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Abstract: Bidirectional wavelength-tunable mode-locked fiber lasers have demands for many
applications. In our experiment, two frequency combs from a single bidirectional carbon nanotube
mode-locked erbium-doped fiber laser are obtained. Continuous wavelength tuning is demon-
strated in the bidirectional ultrafast erbium-doped fiber laser for the first time. We utilized the
microfiber assisted differential loss-control effect on both directions to tune operation wavelength
and it presents different wavelength tuning performances in two directions. Correspondingly, the
repetition rate difference can be tuned from 98.6 Hz to 32 Hz by applying strain on microfiber
within 23 pm stretching length. In addition, a minor repetition rate difference variation of 4.5 Hz
is achieved. Such technique may provide possibility to expand wavelength range of dual-comb
spectroscopy and broad its application fields.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Bidirectional mode-locked fiber lasers perform as special optical sources that two ultrashort pulses
can be generated simultaneously in both clockwise (CW) and counter clockwise (CCW) direction.
Their compact system and outstanding output characteristics have acquired massive attention and
found applications in optical sensing, dual-comb spectroscopy, terahertz spectroscopy, etc [1-6].
Besides, bidirectional mode-locked fiber lasers also offer new platform for mode locking dynamics
study [7,8]. Therefore, many efforts have been devoted to realize bidirectional mode-locked fiber
laser operating at different wavelength range under various operation regime [9—13]. Among
them, the most attractive property is the mutual coherence and common noise cancellation in
bidirectional mode-locked fiber laser, from which two coherent frequency combs with a slight
repetition rate difference (4f}.,) can be produced for dual-comb spectroscopy application.

One type of bidirectional dual-comb fiber lasers tends to focus on two-branch structure. But the
small 4f,., depends on two cavity length difference, which is hard to accomplish and adjust. On
the other hand, counter-propagating pulses emitted from a single ring cavity is more promising
due to simple constructure and cost effectiveness. In Ref. [14] and [15], Mehravar et al and
Olson et al separately successfully exploited a bidirectional mode-locked erbium-doped and
thulium-doped fiber laser to apply them for absorption measurement. However, these dual-comb
systems always operate at a fixed wavelength. Increasing operation wavelength can expand
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absorption measurement range in dual comb spectroscopy. Zeng et al and Yao et al utilized
the intrinsic fiber birefringence effect in bidirectional mode-locked fiber laser, in which central
wavelength of the counter-propagating pulses can be modified by changing cavity length and
fiber birefringence [16,17]. But such polarization controllers adjustment method will result in
a discrete and rough control of wavelength [18]. So far, precise and continuous wavelength
tuning or controlling in bidirectional mode-locked fiber laser is challenging and has rarely been
demonstrated. In other words, a suitable wavelength tuning mechanism is in demand.

Microfibers are of great interest for a range of emerging fiber optic applications, including
optical sensing, nonlinear optics, optical trapping, etc. for their outstanding properties of large
evanescent field, high nonlinearity, strong confinement and low loss interconnection [19]. More
importantly, microfiber-based fiber device also finds extensive applications in fiber lasers. For
instance, Luo ef al demonstrated a femtosecond mode-locked fiber laser by using the evanescent
field interaction between microfiber and few-layer black phosphorus [20], Liu et al proposed a
graphene decorated microfiber knot resonator to achieve four wave mixing effect for ultrahigh
repetition rate pulse generation [21]. In addition, microfiber can also perform as an effective
continuous wavelength tuning element in fiber laser, for their merits of fine controlling, all fiber
configuration, low loss insertion, ease of fabrication, efc. Fang et al reported a wavelength-tunable
mode-locked fiber laser operating at 2 um, in which a microfiber filter with intermodal interference
induced quasi-sinusoidal transmission spectra is applied as a wavelength selection element [22].
The large extinction ratio (ER) guarantees perfect spectral shaping and fine wavelength selectivity
in the unidirectional mode-locked fiber laser. However, it is worth to notice that these strong
wavelength selection function of the filter will result in the phenomena that the counter-circulating
pulses will possess the same operation wavelength and tuning tendency in a single bidirectional
mode-locked fiber laser [23,24], which is not suitable for dual-comb spectroscopy. Hence, an
alternative wavelength tuning mechanism is necessary to realize continuously spectral tuning
from single bidirectional mode-locked fiber laser, in which two pulses own different repetition
frequency. Another type of continuous wavelength tuning mechanism is based on the loss control
capability. Feng et al exploited a microfiber based variable attenuator and realized continuous
wavelength tuning with reverse strain [25]. Nevertheless, large loss change during bending will
weak mode locking performance and even break mode locking states, especially in bidirectional
fiber laser that gain competition exists. In essence, the microfiber assisted filter effect can also be
attributed to loss adjustment imposed on gain profile. The emission wavelength in fiber laser is
also decided by the combination effect between loss and gain. Consequently, a microfiber with a
small ER in transmission would be inherently capable of breaking strong wavelength selection
function but controlling emission wavelength in a small loss adjusting manner between the two
opposite directions.

