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Intelligent Single-Cavity Dual-Comb Source With
Fast Locking

, Runmin Liu, Chao Luo
Weisheng Hu
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Abstract—Dual-comb source (DCS) generation occupies the cen-
tral position to the versatilities of dual-comb applications. The
single-cavity-based DCS generation is an emerging technology
which provides superior mutual coherence between the two combs
by sharing one laser cavity, therefore sophisticated active stabi-
lization approaches are not necessary. However, the condition for
starting and stabilizing dual-comb mode-locking in a single cavity
is critical which hinder this technology towards practical applica-
tions. To resolve the bottleneck, we experimentally demonstrate the
first intelligent single-cavity DCS by combining the real-time intel-
ligent control module with the memory-aided intelligent searching
algorithm. Given a tremendous six-dimensional parametric space,
the intelligent DCS can operate under the dual-comb regime from
a continuous wave state within a mean time of only 2.48 seconds.
The dual-comb mode-locking state can be recovered automatically
after interruption. The long-term stability of the intelligent DCS is
validated as well through a 12-hour test in an open environment.

Index Terms—Dual-color dual-comb source, intelligent feedback
control, memory-aided intelligent searching.

1. INTRODUCTION

PTICAL frequency combs based on mode-locked lasers
O have revolutionized optical frequency metrology and a
number of high-precision applications. In particular, a dual-
comb configuration has attracted wide attention in recent years.
With inherent optical asynchronous sampling, dual-comb tech-
nology allows high-resolution, high-sensitivity, and fast mea-
surements in absolute ranging [1] and molecular spectroscopy
[2], thereby extending its usage in microscopy [3], hyperspectral
imaging [4], and holography [5]. Dual-comb source (DCS)
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generation holds special appeal among the laser community due
to its vital role in dual-comb applications. Typically, DCS gen-
eration requires phase-locking two independent mode-locked
lasers so as to establish mutual coherence between the combs.
Complex, bulky, and expensive laser locking systems are indis-
pensable [1], [2], [3], [6]. The electro-optic modulation-based
DCS generation is confined in applications due to the limited
combs [4], [5], [7] and the micro-resonator to generate DCS is
demanding on the component manufacturing process [8]. DCS
generation from a single laser cavity by incorporating bidirec-
tional [9], [10], [11], [12], [13], dual-polarization [14], [15],
[16], [17], and dual-color [18], [19], [20], [21], [22] mechanisms
becomes a promising alternative in recent years. The mutual
coherence is passively maintained due to common-mode noise
cancellation in a shared laser cavity. Moreover, the dual-comb
configuration is significantly simplified.

However, it is a challenging task to establish the dual-comb
regime and maintain it during operation. A material-based sat-
urable absorber is used to assist dual-color DCS generation in a
single cavity while intra-cavity polarization tuning is inevitable
[18], [19], [20], [21], [22], and the same situation is found
in the single-cavity-based dual-polarization DCS generation
[15], [16], [17] and bidirectional DCS generation [9], [10],
[12], [13]. The all-polarization-maintaining bidirectional single-
cavity-based DCS partially resolve this problem, but careful cav-
ity loss control in each direction is required so as to protect two
independent saturable absorbers from damage and to balance the
gain for two combs [11]. Besides, two combs generated through
the partial-split bidirectional mechanism inherently do not share
the entire cavity which may reduce the mutual coherence [11],
[12]. Overall, the single-cavity-based DCS generation always
relies on manual interference including critical intra-cavity po-
larization tuning [9], [10], [12], [13], [15], [16], [17], [18],
[19], [20], [21], [22] and intra-cavity loss control [11], and the
mode-locking is vulnerable to environmental disturbances [23],
therefore limiting the practical applications of this technology.

