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Abstract: A 1/1.5 μm dual-band mode-locked fiber laser is experimentally demonstrated.
The laser is based upon an architecture in which the 1 μm and the 1.5 μm signals are
generated in independent cavities that share the identical active fiber. The mode-locking of
the 1 μm laser is realized via nonlinear polarization evolution (NPE), whilst the 1.5 μm laser
is mode-locked through cross-phase modulation (XPM) induced by the 1 μm laser and the
mode-locking is further stabilized by NPE. Synchronized dual-band mode-locking operation
is achieved using the laser.

Index Terms: Fiber lasers, Dual-wavelength lasers, Mode-locked lasers.

1. Introduction
Mode-locked fiber lasers are powerful tools in a range of industrial and scientific applications, such
as supercontinuum generation, sensing, material processing, spectroscopy, and medical surgery
[1]. In recent years, there is a growing interest in the so-called dual-band mode-locked fiber
lasers in which the optical pulses are generated in two distinct spectral bands simultaneously.
Unlike conventional dual-wavelength lasers [2]–[5] which operate at two adjacent wavelengths
(i.e., the two lasing wavelengths are within the identical spectral band), dual-band lasers generate
radiations at two wavelengths locating far apart (e.g., 1/1.5 μm, 1.5/2 μm, etc.). Such lasers exhibit
unique advantages in the applications where radiations from different spectral bands are required
simultaneously. For example, dual-band pulsed lasers are useful in multi-color pump-probe sys-
tems, Raman spectroscopy, nonlinear frequency conversion systems such as difference frequency
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generation (DFG), ultrabroadband supercontinuum generation, or to develop transmitters working
simultaneously in two optical communication windows [6]–[9]. The development of such systems is
challenging, in view of that the dual-band operation usually requires two gain regions (i.e., active
fibers) and thus, complex laser configuration is anticipated.

In order to optimize the performance, synchronization between the two-color pulses is desired for
dual-band mode-locked laser systems. Thus far, the research efforts on synchronized dual-band
mode-locking are still not abundant. In the past decades several active, passive, and active/passive
hybrid mechanisms have been developed for realizing synchronized two-color pulses in solid-state
laser systems [10]–[13], and these mechanisms can be similarly applied on fiberized systems. A
representative approach to achieve synchronized dual-band mode-locking in fiber laser systems
is to employ a single saturable absorber for establishing the mode-locking of the two-color pulses,
and the synchronization between the two-color pulses is facilitated by nonlinear effects such as
XPM [8], [14].

At present, most reported dual-band mode-locked laser systems adopt architectures that com-
prise two independent gain regions (e.g., active fibers). This can be attributed to the fact that a
two-color source which relies on a single gain medium usually suffers from limited bandwidths
and strong gain competition. In this paper, we experimentally demonstrate a 1/1.5 μm dual-band
mode-locked fiber laser that operates with synchronization between the 1/1.5 μm pulses. The
laser, featuring a “figure-θ ” configuration, generates the two-color pulses from a single active fiber.
The 1 μm laser is mode-locked via conventional NPE. The generated 1 μm pulse subsequently
mode-locks the 1.5 μm laser through XPM. For enhancing the stability, the mode-locking of the
1.5 μm laser is further assisted by NPE. The XPM-induced mode-locking requires a strict match
between the cavity length of the 1.5 μm laser and the repetition rate of the 1 μm laser, and once
the match is reached the system is capable of realizing synchronized dual-band mode-locking. In
this work, by precisely matching the cavity length and the repetition rate, picosecond two-color
pulses are generated using the system with a common repetition rate of 25.89 MHz. Restricted
by the maximum available pump power, the highest energies of the 1 μm and 1.5 μm pulse
achieved in this work are respectively 1.06 nJ and 0.11 nJ. The generated dual-band pulses
are synchronized, and they are extracted from the laser cavity through different output ports for
independent usage. The laser exhibits superiority over previously reported systems in compactness
and cost-effectiveness, given that it uses a single active fiber.

