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Abstract—The laser frequency stabilization technology is very
important in the development of laser applications, and the im-
provement of this technology has tend to further expectations for
portability and low cost, in addition to the realization of strict
frequency control. In this context, we construct a dual-cavity laser
frequency stabilization system based on an intracavity dual-mode
self-reference mechanism. With this approach, we achieve remark-
able results with a laser frequency drift of about 6.6 kHz and an
Allen deviation (ADEV) of 103 levels over an integration time
scale from 0.01 s to 1000 s. Notably, the solution achieves one of
the best results without the need for an external reference struc-
ture. This work provides a way to realize wavelength-stabilized
laser sources by interlocking two DFB lasers. This approach is
distinguished by its simplicity and cost-effectiveness, making it
a promising option for a variety of applications outside of the
laboratory environment.

Index Terms—Dual-mode, fiber lasers, laser noise, laser stability.

I. INTRODUCTION

HE cutting-edge optical measurement field, encompassing

high-resolution Lidar [1], [2], silicon-based photonics [3],
[4], fiber optic sensing [5] and optical clock [6], [7], necessitate
highly wavelength-stabilized laser sources. These experiments
rely on the precision of the laser, meaning that wavelength
stabilization accuracy is strictly required. Typically, sophisti-
cated frequency stabilization design schemes are employed to
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meet their stringent demands, relying on optical or electrical
feedback loops linked to an external frequency reference. These
methods utilize elements such as Fabry-Pérot (FP) cavities
[8], [9], absorption lines [10], and single photon wavelength
modulation absorption [11] to achieve the desired stability. In
this research field, current solutions utilizing FP cavities or
WGM (Whispering-gallery mode) microcavities can achieve a
wavelength stability criterion of ADEV within 100 ms, main-
taining it at less than 107! [8]. However, these approaches
are still susceptible to frequency stability issues due to thermal
refractive noise and temperature variations on different time
scales, primarily because of the presence of reference cavities
[12]. To address the frequency drift caused by thermal noise,
the concept of Ultra-Low Expansion (ULE) cavities has been
proposed. Nevertheless, ULE cavity-stabilized lasers tend to
have a bulky volume and lack of portability like WGM devices.
Lately, beat-note locking techniques rooted in the intra-cavity
dual-mode mechanism have emerged as a notable approach
for laser wavelength stabilization. Through this method, laser
frequency drift has been successfully curtailed to a mere 300 kHz
per hour [13]. In a prior research endeavor of ours, we introduced
an innovative technique aimed at mitigating wavelength drift in
a distributed feedback (DFB) fiber laser. This novel approach
harnesses the intracavity reference mechanism to achieve im-
pressive results [14]. With locking the dual mode beat note
frequency to a reference RF signal, it has good laser stability
for integration time between 0.01s and 1000 s, the ADEV is
about 10~!3 level. However, frequency locking is traced back
to an external RF signal, and the stabilization performance is
basically restricted by the stability of the reference Rf source
in these dual-mode temperature stabilization schemes. For the
typical superior performance oscillator with ADEV 107!, the
ADEYV of laser wavelength stabilization results is between 10~ '3
and 10~!2. Although an atomic clock such as hydrogen clock
can be used as a wavelength stabilization approach, it makes
the laser system much more complicated and costly, which is
unacceptable for the versatile application.

As far as we know, currently there was no reports about
frequency stabilization method that did not require an external
reference. In order to remove external limitation and achieve
a more portable and low-cost structure while maintaining fre-
quency stability results like external references, we optimize the
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Fig. 1. Schematic of fiber laser wavelength stabilization based on BDIDM
interlocking mechanism.

structure further from what we’ve done before. In this report,
we demonstrate a novel self-reference wavelength stabilization
method for fiber laser by using balanced dual intracavity dual
mode (BDIDM) stabilization schemes. With establishing and
self-locking the intracavity frequency reference signals of the
two balanced dual-mode stabilization schemes, the laser wave-
length drift can be realized without any external optical or elec-
trical frequency reference, hence, the self-reference frequency
stability is improved. Through our efforts, we have achieved
a substantial reduction in laser wavelength drift, bringing it
down from an initial 12 MHz (~ 0.1 pm) to less than 10 kHz.
Remarkably, we have demonstrated a laser wavelength drift
characterized by an ADEV at the exceptional 10~'3 level for
time between 0.01 s and 1000 s. [14]. The key strengths of our
approach lie in its simple structure and good robustness. This
innovation holds the potential in the realm of high-precision
optical metrology, extending its reach beyond the confines of
traditional laboratory settings.