To resolve the dilemma of the single-cavity-based DCS gen-
eration, we propose and experimentally demonstrate the first
intelligent single-cavity DCS to ensure the laser fast locking
on the dual-comb regime without manual interference. The
proposed single-cavity DCS incorporates the dual-color mech-
anism, which is achieved through birefringent filtering domi-
nated by a piece of polarization-maintaining fiber (PMF) with
the dedicated-designed length inside the cavity. The intelligent
DCS generation relies on real-time polarization tuning through
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Fig. 1. The experimental setup of the intelligent single-cavity DCS.

two electric polarization controllers (EPCs) and an intelligent
control module (ICM). The proposed memory-aided intelligent
searching (MAIS) algorithm running inside the ICM can quickly
locate the solution corresponding to the dual-color dual-comb
regime in a tremendous six-dimensional parametric space, driv-
ing the laser from a continuous wave state to the dual-color
dual-comb regime within a mean time of only 2.48 seconds.
Further, 12-hour running tests of different algorithms in an
open environment are performed and MAIS manifests the best
robustness against the detachments (i.e., the laser loses the
dual-color dual-comb regime) mainly induced by the environ-
mental disturbances. Widespread high-precision metrological
and spectroscopic applications based on this low-cost, compact,
portable, and all-fiber intelligent DCS can be expected in the
near future.

II. PRINCIPLES
A. Experimental Setup of the Intelligent DCS

Fig. 1 shows the experimental setup of the intelligent DCS
consisting of the optical ring cavity, the ICM, and the char-
acterization system. In the optical ring cavity, a polarization-
dependent isolator (PD-ISO) sandwiched by two EPCs form the
typical nonlinear-polarization-evolution mechanism for mode-
locking. The electric-optic crystal-based EPC driven by three
channels of DC voltages can produce an arbitrary polarization
state around the Poincaré sphere within 10 us. To generate the
dual-color DCS, a 16-cm PMF is used to introduce birefringent
filtering [24]. The gain medium is a 40-cm erbium-doped fiber
(EDF), which is pumped by a 980-nm laser via a wavelength
division multiplexer (WDM). Nearly 90% of energy is retained
inside the cavity, the rest serves as inputs for characterization
and feedback through the coupler outside the cavity. The ICM
supporting the real-time feedback control includes an analog-
to-digital converter (ADC), a field-programmable gate array
(FPGA), and 6 digital-to-analog converters (DACs).

B. Discrimination of the Dual-Color Dual-Comb Regime

To realize the intelligent DCS, it is imperative for the al-
gorithm to discriminate the dual-comb regime accurately. Due
to the repetition rate difference of the two combs of the dual-
comb regime, RF spectra-based discrimination seems a good
choice. However, the repetition rate difference is very small.
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Therefore, a long-term single temporal acquisition is required
to tell such a small difference in RF frequency domain but
the long-term single temporal acquisition is intolerable for the
real-time feedback control. For the dual-color DCS, the optical
spectrum is featured with two separate mode-locked spectra.
With time stretch-dispersive Fourier transform (TS-DFT) [25],
[26] real-time spectral discrimination of the dual-color dual-
comb regime looks plausible. However, the temporal asynchro-
nization between two pulse trains due to the small repetition rate
difference impedes the effective extraction of real-time spectra.
With an optical coupler to split two wavelengths, TS-DFT based
the dual-color dual-comb regime discrimination can be achieved
by using two analog-to-digital converters (ADCs) to sample the
real-time spectra separately. Thus, the complexities of both the
experiment setup and the circuit design increase.

Temporal pulse count offers a straightforward solution al-
though it also suffers from the temporal asynchronization. Nev-
ertheless, pulse count is simple and requires little information on
the pulse shape. Here, the temporal asynchronization problem
can be resolved by multiple sampling on the output. Note that the
second-order harmonic mode-locking regime has the identical
pulse count as the dual-color dual-comb regime, while the pulses
of harmonic mode-locking state are equally distributed. There-
fore, the second-order harmonic mode-locking regime can be
identified and filtered through judging on the inter-pulse margin
in the multiple sampling process. The pulse count method cannot
identify multiple tightly bounded solitons at either wavelength.
Howeyver, the bound state can be detected from the modulations
in optical spectrum and eliminated by decreasing pump power.
The proposed discrimination of the dual-color dual-comb regime
is validated well in the experiment.

