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Abstract: Dual-comb spectroscopy has emerged as an attractive spectroscopic tool for
high-speed, high-resolution, and high-sensitivity broadband spectroscopy. It exhibits
certain advantages when compared to the conventional Fourier-transform spectroscopy.
However, the high cost of the conventional system, which is based on two mode-locked
lasers and a complex servo system with a common single-frequency laser, limits the
applicability of the dual-comb spectroscopy system. In this study, we overcame this
problem with a bidirectional dual-comb fiber laser that generates two high-coherence
ultra-broadband frequency combs with slightly different repetition rates (fi,,). The two
direct outputs from the single-laser cavity displayed broad spectra of > 50 nm; moreover,
an excessively small difference in the repetition rate (< 1.5 Hz) was achieved with high
relative stability, owing to passive common-mode noise cancellation. With this slight
difference in the repetition rate, the applicable optical spectral bandwidth in dual-comb
spectroscopy could attain ~479 THz (~3,888 nm). In addition, we successfully generated
high-coherence ultra-broadband frequency combs via nonlinear spectral broadening and
detected high signal-to-noise-ratio carrier—envelope offset frequency (fcpo) beat signals
using the self-referencing technique. We also demonstrated the high relative stability
between the two fcgo beat signals and tunability. To our knowledge, this is the first
demonstration of fcgo detection and frequency measurement using a self-referencing
technique for a dual-comb fiber laser. The developed high-coherence ultra-broadband
dual-comb fiber laser with capability of fcgo detection is likely to be a highly effective
tool in practical, high-sensitivity, ultra-broadband applications.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Optical frequency combs have emerged as indispensable tools in various scientific and
technical fields [1,2]. In the late 1990s, carrier—envelope offset frequency (fcgo) detection
and stabilization were achieved using a self-referencing technique [3—5]. Subsequently,
full phase stabilization of the repetition rate (f,) and fcgo was also achieved. Optical
frequency combs are used in several applications such as frequency metrology [6-9],
high-precision spectroscopy [10], high-precision microwave generation [11,12], optical
communications [13], arbitrary waveform generation [14], astronomical spectrograph
calibration [15,16], and absolute distance measurements [17].

In spectroscopy using frequency combs, the amplitude and phase of the individual
comb modes store the information of samples, i.e., atom and molecular absorption and
phase spectra, in the optical frequency domain. Therefore, mode-resolved spectroscopy
could realize ultra-high precision spectroscopy, in which the spectral resolution is
ultimately limited by the comb mode linewidth. Toward this objective, several methods
have been proposed and demonstrated, e.g., the combination of an optical grating and a
Fabry—Perot cavity [18,19], a virtually imaged phased array (VIPA) [10], and Fourier
transform spectroscopy (FTS) [20,21].

In particular, dual-comb spectroscopy (DCS) techniques [22,23] have various
advantages when compared to previous techniques in term of the rapid acquisition of
each interferogram, the sensitivity, and the resolution. The sensitivity can be improved by
coherent averaging. The spectral point spacing is primary set by the comb f.,, and it can
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be further improved by f.., scanning or the discrete Fourier transform technique [24] at
the expense of the measurement speed. The frequency precision is limited by the
underlying frequency comb reference. The DCS is FTS techniques wherein multi-
heterodyne detection is performed using two optical frequency combs with slightly
different f,.,. In these techniques, by placing the sample in one of the comb (signal comb)
optical path, the absorption and phase information of the sample are stored in each comb
mode of the signal comb; moreover, the information could be retrieved precisely from the
interferogram between the signal comb and the other comb (local comb). Specifically, the
two frequency combs with slightly different f,.,s sample each other without a mechanical
moving stage owing to the scanning of their relative time delay between two pulse trains
in the time domain. In the frequency domain, the interferogram can be considered as
multi-heterodyne beat detection of the two frequency-comb modes; here, the optical
frequency combs are down-converted into a single radio-frequency (RF) comb. The
information in the optical domain can be retrieved from the amplitude and phase of the
individual comb modes [25]. As a scan-less interferometry, DCS provides advantages
over the conventional FTS with regard to measurement speed and resolution.