II. PRINCIPLE

A. Mapping of Beat-Note to Wavelength in a Single Intracavity

Because the wavelength of the DFB laser is determined by the
refractive index (n) and the grating period (A), if an obvious bire-
fringence effect is achieved by some way such as UV-induced
birefringence, two orthogonal laser modes will be produced
in the cavity [15]. Different laser wavelengths correspond to
different refractive indexes, with a beat note frequency between
them, which is shown in Fig. 1. The two wavelengths can be
specifically presented as

)\1 = 2’17,1A
{)\2 =2n2A (1)

Therefore, based on formula (1), the beat note frequency fpeat
can be deduced as

c c c c c ng —ny

—_ — = — = — 2
fbeat )\1 )\2 2711/\ QTLQA 2A ning ( )
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According to formulas (1) and (2), the change of refractive
index n and grating period A will lead to the change of laser
wavelength, while temperature (T) and strain (o) will affect the
refractive index due to thermo-optical and elastic-optic effects,
meanwhile T and o will lead to grating period changes. [12]. As
a result, the laser wavelength drift (AX;) appears due to T and
o, and the mathematical expression for AL; and A fpey are as
follows:

A =2 |25 AX = 2[F A +m 24 AX
O foeat OA
Afbean: afh AX = 2A2n1n2 [(’I’Lg - nl) X 3)
nodn n1on
+A (0% - mBn )| AX
where X = Toro. Inthis case, the laser wavelength drift AA;can

be related to the frequency drift A fye, of the beat note in the
intracavity, and be expressed as

1
A)\1 = Afbeat : ; 4)

where the correlation coefficient is summed as

_ ¢ (na — )%
n= 4A277,17L2 12 " 0X

n23n1 n18n2 87?,1 8/\

A <n18X - nzaxﬂ /(axA“LmaX) )

It can be seen that 1 primarily relies on external interference
sources affecting the laser wavelength, which encompass T
and o. Therefore, even if A fie, is identical, the wavelength
variations induced by the two factors are different, resulting in a
wavelength deviation in the terms of A fyeo(1/n7 — 1/15). Evi-
dently, itis crucial to make 1 = 7, for wavelength stabilization.

According to the universal expression of 7, 1, and 7 can be
deduced as

No = TAZnyms [(”2 —n1) %

+ A ( - mia)] [ (GeA+mBB)

ny,0o
nr= 4A2n1n2 [(n2 - nl)(’)fT

d d )
FACEER - R (GrAmB)
= TR (M2 — m)%%
R - BB/ G+ m i)
= m[(w —ni)e
]

+(RGF — BFN/(F + me)

where ¢ is the equivalent thermal expansion coefficient of the
laser cavity and denoted as OA/OT - 1/A. From (5), it is feasible
that the n can be made equal to 7, through the regulation
of . Consequently, achieving laser wavelength stability can be
anticipated through the detection of the intracavity beat note
signal frequency drift and subsequently locking this intracavity
beat note signal. Moreover, the stabilized wavelength can be
slightly tuned by change the reference beat frequency.



ZHANG et al.: BALANCED DUAL-INTRACAVITY DUAL-MODE INTERLOCKING METHOD

Self-reference laser system by BDIDM interlocking

PD
Wavelength drift
measurement setup
Joe DFB fiber laser 1 WDM or i ORS1500
L N~_ENENEN NEENE
module } ----- " WDM
|~ NNNRL NN D
Joeaz DFB fiber laser 2 oC
PBS [ }’Cﬁ PD Frequency
S ST oV o
oc
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coupler), PD (photodetector), OI (optical isolator), LD (laser diode), PC (polar-
ization controller), PLL (phase lock loop).