C. Principles of MAIS

As Fig. 2 shows, MAIS is an algorithmic frame, where the
optimization algorithms and the memory storing the histori-
cal empirical solutions, i.e., the control voltages of the EPCs,
are bonded seamlessly to accelerate the searching phase. The
memory allows basic operations including query and saving.
Moreover, the memory supports dynamic updates, i.e., the stored
solutions are updated cyclically. When the environment changes,
the memory performs self-updating with the assistance of op-
timization algorithms thereby endowing MAIS with the strong
robustness again environment vibrations.

Laser optimization is a complex and tough task, where
multi-parameter control is usually required thereby forming a
high-dimensional parametric space [26], [27], [28], [29], [30].
Intelligent algorithms can accelerate the optimization process
and locate a better setting point than relying on manual tun-
ing. Recently, several experimental studies prove that genetic
algorithm (GA), a global optimization algorithm inspired by the
theory of evolution [31], is a good choice in intelligent mode-
locking [26], [27], [28], [29]. Here, GA is selected as the main
search algorithm. However, using GA alone as the searching
algorithm results in extremely large time consumption due to the
tremendous six-dimensional parametric space, therefore MAIS
is proposed to accelerate the searching phase.

Authorized licensed use limited to: Shanghai Jiaotong University. Downloaded on January 13,2025 at 01:57:23 UTC from IEEE Xplore. Restrictions apply.



PU et al.: INTELLIGENT SINGLE-CAVITY DUAL-COMB SOURCE WITH FAST LOCKING 595

GA }
y,
,///
Empty memory:
Random Locked
initialization
) Memory
\\(\g x
“ Uploading
conditionally
ARS | ‘ Monitoring |
4/ /,
AN . //
Detached , .
Locked
Fig. 2. The principles of MAIS. GA is the main search engine and ARS

is to deal with detachments of DCS and fast boot. MAIS is trapped in the
discrimination-based monitoring after the dual-comb regime is found. The dy-
namic memory allows basic operations including query, loading and uploading.

A pure temporal fitness function of the search algorithms is
designed, as indicated in (1) shown at the bottom of this page.
The first term of the fitness function is the scaled sum of the
pulse amplitude, where C';4,; denotes the ideal pulse count for
the dual-comb regime, C,..; is the real pulse count based on the
current waveform, A; denotes the amplitude of the i-th pulse.
The following term is a punishing term of the pulse count error
and « is the weight. The third term is another punishing term
about the periodicity, where Py, represents the position for the k-
th pulse, S.cp, is the number of sampling points in one period and
[ is the weight. The last term is an extra bonus term calculating
the difference between the inter-pulse margin and the number
of sampling points in a second-harmonic period, and -y is the
weight. For the second-order harmonic mode-locking regime,
the last term is close to 0. Therefore, the last term is designed
to ensure that the dual-comb regime scores a larger fitness than
the second-order harmonic mode-locking regime. In our fitness
function, «, # and « are 4, 0.3 and 0.005 respectively. Note
that the pulse used to calculate the last two terms is randomly
selected.

On the path to dual-color dual-comb source generation
through manual polarization tuning, it usually runs into a one-
side fundamental mode-locking regime, i.e., one side has the
board spectrum, and the other side has strong continuous wave
components. Then, the dual-color dual-comb regime is bred
from the one-side fundamental mode-locking regime via more
precise polarization tuning. Given the empirical experiences,
the fitness of the fundamental mode-locking regime should
be treated with care. As shown in the bottom line of (1), to
give the fundamental mode-locking regime a larger fitness, the
punishing term of the pulse count error is cancelled. Besides,
two sets of temporal pulse trains overlap periodically due to the
temporal asynchronization, thereby manifesting a quite similar
temporal waveform to the fundamental mode-locking regime.

The overlapped dual-comb regime can also score a decent fitness
and, therefore, it will not be filtered during optimization.