Because of its remarkable capabilities, DCS has been adopted in several applications,
e.g., broadband, high-precision, high-resolution gas spectroscopy [26,27], high-speed
solid-state spectroscopy [28,29], time-resolved spectroscopy [30], nonlinear spectroscopy
[31,32], terahertz spectroscopy [33], optical sensing [34,35], distance measurement [36],
microscopy [37], and imaging [38]. These applications require high sensitivity. If the two
frequency combs are not mutually coherent or relatively stable, the averaging of
interferogram is distorted. Meanwhile, the coherent averaging of the interferogram can
improve the measurement sensitivity. Thus, there is a demand for the two frequency
combs to exhibit high relative coherence and stability.

The previous dual-comb system employs two independent mode-locked lasers for
generating two optical frequency combs with slightly different f.,s. As these lasers
exhibit independent fluctuations in their f., and fcgo in the free-running state, the
interferogram is distorted. Therefore, a servo system and signal processing are typically
used for high relative coherence between the two frequency combs. Various schemes
have been proposed to fulfill the requirement, e.g., relative stabilization with a single
reference continuous-wave (cw) laser [25-27], real-time compensation of relative phase
fluctuation [39], and adaptive sampling [40]. In addition, a fieldable DCS system [35,41]
based on two polarization-maintaining fiber lasers [42] has been demonstrated; it could
broaden the applicability of the DCS. Notwithstanding the capabilities of DCS in a broad
research area, the use of the dual-comb technique is still mainly limited to researchers
with expertise owing to the high cost of similar systems based on two lasers and the servo
systems. Therefore, a simple and turnkey dual-comb source could offer an attractive
alternative solution for a broad range of users.

In recent years, the dual-comb laser, which emits two optical frequency combs from a
single-laser cavity with a small difference in their f,, values, has attracted considerable
attention owing to its advantageous properties such as passive mutual coherence and
common-mode noise cancellation. Numerous schemes have been reported such as a dual-
comb laser with an Er-doped ZBLAN chip [43], a Kerr-lens mode-locked bidirectional
Ti:sapphire laser [44], and a mode-locked integrated external-cavity surface emitting
laser (MIXSEL) [45]. In addition, a micro-resonator based dual-comb source on the same
chip from a single pump laser has been reported [46]. Although these lasers exhibit
remarkable capabilities such as broadband spectrum, ultra-short pulse, integration, and
high repetition rate, a dual-comb laser with high practicability and robustness is essential
for extending the application of the DCS technique beyond research laboratories.
Meanwhile, a frequency comb based on a mode-locked fiber laser has been widely used
as a standard system since it was first reported in the early 2000s [47,48]. Fiber-based
frequency combs are inexpensive, compact, and robust owing to their all-fiber-based
configuration [49]; moreover, they can generate low phase noise frequency combs [50].
Therefore, numerous DCS systems have been demonstrated with two mode-locked fiber
lasers because of their practical features. Recently, dual-wavelength [51] and
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bidirectional [52] mode-locked Er-fiber lasers have been demonstrated as dual-comb fiber
lasers for real-time gas spectroscopy and terahertz spectroscopy. However, the
demonstrated spectral bandwidth of the dual-comb fiber laser was of the order of a few
nanometers with the anomalous cavity dispersion; this is considerably narrower than that
of a typical low-noise Er-fiber-based frequency comb operating at the near zero cavity
dispersion regime [50]. This narrow output spectrum and cavity dispersion indicates the
presence of large phase noise. However, as it is important for the seed frequency comb to
exhibit high coherence for nonlinear spectral broadening, it is challenging to expand the
spectral bandwidth with high coherence. In [53], a supercontinuum was generated using a
highly nonlinear fiber (HNLF). However, the detection of fcgo beat notes using a dual-
comb fiber laser has not been reported until the present. Moreover, in [51,52], a saturable
absorber was shared between two frequency combs in the laser cavity; thus, undesirable
nonlinear interactions between two pulses at the saturable absorber could cause instability
[43]. In particular, such a strong nonlinear interaction at the saturable absorber could
induce self-synchronization between the two pulses [54]; thus, it would not be feasible to
achieve an excessively marginal difference in the repetition rate (Af,,). Realizing a small
Afiep is essential for broad bandwidth detection in DCS. Finally, in addition to the
limitation in the design of the physical configuration of the cavity, it is challenging to
optimize both the outputs simultaneously. This limits the degrees of freedom for tuning
Afrep.