B. Balanced Beatnotes Interlocking of the Dual Intracavities

As depicted in Fig. 1, the whole laser system is built on
a parallel and united dual intracavities, and they rely on the
same slow thermal controlling structure on a TEC substrate.
Moreover, the dual intracavities share the common piezoelectric
(PZT) transducer, as is vital for wavelength modulation. When
the two fiber lasers stretch the same PZT and impose the stress to
the fiber cavity, the output wavelengths of the dual intracavities
simultaneously bear their own variations, which are presented
as

Al = Afpeatt - n% =k F- 77% o
Arz = Afpeat2 - n% =koF - n%

where F' is the efficient stress to PZT, ki and ks is the PZT
modulation coefficient of the two intracavities, respectively.
Naturally, through electronic locking, we can build the frequency
relationship between fpeat1 and fieato, namely

fbeatl = NfbeatZ (8)

Allowing for the existence of F', we define that ficat1(F) =
fl())catl + Afveat1 (F) and foeatz(F) = fl())catZ + A foeat2 (F),
and therefore only for a specific condition that the stress F
satisfies the equation

F= fl?eatl — NflgeatZ

B NEy —ky ©)

two beat frequency variations induce by F can still maintain the
relationship of (7). Ultimately, stable wavelength variations are
obtained as

Nko—ky 71

— g Reann  NFenin | 1
Ak3 =k Nko—k1 72

A)\'l — kl fl?eatl_NfSeat2 L1
(10)

Hence, through effectively locking the intracavity beat fre-
quency fyear, the wavelength drift is controlled.

III. EXPERIMENTAL SETUP

To verify the laser wavelength stabilization effect derived
from the aforementioned theory, in the subsequent sections,
our experimental setup is outlined in Fig. 2. We use a 976 nm
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Fig. 3. Optical spectrum in the intracavity: (a) Spectrum of laser modes in

intracavity 1. (b) Spectrum of laser modes in intracavity 2.

laser to pump two parallel fiber lasers, which operate at 1550
nm. According to the principle about inducing different laser
modes, the resonators of both fiber laser 1 and fiber laser 2 are
constructed by using the method of UV inscribing grating [15],
[16]. Laser 1 use a 7 phase-shift grating whose birefringence
characteristic 6ny (0n = (ny — ng)/ng ) is about 0.5x 1072,
which means the frequency difference between the two or-
thogonal polarization modes is up to GHz. Laser 2 adopts the
same grating inscribing method as laser 1, but its birefringence
characteristic dnq is larger. Using polarization controller (PC)
to adjust the polarization state, there will be a beat note signals
between the parallel polarization components of two laser modes
for both fiber laser 1 and fiber laser 2, which could be detected
to achieve the laser wavelength drift by a high-speed photode-
tector (Thorlabs RX25AF). With the PZT feedback which is
synchronous to the two laser cavities, the laser wavelength drift
for both fiber laser 1 and fiber laser 2 is compensated. Finally,
the laser wavelength stabilization is realized by locking fpeat2 to
the other f},cat1 using a phase lock loop module to drive the PZT,
as is shown in Fig. 2. Besides, as described on the right of Fig. 2,
devices are used to test the wavelength stability of the system, a
commercial and ultra-precise frequency comb covering c-band
optical wavelengths is used to measure the laser wavelength
drift, by tracing the beat note between the laser in system and
the used comb.

IV. RESULTS AND DISCUSSION

A. The Regulation of nr and 1,

As to intracavity 1, dn; is about 0.5x 107> induced by the
UV inscribing process [15], [16], two orthogonal polarization
modes with a signal to noise ratio (SNR) more than 60 dB exist,
and their optical frequency gap is about 1 GHz, as is shown
in Fig. 3(a). As to intracavity 2, dnsy is about 1x 10~* for the
PM fiber, the frequency difference is about 20 GHz, which is
depicted in Fig. 3(b).