An initial query is firstly performed to ascertain whether
the memory is empty. GA will be randomly initialized if the
memory is empty. Otherwise, the algorithm turns to the ad-
vanced Rosenbrock search (ARS), a non-computation-intensive
local optimization algorithm used for intelligent mode-locking
[30]. Combining the dynamics memory scheme with ARS, fast
locating on the dual-comb regime becomes possible. To this
end, ARS will try each empirical solution inside the memory
reversely. The step of initializing ARS with an empirical solution
is termed memory loading. Before memory loading, a query is
raised to check whether there are un-tested empirical solutions
left inside the memory. If ARS successfully guides the laser to
the dual-comb regime, then the algorithm enters the dual-comb
regime discrimination-based monitoring. However, when the
ARS fails, a memory-aided initialization will be carried out for
GA, where the latest empirical solutions inside the memory are
selected as the initial population.

By enlarging the fitness, GA gradually guides the laser to
the dual-comb regime. Combining with the temporal dual-comb
regime discrimination, GA is terminated immediately once the
dual-comb regime emerges. Then, the algorithm enters the dual-
comb regime discrimination-based monitoring, which allows the
algorithm to detect detachments in time. Once a detachment
is detected, the algorithm will upload the current solution to
the memory conditionally. Concretely, several well-designed
judgments are required before the current solution is uploaded
to the memory. First, to ensure the current solution is rela-
tively good, the stabilization time of the current solution should
be longer than 30 s. The stabilization time is defined as the
time that the laser keeps operating on the dual-comb regime
and it is timed by a global timer with a resolution of ~3 ns.
Then, if the memory is not empty, the algorithm will evalu-
ate the difference between the current solution and the latest
empirical solution via Euclidean distance calculation. When
the Euclidean distance between the current solution and the
latest empirical solution surpasses the pre-set threshold, the
current solution will be considered as a new different solu-
tion and uploaded to the memory. Afterwards, the algorithm
turns to ARS again thereby forming a closed-loop algorithmic
frame.

III. RESULTS AND DISCUSSION

The dual-color dual-comb regime found by MAIS is shown
in Fig. 3. The optical spectrum in Fig. 3(a) indicates a dual-color
dual-comb regime. Due to the birefringent filtering dominated by
the PMEF, there is a separation of 33.9 nm between two central
wavelengths. The theoretic wavelength separation is ~30 nm
calculated by (2), where A is the central wavelength, Lpy/r is
the length of the PMF and An is the birefringent coefficient of
the PMF. The RF spectrum in Fig. 3(b) shows that the repetition
rate is ~10.42 MHz and the repetition rate difference is 1.05
kHz. Because the laser cavity is mainly composed of standard-
single-mode fiber with anomalous dispersion, the red sideband
of the dual-comb regime propagates slightly slower than the
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Fig. 3. The dual-color dual-comb regime found by MAIS. (a) The optical

spectrum has two bands with a separation of 33.9 nm. (b) The repetition rate
is ~10.42 MHz and the repetition difference is 1.05 kHz. (c) The temporal
waveform consists of two pulse trains; the dashed line is the count threshold.

blue one. Therefore, the red sideband corresponds an optical
frequency comb with a smaller free spectral range (FSR) of
~10.425 MHz and the blue sideband corresponds an optical
frequency comb with a larger FSR of ~10.426 MHz. The typical
temporal waveform of the dual-color dual-comb regime is shown
in Fig. 3(c).
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Time consumption performance is tested through an FPGA-
internal timer with a resolution of 3.3 ns. Fig. 4(a) shows the
time consumption over 50 boot (i.e., from free-running state to
the dual-color dual-comb regime) of both MAIS and GA only.
In the searching phase, the control values of both EPCs refresh
nearly every millisecond. One iteration of GA costs ~100 ms
averagely, and the number of iterations required to find the
dual-comb regime is dependent to the random initial population
generation and the surrounding environment including thermal
and mechanical influences. As a result, the mean time of MAIS
is only 2.48 seconds, which is ~50 times short than GA, and the
standard deviation of MAIS is ~8 times smaller than GA. As
expected, for MAIS, the initial several boots demand comparable
time as GA due to the empty memory in the beginning. MAIS
relies on GA to search the dual-color dual-comb regime in the
early stage. As the number of empirical solutions inside the
memory grows, ARS becomes the main force in searching
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the dual-color dual-comb regime thereby substantially reducing
the booting time. The time consumption test experimentally
validates the performance enhancement introduced by MAIS.
The fitness map shown in Fig. 4(b) is obtained through scanning
over two channels of one EPC and keeping the rest four channels
fixed. The two points in dark blue own the maximum fitness
corresponding to the dual-color dual-comb regime, proving the
solution space is very small for the dual-color dual-comb regime
anditis extremely difficult to achieve by manual tuning. Because
of the special design in the fitness function for the fundamental
mode-locking regime, the platform in blue with larger fitness is
the aggregation of the points corresponding to the fundamental
mode-locking regime. Due to the nonlinear polarization evolu-
tion inside the laser cavity, the fitness distribution in Fig. 4(b) is
aperiodic as the scanning ranges of the two channels surpass 27.