In this study, to overcome the problems arising from low-coherence supercontinuum
generation and the limitation in generating marginal Af.,, we proposed and developed a
bidirectional mode-locked Er-fiber laser using novel concepts in the laser cavity
configuration, i.e., the symmetrical cavity configuration and a combination of two mode-
locking mechanisms. We used a combination of two saturable absorber mirrors (SAMs)
and nonlinear polarization rotation (NPR) as a mode-locking mechanism; this facilitated
the generation of low phase noise frequency combs. The two direct outputs from the laser
cavity displayed broad spectra with a full-width-at-half-maximum (FWHM) bandwidth of
~56 nm. Moreover, we successfully generated high-coherence ultra-broadband frequency
combs by nonlinear spectral broadening and detected the high signal-to-noise-ratio (SNR)
fceo beat signals in both the directions. A high relative stability between the two fcgo beat
signals was also demonstrated without active stabilization. To our knowledge, this is the
first demonstration of fcgo detection and frequency measurement using a self-referencing
technique for a dual-comb fiber laser. Because fcgo is one of the only two parameters of
frequency combs, it is required for absolute frequency measurement in high-accuracy
spectroscopy. In the case of DCS, detecting and regulating the fcgo is important for high-
precision spectroscopy as well as for high-sensitivity using coherent averaging. In
addition, the controllability of fcgo is also important for various applications utilizing
coherence, such as coherent spectroscopy, nonlinear spectroscopy, and phase imaging.
Moreover, such a high-coherence ultra-broadband supercontinuum can be further
converted to other wavelength regions with high coherence for a wide range of
applications. Furthermore, to suppress high nonlinearity in a saturable absorber, we use
two SAMs in the laser cavity that are not shared between the two pulses, on the basis of a
configuration similar to that described in [55]. As a result, an excessively small Afy, (<
1.5 Hz; fi, = 38 MHz) was achieved with high stability. As these two frequency combs
were generated by the same single-laser cavity, a high relative stability between the two
frequency combs could be realized via passive common-mode noise cancellation. With
this small Afy,, the applicable optical spectral bandwidth in DCS can reach ~479 THz
(~3,888 nm). Finally, the developed high-coherence ultra-broadband dual-comb fiber
laser is likely to be a highly effective tool in practical ultra-broadband spectroscopy in a
broad application area.