2. Experimental Setup
The diagram of the experimental setup is presented in Fig. 1. The system is of a “figure-θ ”
architecture. The 1 μm laser and the 1.5 μm laser each have their own ring cavities, and the two
cavities are attached together by a shared section that comprises the active fiber. The active fiber
is 1.7 m Er/Yb-codoped fiber (CorActive EY305, single clad fiber), which is pumped by a pair of 976
nm laser diodes (Oclaro LC962UA74P-20R) from both directions. The pump radiation is injected
into the active fiber through 980/1064&1550 nm WDMs. Two 1064/1550 nm WDMs separate the
“figure-θ ” system into two parts, i.e., the 1-μm cavity and the 1.5-μm cavity. In the 1-μm cavity there
is a polarization-dependent isolator and a fiber polarization controller (PC). The two components
are employed to induce NPE. An additional 1064/1550 nm WDM is used to filter out the residual
1.5 μm radiation from the 1-μm cavity. The output of the 1-μm cavity is performed by the 10% port
of a 10:90 fiber coupler. The 1.5-μm cavity also comprises a polarization-dependent isolator and a
PC. A 1064/1550 nm WDM is used to remove the residual 1 μm radiation from the 1.5-μm cavity.
A customized optical delay line is employed to adjust the length of the 1.5-μm cavity. The delay
line is a fiberized device which provides variable time delay by introducing tunable path length for
the laser beam. The delay line plays an indispensable role in the mode-locking of the 1.5 μm laser.
As discussed above, to activate the mode-locking of the 1.5 μm laser through XPM, the round-trip
frequency of the 1.5-μm cavity is required to be identical with that of the 1-μm cavity. Given that
it is impractical to precisely match the round-trip time of the two cavities (which operates at 1 μm
and 1.5 μm, respectively) via directly managing the fiber lengths, we use the delay line for the fine
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Fig. 1. Experimental setup. EYDF: Er/Yb-codoped fiber. LD: 976 nm laser diode. PC: polarization
controller. PD-ISO: polarization-dependent isolator. WDM 1–4: 1064/1550 nm WDM. WDM 5, 6:
980/1064&1550 nm WDM. OC1: 1-μm coupler. OC 2: 1.5-μm coupler.

adjustment of the 1.5-μm cavity. The maxima delay provided by the delay line is 300 ps, which is
found to be enough for realizing a highly precise match in the experimental works. The 1.5 μm
laser is sent out from the 10% port of a 10:90 coupler. The total dispersion of the 1-μm cavity is
∼0.14 ps2, whilst the total dispersion of the 1.5-μm cavity is ∼–0.08 ps2. It should be noted that
although the 1-μm cavity is of an all-normal dispersion (ANDi) configuration, it is not necessary to
employ a spectral filter for establishing the mode-locking, owning to the fact that NPE behaves as
an equivalent filter [15].

The EY305 Er/Yb-codoped fiber plays a crucial role in the operation of the laser. The fiber has
a very high absorption rate at 976 nm (∼1337 dB/m), and hence, the fiber suffers from severe
“bottleneck” effect as it is pumped with the 976 nm lasers. In ordinary state an excited Er/Yb-
codoped fiber emits dominantly in the 1.5 μm band by exploiting the non-radiative energy transfer
process between Yb3+ ions and Er3+ ions. As the bottleneck effect occurs, however, the emission
in the 1 μm band increases rapidly, owing to the fact that there are too many excited Yb3+ ions
which cannot transfer their energies to Er3+ ions instantly, and thus, the energies will be released
through the 1 μm emission. As a result, the EY305 fiber can be used as the gain medium for both
the 1 μm and the 1.5 μm laser. Previously a similar “figure-θ ” setup for dual-band mode-locked
fiber laser system has been reported by J. Zeng et al. [16]; in their system, however, the 1 μm and
the 1.5 μm signals are generated in different active fibers (a Yb-doped fiber and an Er-doped fiber),
and the shared section is composed of passive components. The setup demonstrated by us in this
paper utilizes a single active fiber to generate the 1 μm and the 1.5 μm signals simultaneously,
and thus, effectively reduces the cost. It should be noted that in the mechanism discussed above,
to enable the bottleneck effect the Er/Yb-codoped fiber must be strongly pumped. Hence, the fiber
cannot be too long for a given pump power. On the other hand, the fiber must be long enough to
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provide the gain for the 1.5 μm laser. Therefore, the length of the Er/Yb-codoped fiber should be
determined carefully. In this work, the length is optimized in experiments.