In this work, a bidirectional wavelength-tunable mode-locked erbium-doped fiber laser was
reported. Two frequency combs with a slight 4f,,, from a single cavity is demonstrated. The
same cavity perturbations between two pulses ensure small variation of 4.5 Hz in Af,.,, and further
pave the road to dual-comb spectroscopy applications. Besides, by stretching the microfiber, it
induces differential loss controlling effect for the counter-propagating pulses, and wavelength
tuning is achieved in both CW and CCW directions with distinct performance. Such phenomena
result in a tunable Af,., from 98.6 Hz to 32 Hz and it can be decreased below the anti-aliasing
value of 38.9 Hz. This helps direct dual-comb spectroscopy application within the whole spectra
without extra spectral filter. Moreover, the wavelength tuning performance also may expand
operation wavelength range and broad dual comb spectroscopy applications fields.

2. Experimental setup

The experimental diagram of bidirectional wavelength-tunable mode-locked fiber laser is shown in
Fig. 1(a). We choose the HiPco single walled carbon nanotube (SWCNT) and uniformly disperse
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it in the polyvinyl alcohol (PVA) matrix. The SWCNT diameter distribution of 0.8-1.2 nm
guarantees the considerable optical absorption in the communication band, and the highly optical
transmissive polymer matrix also facilitates the role of SWCNT-PVA polymer composite as an
intensity discriminator in the erbium-doped fiber laser. The detailed fabrication procedure and
characteristics can be found in Ref. [26]. A section of erbium-doped fiber (OFS EDF80) with
a length of 114 cm provides gain to the laser, which has a group velocity dispersion (GVD) of
+63.8 ps?/km. The laser emission is pumped by a 976 nm laser source through a 980/1550 nm
wavelength division and multiplexer composed of HI1060 fiber pigtails. The HI1060 fiber
owns length of ~ 200 cm and GVD of -7 ps*/km. For intracavity pulse stabilization, an in-line
mechanical polarization controller (PC) is applied. We extract 20% optical signals outside the
cavity for further analysis via an 2 X 2 optical coupler (OC). To avoid any unwanted reflected
optical signals, we utilize two polarization insensitive isolators in each direction outside the cavity.
Wavelength tuning is achieved by insertion of a microfiber which is fixed on a high-resolution
three-dimension displacement platform (Thorlab Nanomax300). The microfiber is fabricated
with single mode fiber (Coring SMF28e) by standard flame brush technique, and the conical
structure can be formed during heating and stretching process [27]. Higher order cladding mode
can be excited when diameter is decreased resulting in modal interference. Figure 1(b) displays
the transmission spectra of the fabricated microfiber with a free spectral range (FSR) of 15 nm and
ER of 0.43 dB. The quasi-sinusoidal response indicates that primarily two modes are excited. The
transmission spectrum will blue shift as a result of increased intermodal interference interaction
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Fig. 1. Experiment setup and device characteristics. (a) experimental diagram of the
bidirectional wavelength-tunable mode-locked erbium-doped fiber laser, WDM: wavelength
division and multiplexer, EDF: erbium-doped fiber, CNT-SA: carbon nanotube saturable
absorber, OC: optical coupler, PC: polarization controller, MF: microfiber, SMF: single mode
fiber, CW: clockwise, CCW: counter-clockwise. (b) transmission spectrum of microfiber,
ER: extinction ratio, FSR: free spectral range. (c) microscopy image of microfiber. (d)
nonlinear optical absorption of CNT-SA, a(: modulation depth, a;s: non-saturable loss,
Igqs: saturable pulse energy.
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length. The microscopy image of microfiber is shown in Fig. 1(c) and the diameter is 7.4 um
with high uniformity. Here we exploit such microfiber with a relatively small ER, for the reason
that a larger value will result in a strong spectral filter effect. And such effect will eliminate
the repetition frequency difference of two frequency combs, as well as lead to synchronization
between two ultrafast pulses which is not suitable for dual-comb spectroscopy. The pigtails of
other optical components and the remaining of cavity are both SMF. The total cavity length
is estimated to be ~13 m and the calculated net dispersion is about -0.168 ps? corresponding
to the conventional soliton operation regime. The nonlinear optical absorption characteristics
of CNT-SA was measured and displayed in Fig. 1(d). The modulation depth @ reaches 1.7%
indicating effective SA function. Besides, non-saturable loss and saturable energy of CNT-SA
are 55.2% and 12.5 uJ/cm?, respectively.