2. Experimental setup and results
2.1 Setup of bidirectional dual-comb fiber laser

Figure 1 shows a schematic of the developed bidirectional dual-comb fiber laser with the
symmetrical cavity configuration and a combination of two mode-locking mechanisms. It
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consists of a single-mode fiber (SMF) and an Er-doped fiber (EDF), which is
bidirectionally pumped by a 976-nm laser diode (LD) via two wavelength division
multiplexing (WDM) couplers. The two 10/90 couplers are placed symmetrically in the
laser cavity with respect to the EDF, and 10% of the propagating power is coupled out of
the cavity via a coupler. Conventionally, a unidirectional ring cavity with an in-line
isolator facilitates self-starting of passive mode locking. For a bidirectional mode-locked
fiber laser, an in-line isolator is not included in the laser cavity; moreover, it can be
operated in both the clockwise (CW) and counter-clockwise (CCW) directions. The
counter-propagating pulses are separated via two 50/50 couplers and two three-port
circulators; furthermore, they are launched into two separate SAMs to suppress
undesirable highly nonlinear interaction between two co-propagating pulses at a saturable
absorber. All the components are installed in the cavity symmetrically to optimize the
mode-locking operation in both the directions simultaneously. Moreover, all the non-
common paths are placed close together for common-mode noise cancellation. In the
developed cavity configuration, Af, can be conveniently tailored by the path length in
the separated region consisting of the SMF and free-space. Furthermore, we installed an
in-line polarization controller comprising a half-wave plate (H), a quarter-wave plate (Q),
and a polarizer (P) in the cavity to ensure mode locking based on the NPR mechanism.
Such a combination of slow and fast mode-locking mechanisms is likely to generate low
phase noise frequency combs and stabilize the mode-locking operation in both the
directions simultaneously [56,57]. The net dispersion of the laser cavity was estimated to
be - 0.06 ps® at 1,550 nm. In a future work, all the free-space setups can be integrated to
further reduce the size using micro-optic packaging; moreover, the two 50/50 couplers
and circulators can be modified into a four-port circulator. In this study, all the
experiments were conducted in free-running operation as described in later sections.

cw

ccw

Fig. 1. Experimental setup of bidirectional dual-comb fiber laser with nonlinear
polarization rotation (NPR) and saturable absorber mirrors (SAMs). LD: laser diode;
EDF: Er-doped fiber; WDM: wavelength division multiplexing coupler; H and Q: half-
and quarter-wave plate; P: polarizer; 10/90 and 50/50: 10/90 and 50/50 coupler; ISO:
isolator; CW and CCW: clockwise and counter-clockwise outputs.

2.2 Characteristics of the two outputs of dual-comb fiber laser

As shown in Fig. 2(a), the two outputs from the laser cavity simultaneously and directly
displayed broad spectra with a FWHM bandwidth of ~56 nm at ~1,550 nm. These
bandwidths are the broadest reported till date in the case of the dual-comb fiber laser. In
addition, both the unidirectional mode-locking outputs exhibited almost identical broad
spectra. Thus, such broad spectra were not caused by nonlinear interaction between the
two counter-propagating pulse trains. Furthermore, the average powers of the two outputs
were adequately balanced (1.8 mW (CW) and 1.2 mW (CCW)) with the total pump
power of approximately 650 mW at 976 nm. This was achieved because the mode-
locking operation could be optimized in both the directions simultaneously; this in turn
was because the two SAMs were not shared in the two frequency combs, both NPR and
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SAM were used, and the cavity configuration was symmetrical. Such a broad bandwidth
of the fiber-based frequency comb from the direct laser output indicated the presence of
low phase noise [49,50,58,59]; furthermore, it was essential for broadband DCS. The
bandwidth is superior to that reported in previous studies on dual-comb fiber lasers
[51,52] and other types of dual-comb lasers [43,45]. In subsections 2.4 and 2.6, we
describe our evaluation of the coherence of the laser cavity output and generation of an
octave-spanning frequency comb by nonlinear spectral broadening with high coherence.
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Fig. 2. (a) Optical spectra and (b) RF spectra of the two outputs with a mode-locking
operation. (c) Tunability of the repetition rates for the two outputs as a function of the
displacement of the collimator in the free-space section. Temporal variation of (d) the
repetition rates of the two outputs and (e) the difference in the repetition rate (Afr,). STD:
Standard deviation, ADV: Allan deviation. Inset: Magnified of (e). (f) Allan deviation of
ey