The mode-locking of the 1.5 μm laser is established via a particular mechanism that is developed
in the 1990’s for realizing mode-locking in fiber lasers [17]–[19]. In the mechanism, a target laser
(in this case, the 1.5 μm laser) is mode-locked through XPM induced by another mode-locked
laser (in this case, the 1 μm laser) [20]. To maximize the modulation effect of XPM, the round-trip
frequency (which is determined by the cavity length) of the target laser should be identical with
the repetition rate of the laser that enforces XPM on it. The pulse generated by the target laser
exhibits synchronization with the pulse generated by the XPM-inducing laser. It should be noted
that the mode-locking technique is entirely different from some previously reported cases regarding
synchronized dual-band mode-locked fiber lasers which also utilize XPM [21], [22]. In those
cases, XPM is only used to facilitate the synchronization, whilst the lasers for each spectral band
have their own mode-locking mechanism (e.g., NPE, saturable absorber, etc.). In the technique
discussed here, however, the mode-locking of the target laser is directly activated by XPM, and
the synchronization is a subsequent effect of the mode-locking. In many aspects, the technique
employed in this work is comparable with synchronous pumping that is utilized by solid-state lasers
and dye lasers [23]–[25], in which a pulsed pump laser activates the mode-locking of a target
laser as the round trip frequencies of the two lasers are precisely matched. On the other hand,
the synchronous pumping used by the solid-state lasers and dye lasers relies on gain-modulation
effect to establish the mode-locking of the target laser, instead of XPM.

3. Results and Discussions
In experimental works, we first raise the pump power and manipulate the PC to start the mode-
locking of the 1 μm laser. The NPE-based mode-locked fiber lasers usually suffer from low stability.
This is owing to the fact that the intracavity polarization state is highly sensitive to ambient factors
such as the mechanical vibration (or other motion) of fibers. In this work, on the other hand, once
the mode-locking is established, its stability is sound. We have monitored the mode-locking of
the 1 μm laser for more than 30 minutes, during which we did not observe any termination or
degradation of the mode-locking, as long as the positions of the PC’s paddles are not changed.
The high stability can be attributed to the fact that we use tapes to fix all pigtail fibers and the active
fiber on the breadboard which houses the laser system for reducing the influence of ambient effects.
However, such management cannot sustain long-term mode-locking operation that continues for
hours or days. To further enhance the stability of the NPE-based mode-locking, we plan to employ
polarization maintaining (PM) fibers to establish the cavity of the 1 μm laser in the future works. It is
known that the NPE mechanism can be realized in an all-PM-fiber cavity by special management of
the splicing between PM fibers [26], [27]. Another concern over the NPE-based mode-locking is the
reproducibility. It is well known that NPE effect equals to a fast saturable absorber which is difficult
for self-starting. In this work, once the laser is turned off, the mode-locking cannot be reproduced by
simply raising the pump power. To establish the mode-locking, it is always necessary to manipulate
the PC.

After the mode-locking of the 1 μm laser is established, the mode-locking of the 1.5 μm laser
can be started by adjusting the optical delay line to manage the length of the 1.5 μm cavity. The
XPM-induced mode-locking of the 1.5 μm laser can be further optimized by adjusting the PC in
the 1.5 μm cavity. A steady dual-band mode-locking operation is achieved as the total pump power
is increased to 703 mW, and can be sustained under the maximum pump power (1119 mW).
As aforementioned, the mode-locking of the 1.5 μm laser is achieved with an XPM-associated
mechanism. It is found that the mode-locking of the 1.5 μm laser cannot be achieved by NPE
solely with the available pump power. As the cavity of the 1 μm laser is cut off, the mode-locking
of the 1.5 μm laser cannot be started by manipulating the PC even under the maximum pump
power. On the other hand, NPE indeed benefits the mode-locking of the 1.5 μm laser, mainly in
stabilizing the operation. If the polarization-dependent isolator in the 1.5-μm cavity is replaced by
a polarization-independent one, the mode-locking of the 1.5 μm laser cannot be maintained well.
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Fig. 2. (a) Output characteristics of the 1 μm laser: (a) output spectrum under maximum pump power;
(b) pulse train; (c) RF spectrum around the fundamental frequency, inset: RF spectrum in an 800-MHz
span; (d) autocorrelation trace.

The output characteristics of the dual-band mode-locked fiber laser are acquired using the
following equipments: optical spectrum analyzer (OSA, Yokogawa AQ6370Q), oscilloscopes (Tek-
tronix DPO 7014C and Teledyne LeCroy SDA 820Zi-B), RF spectrum analyzer (Agilent N9320A),
photodetector (Newport New Focus 1014), and autocorrelator (APE PulseCheck SM).