3. Results & discussion

Mode locking is easy to achieve both in the CW and CCW direction and we find the threshold
to produce pulse in the CW direction is slightly smaller than that in the CCW direction. This
is attributed to the asymmetric design of the cavity that pump light is directly absorbed by the
gain medium in the CW direction, while the light is attenuated by the OC and CNT-SA from
the opposite direction. Coarse adjustment of PC and pump power are applied to achieve stable
single pulse operation from both directions. When pump power was set at 30 mW, Fig. 2(a)
displays the typical output spectra of counter-circulating pulses by an optical spectrum analyzer
(OSA) (Yokogawa AQ6370D) and it is clear to see that the central wavelength from CW and
CCW direction is 1566.36 nm and 1569.78 nm, respectively. The asymmetric configuration and
gain competition effect are responsible for the operation wavelength difference. Besides, the
full width of half maximum (FWHM) reaches 6.32 nm in the CW direction and 5.88 nm in the
CCW direction. The obvious Kelly sidebands in the optical spectrum is obtained by soliton mode
locking. To further analyze the output characteristics of the laser, optical pulses are transferred
to the electrical signals with a 12.5 GHz bandwidth photodetector (Newport 8§18-BB-51F),
and directly observed from a 4 GHz bandwidth high-speed real-time oscilloscope (Keysight
DSO0OS404A) and an electrical spectrum analyzer (Rohde & Schwarz FSV-30). Figure 2(b) shows
the pulse trains in the CCW direction with a time interval of 65.44 ns. The equally spaced
single electrical line and minor intensity disturbance indicates stable pulse formation. Moreover,
the electrical signals in the radio frequency (RF) domain are also presented in Fig. 2(c) with a
frequency span of 3.7 MHz and a RBW of 20 Hz.

The fundamental repetition rate of pulse from CCW direction is ~15.282 MHz, which is well
fitted with the reciprocal of the pulse spacing in Fig . 2(b). This is also verified by the cavity
length that single pulse is produced in the CCW direction. In addition, the signal to noise ratio
(SNR) reaches 85 dB and the inset of Fig. 2(c) displays a relatively gentle and minute intensity
decrease from the fundamental repetition rate to its high order harmonics over 1 GHz span. These
performances are also observed in the CW direction and demonstrate both stable single pulse
generation. Figure 2(d) depicts the autocorrelation traces of pulses from two directions with the
utilization of a background-free SHG-type autocorrelator (Femtochrome Research FR-103XL).
The inset displays experimental data in the CW and CCW direction and they are both well
nonlinear fitted by a Sech? function. The measured pulse duration is 836 fs in the CW direction
and 708 fs in the CCW direction.