2.3 Stability of dual-comb fiber laser in terms of repetition rate

The radio-frequency (RF) spectra of the two outputs of the developed dual-comb fiber
laser are shown in Fig. 2(b). The f., of the two outputs were approximately 37.9 MHz,
with a small difference of Af,., =1.5 Hz. As shown in Fig. 2(c), both the f;., values could
be varied independently by the position of each collimator in the free-space section.
Therefore, Af,, could be conveniently tuned from a few Hz to a few hundred kHz with
positive and negative values. In the CW case, the fr, tuning range was limited by the
maximum displacement of the mechanical stage. Meanwhile, in the CCW case, the
current mode-locking operation could be maintained through the displacement range of
6.4 um; this range could be extended by improving the alignment. In DCS, a small Afy, is
essential for achieving a broad spectral bandwidth, which can be measured
simultaneously. With Af,, =1.5 Hz (f,, = 37.9 MHz), the measurable optical spectral
bandwidth (Av =frep2 / 2Afrep) could attain 479 THz (AL =3,888 nm). We measured the
Jfreps of the two combs simultaneously using two frequency counters (Tektronics,
FCA3100) that refer to an Rb frequency standard (SRS, FS725). Figures 2(d)-2(e) show
the temporal variation of f, of the two outputs and Afy, in the free-running operation.
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Whereas each f., fluctuated owing to environmental perturbation, a high relative stability
of Af., was achieved (a standard deviation of 0.14 Hz; Allan deviation of 0.01 Hz for an
averaging time of 1 s) without temperature control; this was owing to passive common-
mode noise cancellation. Figure 2(f) shows the Allan deviation of Af,; it was stable for
the averaging time. This is a significant advantage for DCS, where Af, should be
maintained constant during multi-heterodyne beat signal measurement. The mode-locking
operation could be maintained for a few days without realignment or maintenance. fi,
could be further increased by reducing the physical dimensions of the cavity and
replacing the two 3-dB couplers and three-port circulators with a simple four-port
circulator. Moreover, Afy, could be further stabilized by stabilizing the laser cavity, e.g.,
by temperature control.

2.4 Evaluation of coherence for dual-comb fiber laser in both directions

To evaluate the coherence, we detected the beat notes between each frequency comb and
a narrow-linewidth single-frequency external-cavity diode laser (ECDL, Toptica DL-pro,
linewidth ~10 kHz) at 1,530, 1,550, and 1,580 nm. Figures 3(a)-3(f) show the RF spectra
of the beat notes for the two frequency combs in each wavelength region. In all the
wavelength regions, we successfully obtained beat notes with a high SNR of ~35 dB at a
resolution bandwidth of 100 kHz and narrow linewidth of ~10 kHz, as shown in Figs.
3(g) and 3(h). Furthermore, there were no spikes originating from large phase noise in
both directions. These results imply that the two frequency combs with broad spectra
exhibited sufficient coherence at approximately 1,550 nm. Such a low phase noise
frequency comb from the laser cavity is necessary to generate a high-coherence
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Fig. 3. Beat notes between a single frequency laser and the two outputs in the clockwise
(a—c) and counter-clockwise (d-f) directions for 1530-1580 nm with an RBW of 100 kHz.
(g—h) Magnified beat plots of (b) and (e) with an RBW of 5 kHz.

2.5 Evaluation of relative coherence between the two outputs

For evaluating the relative coherence between the dual outputs of the laser, we detected
the relative beat notes between each frequency comb and a single-frequency ECDL
(Toptica, DL-pro) at 1,530, 1,550, and 1,580 nm, which was used as an intermediate
laser. The two beat notes for both the frequency combs were extracted by a low-pass filter
and amplified by a low-noise RF amplifier. Then, the two beat notes were mixed with a
double balanced mixer, and only the difference-frequency signal was extracted by
filtering. As shown in Fig. 4(a), the difference-frequency beat note had a linewidth of <1
kHz (for a measurement-duration of 1.9 ms). Here, the measured linewidth was limited
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by the measurement resolution because long time averaging could not be applied without
phase locking between the intermediate laser and the comb mode.