As described in the principles section above, the correlation
coefficient 7 primarily relies on external interference sources
affecting the laser wavelength, which encompass temperature
(T) and strain (o). The correlation coefficients due to temperature
and strain are expressed as 77 and 7),,, respectively. Therefore,
even if A fie, 18 identical, the wavelength variations induced by
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the two factors are different, resulting in a wavelength deviation
in the terms of Aleror = (1/77 — 1/70) A foear, resulting in
reduced wavelength stability.

According to formula (5), adjusting the laser cavity’s equiv-
alent thermal expansion coefficient, which denoted as ¢ =
OA/OT - 1/A, optimization of nrcan be realized. To achieve
this, we have designed an intricate structure, the details of which
have been elucidated in a prior publication [14]. It utilizes the
disparate thermal expansion characteristics of Aluminum and
Invar within the dual metal structure to control the change in
the laser cavity length in response to temperature variations
(i.e., equivalent thermal expansion coefficient). Subsequently,
by adjusting the equivalent thermal expansion coefficient € of
the laser cavity for fiber laser 1, we conducted experimental
measurements to assess the correlation coefficients (n71) and
(e, ) for various thermal expansion coefficient settings. The
results of these measurements are depicted in Fig. 4(a). It can
be seen that the 771 match to the 7,, with thermal expansion
coefficient e1 = — 1.4 x 107°. Also, the similar measurement
is done for the PM fiber case, as is shown in Fig. 4(b), and the
equal 77, and 7, 1s achieved with thermal expansion coefficient
go=—1.6 x 1072,

Through adjusting ¢ for cavities of both fiber laser 1 and 2,
we can observe the laser wavelength drift by keeping tabs on
the beat note frequency. The temperature for fiber laser 1 and
fiber laser 2 are controlled simultaneously by the same TEC,
and the strain for fiber laser 1 and fiber laser 2 are controlled
simultaneously by the same PZT. Then, the beat note frequency
A foeat, for fiber laser] and the beat note frequency A fyear, for
fiber laser 2 are measured with modulating the controlled voltage
of the PZT, as is shown in. Fig. 5. It can be seen that the beat
note frequency A fiear, 18 equal to 20 times of A fi,e4, at a specific
laser wavelength stabilization point.

Hence, according to formula (4), by converting the beat note
into20 - A frear, , the wavelength drift is effectively reduced.
During the experimental procedure, we use an electronic phase
lock device (Vescent D2-135) to lock the beat note A fiear, to
20 - A foeat, » as is shown in Fig. 5. And a PZT is used as feedback
structure to compensate the laser wavelength drifts for both fiber
laser 1 and fiber laser 2.

1550.6

1550.2 15503 15504 1550.5 1550.6

Wavelength of intracavity 2/nm

1550.1

Beat note frequency plotted against wavelength under various conditions: (a) Results of intracatity 1 for fiber laser 1. (b) Results of intracatity 2 for fiber
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B. Interlocking of the Dual-Intracavity Beat Notes
See Fig. 5.

C. Laser Wavelength Stabilization Results

At first, the two-mode beat-note frequency A fie,, fluctua-
tions before and after the frequency stabilization are measured
directly by a frequency counter (KEYSIGHT 53200) to examine
the stabilization process, as is shown in Fig. 6. It can be seen
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that the peak to peak of the low beat-note frequency is reduce
from 0.6 kHz to about 0.33 Hz, by a factor of about 1800. It
should be noted that only the low beat-note frequency has been
measured due to the bandwidth limitation of frequency counter,
but the performance of one beat note is able to prove the locking
and stabilization.)