The two frequency combs generated from a single cavity will possess a slight 4f,., due to
their distinct operation wavelength. To monitor these characteristics, we combined two pulses
from two directions via a 50:50 OC. Figure 3(a) shows RF spectrum of combined signals over
a frequency span of 5 kHz and RBW of 1 Hz. It is clear that the fundamental repetition rate
locates at 15.2826075 MHz in the CW direction and 15.2825235 MHz in the CCW direction.
The newly generated RF combs characterize a line spacing A4f, of 84 Hz. The corresponding
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Fig. 2. The output characteristics of pulses from two directions. (a) optical spectra of the
counter-circulating pulses; (b) pulse trains from CCW direction in the time domain; (c)
radio frequency spectrum in the CCW direction, inset: the fundamental repetition rates and
its high order harmonics in the CCW direction over 1 GHz span; (d) the autocorrelation
curves fitted by hyperbolic secant function in the CW and CCW directions, inset: measured
experimental data of autocorrelation curves in the CW and CCW directions.

periodic interferograms in the time domain is also demonstrated in Fig. 3(b), and the measured
period of beat note waveform is 11.74 ms, which also corresponding to the Af,.,. Besides, we
also monitor the frequency stability per one minute during 40 minutes as displayed in Fig. 3(c).
The fundamental frequency of counter-propagating pulses performs relatively large change over
time and mainly caused by the environmental disturbance. However, since two lasers share the
same cavity and suffer same perturbation, the variations in repetition frequency are cancelled and
can lead to the relatively stable A4f,,,. The small variation of 4.5 Hz also confirms the possibility
in dual-comb spectroscopy applications. We demonstrated preliminary dual-comb spectroscopy
with this fiber laser and the results are enclosed in Supplement 1.

In our experiment, we find that the operation wavelength can be tuned by stretching the
microfiber. We notice that the emission wavelength from the opposite direction show different
response to the microfiber stretching. Here we set the home position of microfiber when the
output wavelength in the CCW direction reaches its maximum. Fig . 4(a) exhibits wavelength
tuning performance and the corresponding fundamental repetition rates of the counter-circulating
pluses. The central wavelength versus displacements in the CCW direction is from 1570.46 nm to
1567.18 nm within 23 um displacements range and appears approximately linear manner. While
in the CW direction, it presents an enveloping change curve where the wavelength increases
from 1566.36 nm to 1567.58 nm and decreases to 1566.08 nm. Such wavelength variations
also contribute to the relative repetition frequency change between two directions, and their
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Fig. 3. The combined output pulses characteristics. (a) signals in the radio frequency
domain; (b) signals in the time domain; (c) stability of fundamental frequency and repetition
rates difference Afyep.