In addition, we directly detected the multi-heterodyne beat notes between the two
frequency combs with Afi., =30 Hz. The two frequency combs were combined using a
50/50 coupler and launched into a rapid photodetector (Newfocus, 1811) via an optical
band-pass filter (BPF) with a bandwidth of ~1 nm at 1,550 nm. Figure 4(b) shows the RF
spectra of the detected multi-heterodyne beat note in the case of Af,,, =30 Hz. To verify
that the beat notes are the multi-heterodyne beat notes between the optical frequency
modes of the two combs rather than the mixing products in the RF domain, we changed
the center wavelength of the BPF manually; it was observed that the center frequency for
the beat note changed. As shown in Fig. 4(c), we obtained mode-resolved multi-
heterodyne beat notes with an RF spectrum analyzer (Rohde & Schwarz, FSV-13). These
results imply that the two frequency combs from the single-laser cavity exhibited high
relative coherence. A comparison of Figs. 4(b) and 4(c) shows that the amplitude of the
beat signal varied slightly depending on the measurement resolution, i.e., measurement
time. This could be owing to the fluctuation from fiber noise in the beat detection system
[50,59] and residual non-common-mode noise in the non-common path in the laser
cavity. Applying fiber noise cancellation for beat detection and employing a hermetically
sealed box for the non-common path in the laser cavity could have further passively
stabilized the beat. Nevertheless, we obtained mode-resolved beat notes with Af;,, =30 Hz
with a resolution bandwidth (RBW) of 5 Hz. The FWHM of each beat note was 3.8 Hz
(Gaussian), and it is limited by an RBW of 5 Hz. Thus, the relative linewidth between the
two frequency combs could be 5 Hz or less. This result implies that the developed DCS
laser can maintain coherence for over 0.26 s without servo control. With this narrow
linewidth, a small Afy,, could be achieved. Thus, broadband DCS can be realized using
the developed dual-comb fiber laser.
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Fig. 4. RF spectra. (a) Relative beat note between a pair of comb teeth from the two
frequency combs at 1,550 nm. The beat note has a linewidth of < 1 kHz for a
measurement-duration of 1.9 ms. (b) Multi-heterodyne beat notes between the two
frequency combs with Afi., =30 Hz. (c) Magnified multi-heterodyne beat notes of (b).

2.6 Generation of ultra-broadband optical frequency comb and detection of
carrier—envelope offset frequency beat notes with dual-comb fiber laser

Next, we evaluate the fcgo of the developed dual-comb fiber laser, which is one of the
most important parameters of the comb. To detect fcgo beat signals, we generated an
ultra-broadband optical frequency comb spanning more than one octave with EDF
amplifiers and HNLFs based on the two outputs. The fiber amplifier and HNLF were
optimized to generate an octave-spanning frequency comb using dispersion management
[60]. For measuring such an octave-spanning spectrum, we used two types of optical
spectrum analyzers to cover the entire spectral region (Yokogawa, AQ6370D and
AQ6375). As shown in Fig. 5(a), we obtained an ultra-broadband optical frequency comb
spanning more than one octave for both the frequency combs.
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For evaluating the coherence of the octave-spanning frequency comb at the far end of
the short and long wavelength regions, we detected the RF spectra of the two outputs.
Figure 5(b) shows the RF spectra of the two outputs at 1,020 nm and second harmonic
generation for 2,040 nm. They are similar to the original RF spectra of the direct outputs
from the oscillator, as shown in Fig. 2(b). Moreover, we detected fcgo beat signals using a
common-path f~2f interferometer based on a self-referencing scheme [47]. The entire
supercontinuum was launched into a periodically poled lithium niobate (PPLN) crystal,
and the comb teeth around 2,040 nm were doubled and mixed with the comb teeth around
1,020 nm. From the two ultra-broadband frequency combs for the CW and CCW outputs
(Fig. 5(c)), we successfully detected fcgo beat notes simultaneously. The SNR was ~30
dB at a resolution bandwidth of 100 kHz, and the linewidth was ~10 kHz. The results
imply that the ultra-broadband frequency combs exhibited sufficient coherence, i.e., low
phase noise over one octave even after nonlinear spectral broadening; they also imply that
that the obtained SNR could have been measured with a frequency counter. To our
knowledge, this is the first demonstration of the direct detection of fcro beat notes using a
self-referencing technique for a dual-comb fiber laser.
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Fig. 5. (a) Optical spectra of broadened optical frequency comb based on bidirectional
outputs with Er-doped fiber amplifier (EDFA) and highly nonlinear fiber (HNLF). (b) RF
spectra of each output of bidirectional comb at 1,020 nm and second harmonic generation
for 2,040 nm. (c) Beat notes of carrier—envelope offset frequency (fcro) in both directions.
Temporal variation of (d) carrier—envelope offset frequencies (fcros) of the two outputs
and (e) difference in carrier—envelope offset frequency (Afceo). Inset: Magnified plots. (f)
Tunability of fceo and Afceo.