Fig. 5 shows the results of 12-hour optical spectrum mon-
itoring tests in an open environment. The spectrum is updated
every 4.5 seconds. In free-running case, the laser keeps operating
under the dual-color dual-comb regime for ~3 hours till the
instabilities come into play. After several self-relocking, the laser
ultimately turns into a fundamental mode-locking regime with a
strong continuous wave component as shown in the white box of
Fig. 5(a). The result of using GA for both boot and detachments
recovery is shown in Fig. 5(b). Note that GA starts from the
last generation rather than a random generation when dealing
with detachments. GA is unable to deal with detachments in
a short time thereby existing many gaps during 12 hours. For
comparison, the algorithmic combination of GA and ARS (GA-
ARS) is tested, where the boot is managed by GA alone and
detachments recovery is taken care of by both ARS and GA.
ARS is firstly launched when encountering detachments. If ARS
fails, GA will be re-run from the last generation to recover from
detachments. The algorithmic combination manifests a substan-
tial performance improvement as shown in Fig. 5(c). However,
due to the lack of the seamless bond between the optimization
algorithms and the memory storing the historical empirical
solutions, detachments recovery can be time-costly. Therefore,
adistinct gap and instabilities are observed in Fig. 5(c). Fig. 5(d)
shows the laser governed by MAIS almost continuously operate
under the dual-color dual-comb regime for 12 hours.

The stability of the laser is not only related to environmental
disturbances, but also affected by the linear loss in the cavity,
especially the nonlinear-polarization-evolution mode-locking
structure. The linear loss of the cavity is measured to be about
3 dB, substantially contributed by EPCs with a loss of ~1.2
dB/PC. However, the instability of dual-color dual-comb regime
manifests the decent performance of MAIS. Because the fitness
function and discrimination are designed based on pure temporal
information, the optical spectrum of the dual-color dual-comb
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regime found by algorithms may vary slightly from time to time,
which can be resolved through introducing spectral information
to the algorithm.

IV. CONCLUSION

An intelligent single-cavity DCS incorporating a dual-color
mechanism is realized via the combination of the real-time
ICM, the dedicatedly-designed discrimination of the dual-color
dual-comb regime, and the algorithmic frame, MAIS. Given
a tremendous six-dimension parametric space with extremely
small solution space, MAIS can locate a desired solution in a
mean time of only 2.48 seconds due to the unique seamless bond
between the memory storing the empirical solutions and ARS
thereby accelerating the searching phase. Further, under the gov-
erning of MAIS, the intelligent DCS manifests as a stable DCS
working for the long term. Compared to the dual-cavity-based
DCS generation, the intelligent DCS substantially simplified the

setup by using a single-cavity thereby saving the bulky synchro-
nization systems. The intelligent DCS is undoubtedly easier to
use and more stable than the traditional single-cavity DCS. The
feedback architecture, the proposed MAIS, and discrimination
of the dual-comb regime also suit the single-cavity DCS incor-
porating bidirectional and dual-polarization mechanisms with
moderate modifications.
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