The output characteristics of the 1 μm laser are presented in Fig. 2. Fig. 2(a) demonstrates
the spectrum of the laser. Centered at 1031 nm, the spectrum is of a 9.9-nm FWHM. Fig. 2(b)
shows the oscilloscope trace of the pulse train. The adjacent pulses are spaced by 386.1 ns.
The RF spectrum of the 1 μm laser is presented in Fig. 2(c). The repetition rate of the laser
is determined as 25.89 MHz, a value that corresponds well to the 386.1-ns space between the
adjacent pulses. The signal-to-noise ratio (SNR) of the fundamental frequency is determined as
∼52 dB. The RF spectrum in an 800-MHz span is shown in the inset of Fig. 2(c). No modulation
on the harmonics is observed. Fig. 2(d) presents the autocorrelation trace of the 1 μm pulse. The
trace exhibits a double-scale structure with a narrow coherence peak riding on a broad pedestal,
which is the representative characteristic of noise-like pulse (NLP) [28]. Given that NLP is a pulse
packet consisting of numerous ultra-short pulses instead of an independent pulse [29]–[32], the
pulse duration cannot be determined in a conventional way. In this work, we use the oscilloscope
trace acquired with a high-speed oscilloscope (Teledyne LeCroy SDA 820Zi-B, bandwidth: 20 GHz,
sample rate: 80 GS/s) and a high-speed photodetector (Newport New Focus 1014, bandwidth:
45 GHz) to estimate the temporal width of the overall NLP packet. The maximum width of the
1 μm NLP packet is estimated to be less than 25 ps, that is, the width is beyond the detecting
ability of the oscilloscope. It should be noted that in the experimental works, the laser is operating
in the NLP regime throughout the tuning range of the pump power, and we could not acquire
conventional pulses (e.g., dissipative soliton) by manipulating the PC. This may be attributed to the
fact that the Er/Yb-codoped fiber is strongly pumped for realizing the dual-band mode-locking. The
intracavity power of the laser is consequently high under such strong pumping, and thus, the pulse
experiences strong nonlinear effects which lead to the formation of NLP.

The output characteristics of the 1.5 μm laser are presented in Fig. 3. Fig. 3(a) illustrates the
spectrum of the laser, which is centered at 1536 nm, and is of a 6.9-nm FWHM. The oscilloscope
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Fig. 3. Output characteristics of the 1.5 μm laser: (a) output spectrum under maximum pump power;
(b) pulse train; (c) RF spectrum around the fundamental frequency, inset: RF spectrum in an 800-MHz
span; (d) autocorrelation trace.

Fig. 4. Output powers as the functions of the pump power for the 1 μm laser and the 1.5 μm laser.

trace of the pulse train is shown in Fig. 3(b). The space between the adjacent pulses is identical to
that of the 1 μm laser (i.e., 386.1 ns). Fig. 3(c) demonstrates the RF spectrum of the 1.5 μm laser.
The fundamental frequency is of a SNR of ∼46 dB. The repetition rate of the 1.5 μm laser (25.89
MHz) is identical to that of the 1 μm laser, indicating that the two lasers are of synchronization.
The inset of Fig. 3(c) shows the RF spectrum of the 1.5 μm laser in an 800-MHz span. No
remarkable modulation on the harmonics is observed. The autocorrelation trace of the 1.5 μm
laser is presented in Fig. 3(d). Double-scale structure is observed, indicating that the 1.5 μm laser
also operates in NLP mode. The width of the 1.5 μm NLP packet is estimated to be less than 25 ps.

Finally, the output power of the dual-band mode-locked fiber laser is investigated. Under the
maximum pump power (1119 mW), the output powers of the 1 μm laser and the 1.5 μm laser
are respectively 27.5 mW and 2.8 mW (see Fig. 4). Taking the repetition rate (25.89 MHz) into
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account, the powers correspond to a pulse energy of 1.06 nJ for the 1 μm laser and a pulse energy
of 0.11 nJ for the 1.5 μm laser. The imbalance between the output powers/pulse energies of the
two-color pulses is insignificant for some applications like difference frequency generation (DFG),
and it can be easily compensated in subsequent managements of the laser beams.

4. Conclusion
In this paper, we experimentally demonstrate a dual-band mode-locked fiber laser operating in the
1 μm and the 1.5 μm band simultaneously. Thanks to the mechanism based upon XPM-induced
mode-locking, the laser realizes synchronization between the 1/1.5 μm pulses. Moreover, the
“figure-θ ” architecture enables the laser to generate the two-color pulses using a single active
fiber, a fact that provides the system outstanding compactness and cost-effectiveness. The laser
is of attractiveness for certain applications, such as the seed laser of the pump sources for
ultra-broadband supercontinuum generation.
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