2.7 Evaluation of carrier—envelope offset frequency of dual-comb fiber laser

For evaluating the two fcgo beat signals, we measured both the signals simultaneously
using two frequency counters (Tektronics, FCA3100) that refer to an Rb frequency
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standard (SRS, FS725). Figures 5(d) and 5(e) show the temporal variation in fcgo in both
the directions and Afcgo in the free-running operation. Whereas each fcgo varies by ~1
MHz over 1,000 s owing to environmental perturbation, Afcgo remained highly stable at
~5.5 MHz with a standard deviation of 30.5 kHz; this was owing to passive common-
mode noise cancellation. This is a significant advantage for DCS, where Afcgo should be
maintained constant during the measurement of the multi-heterodyne beat signal. To our
knowledge, this is the first demonstration of the direct measurement of fcgo beat notes
using a self-referencing scheme for a dual-comb fiber laser. Furthermore, as shown in
Fig. 5(f), the two fcgo signals and Afcgo could be varied by a pump current (/), i.e., pump
power; this is important for practical application. The two tuning rates (Af/Al) were - 0.53
and - 0.93 MHz/mA, respectively.

To investigate the two fcgo signals in a short-term time scale, we also measured the
phase noise of both the fcro beat signals in free-running operation using a digital phase
meter implemented on a field-programmable gate array (FPGA) [61]. Figure 6(a) shows
the phase noise of fcgo when the laser operated with unidirectional mode locking. In this
case, we changed the operational state by inserting a block in the free-space of the SAMs.
A comparison of Figs. 6(a) and 6(b) shows that in the bidirectional mode-locking
operation case reveals specific modulation peaks in the range of 1-10 Hz; these were
common for both the CW and CCW combs. In contrast, similar peaks were not observed
in the unidirectional mode-locking case. This result implies that interaction occurred
between the two counter propagating pulses in the frequency combs. As explained in
subsection 2.3, in the developed dual-comb fiber laser, the strong nonlinear interaction at
the saturable absorber can be avoided using the two-SAM configuration; otherwise, Afr,
cannot attain the order of Hz owing to the self-synchronization between the two
frequency combs at the saturable absorber. Meanwhile, the gain fiber is shared between
the two frequency combs; thus, interaction via gain can occur. However, such interaction
does not seem to degrade the performance since, in the preliminary experiment, common-
mode noise reduction in the Afcgo beat was observed in the RF spectra. In the future,
further detailed evaluation of Afcgo would be performed by applying the developed laser
to the spectroscopy. Moreover, the tunability of the two frgo signals simultaneously by
the pump power, as shown in Fig. 5(f), also implies interaction at the gain fiber in the
laser cavity. In this case, such controllability of Afcgo is essential for further stabilizing
Afceo and for applications such as coherent averaging.
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Fig. 6. Phase noise of carrier—envelope offset beat notes in both directions. (a)
Unidirectional mode-locking operation. (b) Bidirectional mode-locking operation.

