavelength difference are 
greatly suppressed, and the range is reduced to 12.27–12.40 
nm. Statistical analysis illustrates that the σ2 value at 2 
hours for the laser wavelength difference is 6.1 pm, and 
the wavelength-difference locking accuracy of the system 
reaches ±0.38 GHz. The experimental results mentioned 
above indicate that the scheme we propose can efficiently 
improve the stability of the wavelength difference, and can 
also suppress the short-term wavelength difference jitter 
caused by vibrations. Compared to the free-running case, 
the drift range of the wavelength difference is reduced by 
approximately ±10 GHz.

IV. CONCLUSIONS

In conclusion, we have presented an experimental in-
vestigation of a wide-range tunable wavelength-stabilizing 
technique based on an OEO loop. The proposed scheme is 
different from those that focus on the improvement of laser 

materials and manufacturing technologies, which are too 
expensive for optical sensing applications, and is also dif-
ferent from schemes using a (F-P) etalon, where the fixed-
wavelength limitation is too great for microwave photonics 
applications. For a well-designed dual-OEO loop, the wave-
length drift causes the frequency offset of the output oscil-
lation RF signal due to a dispersion effect, which is further 
quantized into an injection-current signal to provide feed-
back control of the wavelength drift of follower lasers. The 
proposed scheme realizes laser locking with a wavelength 
spacing of 10–17 nm, and the measurable wavelength jitter 
is approximately 0.01 nm. In a field environment, the lock-
ing accuracy of the leader and follower lasers at 1552 nm 
and 1540 nm respectively can reach ±0.38 GHz within 10 h, 
and σ2 at 2 hours for the laser-wavelength difference is 6.1 
pm, which can meet the needs of laser-wavelength stabil-
ity for making measurements with optical-fiber sensors. In 
addition, effective measures to reduce vibrations or isolate 
equipment from vibrations, to provide a more accurate and 
stable current-source design to control the injection cur-
rents, and to actively control the temperature of the leader 
and follower lasers could further improve the wavelength 
stabilization.

ACKNOWLEDGMENT

This study was supported by a grant from National Natu-
ral Science Foundation of China (61471116, 61101019).

REFERENCES

1. S. Okamoto, K. Minoguchi, F. Hamaoka, K. Horikoshi, A. 
Matsushita, M. Nakamura, and Y. Kisaka, “A study on the 

FIG. 5. Measured wavelengths of the leader/follower lasers at 
1552 nm and 1540 nm with the corresponding temperature and 
injected current, in the wavelength locking case. The three-
dimensional (wavelength, temperature, and injection current) 
data represent the real-time status of the leader and follower 
lasers, where the seemingly chaotic projection of the follower 
laser on each plane indicates that wavelength locking is 
enabled.

FIG. 6. Time evolution of wavelength-drift characterization 
of the leader and follower lasers at 1552 nm and 1540 nm 
respectively, in the wavelength-locking case. This continuous 
measurement lasted for 10 hours. The real-time wavelength 
values of the leader and follower lasers are shown on the left 
axis, and the differences between the two lasers are shown on 
the right axis.



Current Optics and Photonics, Vol. 5, No. 4, August 2021390

effect of ultra-wide band WDM on optical transmission sys-
tems,” J. Light. Technol. 38, 1061–1070 (2020).

2. L. Alwis, T. Sun, and K. T. V. Grattan, “Optical fibre-based 
sensor technology for humidity and moisture measurement: re-
view of recent progress,” Measurement 46, 4052–4074 (2013).

3. R. Willsch, “Application of optical fiber sensors: Technical 
and market trends,” Proc. SPIE 4074, 24–31 (2000).

4. H. T. Cho, G.-S. Seo, O.-R. Lim, W. Shin, H.-J. Jang, and T.-J. 
Ahn, “Ultraviolet light sensor based on an azobenzene-poly-
mer-capped optical-fiber end,” Curr. Opt. Photon. 2, 303–307 
(2018).

5. J. Buss, “Principles of semiconductor laser modelling,” IEEE 
Proc. J. Optoelectron 132, 42–51 (1985).

6. H. Shi and L. S. Tamil, “A wavelength locking scheme for 
semiconductor laser systems based on an interpolation algo-
rithm,” IEEE Photon. Technol. Lett. 16, 1622–1624 (2004).

7. R. W. P. Drever, J. L. Hall, F. V. Kowalski, J. Hough, G. M. 
Ford, A. J. Munley, and H. Ward, “Laser phase and frequency 
stabilization using an optical resonator,” Appl. Phys. B 31, 
97–105 (1983).

8. J. E. Simsarian and L. Zhang, “Wavelength locking a fast-
switching tunable laser,” IEEE Photon. Technol. Lett. 16, 
1745–1747 (2004).