relationships are also shown in Fig. 4(a). Due to the small ER of 0.43 dB of microfiber, we
believe that the wavelength tuning mechanism should be attributed to the differential loss
induced by the sinusoidal spectrum rather than spectral filtering. This is also confirmed that the
counter-propagating pulses possess different operation wavelength. To figure out the specific
mechanism of wavelength tuning, we measured the transmission spectrum of microfiber at home
position (zero displacement) as shown in Fig. 4(b), where the laser wavelength locates at the
falling edge of transmission window of the microfiber for the CW direction, and trough for the
CCW direction. While applying continuous strain on microfiber in the laser, we measured a
set of transmission spectra under every displacement. The corresponding insertion loss of the
microfiber at each operation wavelength versus every displacement is also monitored, which are
described in Fig. 4(c) and (d). The results illustrate that the increased insertion loss will result in
a blue wavelength shift for the reason that shorter wavelength will experience larger gain [28].
Hence, the loss control function of microfiber is verified and responsible for such wavelength
tuning performances. Besides, we find that the insertion loss change curve of microfiber versus
displacements from two directions can be fitted with the transmission curve in the blue and red
spectral window, respectively. The loss induced wavelength tuning performance will be depended
on and follow the transmission profile from left to right, because the transmission spectrum will
blue shift upon stretching as shown in Fig. 1(b). This feature may help us to further realize
diverse wavelength tuning tendency by adjusting original location in the transmission curve of
the counter-propagating pulses. This can be optimized with further microfiber design, cavity
polarization and pump modification.
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Fig. 4. wavelength tuning characteristics versus microfiber displacements. (a) wavelength
and fundamental repetition rate change versus displacements in the opposite directions. (b)
the home position of microfiber that wavelength tuning is obtained. (c) insertion loss of
microfiber and the corresponding operation wavelength versus displacement in the CW
direction. (d) insertion loss of microfiber and the corresponding operation wavelength versus
displacement in the CCW direction.

When further stretching the microfiber, mode locking will disappear in the CCW direction
and we attribute it to the excessive loss exerted by microfiber. More importantly, their different
tuning performance versus displacements holds the possibility to tune Af;,, as shown in Fig. 5(a).
And we find that the 4f,., between two frequency combs can be tuned from 98.6 Hz to 32 Hz
exponentially. In dual-comb spectroscopy application, to maintain one to one mapping between
both modes of optical and RF combs, the condition Af,,pt<f,ep2 /24f,e, must to be satisfied
[29-31]. When the fundamental repetition rates f,,, locates at ~15.282 MHz and the repetition
rate difference Af,,, is 84 Hz, the calculated anti-aliasing optical frequency width Af,,; should
be 1.39 THz, which does not cover the full optical spectrum as shown in Fig. 2(a). For further
dual-comb spectroscopy application, an external spectral filter is required to avoid spectral
aliasing. [5]. Considering a maximum optical frequency bandwidth of about 3 THz in our
experiment, the calculated anti-aliasing 4f,,, should be 38.9 Hz. When the displacement reaches
13 um and larger, the aliasing effect can be eliminated and the whole spectra can be observed
without bandpass filter. Figure 5(b) depicts the fundamental frequency and 4f,,, versus pump
current. When laser diode currents increase, the repetition frequency in the CW direction will
increase but decrease in the CCW direction. Besides, the magnitude of Af,,, increases with
increased pump current and the change is almost linear. These tunable properties may be useful
for feedback control of Afy,, in the future. The decreased 4f,,, below anti-aliasing value can help
to broad the bandwidth of dual-comb spectroscopy. In addition, the wavelength tuning may also
provide possibility to achieve multi-operation wavelength of dual-comb spectroscopy and expand
their applications range.
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4. Conclusions

In conclusion, a bidirectional loss-controlled wavelength-tunable mode-locked erbium-doped
fiber laser is demonstrated. Two mutually coherent frequency combs are simultaneously generated
from a single cavity with small variable 4f,,, of 4.5Hz. Besides, the wavelength from the
opposite directions can be both tuned by imposing strain on microfiber. The periodic loss curve
of microfiber will induce differential loss effect in the counter-propagating pulses, and then result
in distinct wavelength tuning range and trend. In the CW direction, operation wavelength is
firstly increased from 1566.36 nm to 1567.58 nm and further decreased to 1566.08 nm, while in
the CCW direction, the wavelength tuning is achieved from 1570.46 nm to 1567.18 nm with an
approximately linear manner. Such features lead to a tunable A4f,., from 98.6 Hz to 32 Hz, which
can be decreased below the anti-aliasing value and help dual-comb spectroscopy applications
within a whole optical spectrum. Moreover, the tunable wavelength also provides possibility to
obtain multi operation states in dual-comb spectroscopy and enlarge its applications ranges.
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