3. Discussion

As described in Section 2.6, we achieved fcgo beat note detection using a self-referencing
technique for the developed dual-comb fiber laser; moreover, a high relative stability by
common-mode noise cancellation for the two fcgos was demonstrated. Although the dual-
comb fiber laser exhibited the relative stability of Afcgo in free-running operation, further
active stabilization of fcgo and Afcgo is feasible because of the high SNR of ~30 dB at an
RBW of 100 kHz. As demonstrated in Fig. 5(f), the two fcgo beat signals and Afcgo could
be varied by the pump power for the dual-comb fiber laser. Thus, in future, fcgo or Afceo
can be stabilized by servo control of the pump power. In addition, with stable Afcgo,
coherent averaging, which is an important technique for DCS, can be realized. Similar
averaging technique has not been demonstrated for a dual-comb laser. Furthermore, the
absolute frequency can be determined using the developed dual-comb fiber laser because
the two fi.ps and fcgos can be measured with frequency counters, and Afy., can be changed
by the procedure described in [62]. In contrast, in previous studies [51,52], the absolute
frequency was determined using a reference laser or absorption line frequency because
the two fcgo beat notes were not detected.

Because the obtained supercontinuum exhibited high coherence over one octave, the
two outputs of the developed dual-comb fiber laser can be extended to other wavelength
regions by nonlinear optics with high coherence. Visible, mid-infrared, and terahertz
generation can be realized via nonlinear frequency conversion. For example, on the basis
of the octave-spanning frequency combs between 1,000 and 2,000 nm with high
coherence, visible comb generation can be realized using a PPLN waveguide [63];
moreover, mid-infrared comb generation can be realized through difference-frequency
generation [64,65]. In addition, for terahertz spectroscopy based on the DCS technique,
Afrep is an important factor owing to the terahertz detection system bandwidth limitation
[66]. For our developed dual-comb fiber laser, the tunability of Af,, by changing the
length in the separated region is suitable for terahertz spectroscopy.
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4. Conclusion

We developed a high-coherence ultra-broadband bidirectional dual-comb fiber laser to
realize a simple and robust ultra-broadband DCS system for practical applications. We
successfully detected the high SNR fcgo beat notes for the two frequency combs in both
directions; moreover, a high relative stability between the two fcgo beat signals was
demonstrated. To our knowledge, this is the first demonstration of fcgo detection and
frequency measurement using a self-referencing technique for a dual-comb fiber laser. In
addition, a highly small Af,, (< 1.5 Hz; f, = 38 MHz) with high relative stability was
demonstrated. Because of this small Af,, the applicable optical spectral bandwidth in
DCS could attain ~479 THz (~3,888 nm). As these two frequency combs are generated
by the same single-laser cavity, the mutual coherence between the two frequency combs
is high owing to passive common-mode noise cancellation. The detection and regulation
of fcgo is required in various dual-comb spectroscopy applications such as high-precision
spectroscopy with absolute frequency accuracy, high-sensitivity detection using coherent
averaging, coherent spectroscopy, nonlinear spectroscopy, and phase imaging. Moreover,
broad spectral coverage with high coherence could be extended to other wavelength
regions such as visible, mid-infrared, and terahertz by nonlinear frequency conversion.
Because the fiber-based configuration is robust and compact, the developed dual-comb
fiber laser is likely to be a highly effective tool in practical ultra-broadband spectroscopy
with high coherence for a broad range of applications. We consider our dual-comb fiber
laser to be a potential alternative to the current sophisticated DCS system; furthermore,
the proposed system can expand the range of application of optical frequency combs. The
laser can be used for DCS as well as for other applications such as asynchronous optical
sampling [67] and optical coherence tomography [68].
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