For performance evaluation of the laser wavelength drift,
we record the beat note frequency between the locked fiber
laser 1 and a frequency comb which is atom-clock-referenced
(Menlo FC1500 in Fig. 2.). Moreover, the mode-locked optical
frequency comb is also stabilized to an ultra-stable maser laser
(Menlo ORS1500 in Fig. 2.). The Menlo ORS1500 offers an
ultra-narrow linewidth laser with excellent frequency stability.
The core of the system is a highly detailed FP cavity made
of ULE glass and operates in a vacuum at the zero thermal
expansion point. At the point, the cavity length of the ULE
cavity is very insensitive to changes in temperature and can be
used as an optical reference source for optical frequency combs
[17]. The Menlo ORS 1500 system features a linear drift removal
technique that eliminates baseline interference signals and accu-
rately measures frequency drift. With this technique, a fractional
instability ADEV is less than 1x10~'# for time between 0.01
and 1000 s can be achieved. Fig. 7(a) shows the drift results of the
beat note between the fiber laser and the mentioned frequency
comb, from the free running state to the stabilized state. The
fluctuation of beat note frequency is recorded by a frequency
counter (Keysight, 53230A). During a period of about 1800 s,
the beat note frequency fluctuates within the range of from 24
MHz to 36 MHz, with a peak-to-peak value of 11.2 MHz. After
the fiber laser turned to the locking mode, the beat note frequency
results almost exhibit like a constant line in Fig. 7(a), showing
very small frequency fluctuation. To observe a clear fluctuation
of the beat note frequency for the stabilized laser, the beat note
frequency results with a duration of about 2950 s are given in
Fig. 7(b). It can be concluded that the laser wavelength drift
is relate to the optical frequency comb has been dramatically
reduced and tightly maintains within a peak-to-peak value of
6.65 kHz, which indicates that the proposed stabilizing method

with BDIDM interlocking can successfully suppressed laser
wavelength drift from a dozen of MHz level (corresponding to
a wavelength drift of about 0.1 pm) to kHz level.

The data of wavelength drift are depicted in Fig. 6(c), In the
subsequent sections, we provide the results obtained from both
the free-running fiber laser and the laser stabilized using the
BDIDM interlocking technique. The wavelength drift, quanti-
fied by ADEV achieved through BDIDM interlocking, reaches
10~13 for time between 0.01 s and 1000 s. As shown in Fig. 7(c),
this method surpasses the free-running laser’s performance at
all integration time scales, especially, the ADEV is about one
ten thousandth as free-running laser’s at long integration time
scales. Moreover, in Fig. 7(c), we have incorporated results
that illustrate the conventional wavelength stabilization perfor-
mance attained through absorption spectrum techniques. The
typical wavelength stabilization performance using the Doppler-
broadened absorption spectrum is 10~!° [18], our results is more
than 2 order of magnitude better than it. The typical wavelength
stabilitization performance in the integration time less than 10 s
using the saturated absorption spectrum is about 10712 [19],
notably, our system exceeds the wavelength stability perfor-
mance achieved by the former, especially for integration times
less than 10 s. This signifies a promising avenue for realizing
a frequency-stable laser source, offering an alternative to the
traditional approach of locking lasers to absorption lines or FP
cavities. Our approach stands out for its simplicity and effec-
tiveness, lower cost feature. The current level of laser frequency
stabilization is primarily limited by the residual difference nr
and 7). With further technical improvements such as using the
laser wielding technique in the laser package process, we can
expect to achieve a better performance at ADEV 10713 level,
which means that it can match the top frequency stabilization
achieved by ULE cavity stabilized lasers.

V. CONCLUSION

In summary, a new self-reference laser wavelength stabi-
lization technique is proposed by using BDIDM interlocking
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scheme for the first time. Our experimental study demonstrates
a successful establishment of an intracavity frequency refer-
ence method and an effective feedback mechanism. Through
the establishment and self-locking of the intracavity frequency
reference signals within the two balanced dual-mode stabi-
lization schemes, we achieve a significant reduction in laser
frequency drift, resulting in a substantial improvement from
its initial value 11.2 MHz to 6.6 kHz and ADEV at the 1013
level across integration timescales ranging from 0.01 s to 1000
s. There are some improvements over long periods of time
(10-1000 s) compared to our previous work. Additionally, there
may be further performance improvements with the addition
of anti-vibration to the system, especially when we want to
apply it outdoors. These results hold significant importance,
particularly in the transition of high-precision optical metrology
applications, from the controlled laboratory environment to field
deployments. Our approach offers the advantage of reduced
complexity and enhanced robustness, facilitating the practi-
cal use of these precision instruments outside the laboratory
setting.
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