9. L. Jin, Y.-S. Jin, Y. Dong, Q.-S. Li, Y.-J. Yu, S.-T. Li, and G.-
Y. Jin, “The three-wavelength PR3+: YLF laser at 604 nm, 607 
nm and 640 nm with Fabry-Perot etalon,” Curr. Opt. Pho-
ton. 2, 448–452 (2018).

10. M. Musha, T. Kanaya, K. Nakagawa, and K.-I. Ueda, “The 
short-and long-term frequency stabilization of an injection-
locked Nd: YAG laser in reference to a Fabry–Perot cavity and 
an iodine saturated absorption line,” Opt. commun. 183,165–
173 (2000).

11. V. V. Spirin, J. L. B. Escobedo, D. A. Korobko, P. Mégret, and 
A. A. Fotiadi, “Stabilizing DFB laser injection-locked to an 
external fiber-optic ring resonator,” Opt. Express 28, 478–484 
(2020).

12. C. Wang, R. Zhang, Z. Zhao, C. Chen, and M. Kong, “Com-
parison of self-injection locking of DFB-LD by optical fiber 
and optical waveguide ring resonators,” Fiber Integr. Opt. 38, 
323–332 (2019).

13. S. Juan, J. Mingxing, and J. Feia, “Pound-Drever-Hall laser 
frequency locking technique based on orthogonal demodula-
tion,” Optik 168, 348–354 (2018).

14. H. M. Wang, Z. S. Xu, S. C. Ma, M. H. Cai, S. H. You, and H. 
P. Liu, “Artificial modulation-free Pound-Drever-Hall method 
for laser frequency stabilization,” Opt. Lett. 44, 5816–5819 
(2019).

15. M. Ghadimi, E. M. Bridge, J. Scarabel, S. Connell, K. Shi-

mizu, E. Streed, and M. Lobino, “Multichannel optomechani-
cal switch and locking system for wavemeters,” Appl. Opt. 59, 
5136–5141 (2020).

16. L. Couturier, I. Nosske, F. Hu, C. Tan, C. Qiao, Y. H. Jiang, 
P. Chen, and M. Weidemüller, “Laser frequency stabilization 
using a commercial wavelength meter,” Rev. Sci. Instrum. 89, 
043103 (2018). 

17. X. S. Yao and L. Maleki, “Optoelectronic microwave oscilla-
tor,” J. Opt. Soc. Am. B 13, 1725–1735 (1996).

18. L. Maleki, “The optoelectronic oscillator,” Nat. Photonics 5, 
728–730 (2011).

19. W. Tseng and K. Feng, “A quality factor enhanced dual-loop 
optoelectronic oscillator,” in Proc. 2016 IEEE International 
Frequency Control Symposium-IFCS (New Orleans, LA, 
USA. 2016).

20. L. Bogataj, M. Vidmar, and B. Batagelj, “Improving the side-
mode suppression ratio and reducing the frequency drift in 
an opto-electronic oscillator with a feedback control loop and 
additional phase modulation,” J. Light. Technol. 34, 885–890 
(2016).

21. J.-H. Cho, H. Kim, and H.-K. Sung, “Reduction of spurious 
tones and phase noise in dual-loop OEO by loop-gain control,” 
IEEE Photon. Technol. Lett. 27, 1391–1393 (2015).

22. Z. Xiaobo, C. Yiwang, Z. Pin, Y. Qin, N. Jiazheng, and D. 
Xiaohua “Tunable low phase-noise microwave generation uti-
lizing an optoelectronic oscillator and a fiber Bragg grating,” 
Curr. Opt. Photon. 2, 96–100 (2018).

23. Y. Cheng, Y. Wang, Z. Song, and J. Lei, “High-sensitivity 
optical fiber temperature sensor based on a dual-loop opto-
electronic oscillator with the Vernier effect,” Opt. Express 28, 
35264–35271 (2020).

24. N. Zhang, M. Wang, B. Wu, and M. Han, “Temperature-
insensitive relative humidity sensing based on a carrier-
suppression-effect-free tunable optoelectronic oscillator using 
a non-coherent broadband optical source,” Sens. Actuators A: 
Phys. 307, 111988 (2020).

25. F. Kong, W. Li, and J. Yao, “Transverse load sensing based 
on a dual-frequency optoelectronic oscillator,” Opt. Lett. 38, 
2611–2613 (2013).

26. J. Yang, J.-L. Yu, Y.-T. Wang, L.-T. Zhang, and E.-Z. Yang, “An 
optical domain combined dual-loop optoelectronic oscillator,” 
IEEE Photon. Technol. Lett 19, 807–809 (2007).

27. X. S. Yao, L. Maleki, Y. Ji, G. Lutes, and M. Tu, “Dual-loop 
opto-electronic oscillator,” in Proc. 1998 IEEE International 
Frequency Control Symposium (Pasadena, CA, USA. 1998).

28. X. S. Yao and L. Maleki, “Multiloop optoelectronic oscillator,” 
IEEE J. Quantum Electron. 36, 79–84 (2000).




