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In this study, we present a polarization-multiplexed, erbium-doped dual-comb

fiber laser based on an all-polarization-maintaining cavity configuration. We

observed that the dual-comb fiber laser easily realized the self-starting mode-

locking operation due to the non-linear amplifying loop mirror (NALM) with a

non-reciprocal phase shifter. Furthermore, owing to the sharing of the NALM

part, the two outputs from this laser configuration had similar center

wavelengths, with small different repetition rates (Δfrep). In the free-running

operation, the standard deviation of relative stability for Δfrep of 2.09 kHz was

measured to be 1.59 Hz, and the full width at half-maximum of the relative beat

note between the two frequency combs in the optical frequency domain was

approximately 1 kHz. These results show that the two frequency combs from

this laser configuration have high relative stability and mutual coherence.
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1 Introduction

As a simple and efficient optical frequency measurement tool, the optical frequency

comb (OFC) can directly realize frequency measurements by converting optical frequency

into radiofrequency (RF). With its advantages, it has been widely applied in astronomical

spectrograph calibrations [1–3], stable microwave generation [4–6], precision laser

frequency spectroscopy [7–9], and precision distance measurements [10, 11]. Studies

have also reported that fiber-based OFCs using a polarization-maintaining fiber (PMF)

offer an inexpensive, compact, and robust setup by decoupling the laser part, thereby

reducing environmental perturbations. Moreover, in these lasers, a mode-locking

mechanism using a semiconductor saturable absorber mirror (SESAM) is commonly

applied because of its easy combination with PMF and self-starting mode-locking

operation [12–14]. However, owing to the SESAM’s intrinsic effects, such as its slow

lifetime, only SESAM-based fiber lasers’ relative intensity noise level can worsen

compared to the other mode-locking mechanisms [15, 16]. In contrast, a PMF mode-
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locked laser based on a non-linear amplifying loop mirror

(NALM) has been identified. Although it often introduces an

intrinsic non-reciprocal device for self-starting mode-locking

operations, it has a low noise capability because of its

inherent amplitude noise suppression caused by artificial

saturable absorber mechanism [17–19].

Dual-comb spectroscopy (DCS) is a common measuring

technique uses mechanically scan-less Fourier transform that

was first proposed by Schiller in 2002 and then experimentally

confirmed by Keilmann in 2004 [20, 21]. Due to its various

advantages compared with other techniques in acquisition

time, sensitivity and resolution, DSC is attracting wide

attention [20, 22]. The essence of DCS is the use of two

frequency combs with slightly different repetition rate

(Δfrep) to achieve a spectral resolution. Universally, two

independent femtosecond mode-locked lasers whose

repetition frequency (frep) and carrier-envelope-offset

frequency (fceo) are tightly phase-locked to a reference

source, such as a stable continuous wave laser, are involved

in a conventional DCS setup [23–25]. With this configuration,

a nearly ideal dual-comb system whose comb teeth have

extremely narrow linewidth and precise frequency in the

broadband range is obtained for high-resolution and wide-

bandwidth spectroscopy. However, the conventional DCS

requires a complex phase-locked feedback control, leading

to extremely high complexity and cost, making further

applications in systems with strict limitations, such as

volume and power consumption, difficult.

Due to its high performance and low cost, a dual-comb fiber

laser without complex tight phase locking, which can emit

asynchronous pulses, has attracted the interests of researchers

[26–37]. Interestingly, since this free-running single-cavity fiber

laser possesses common mode noise suppression, its relative

stability and mutual coherence are considerably high.

Therefore, conducting an active servo control has become

unnecessary, significantly reducing the complexity and cost.

This simple and efficient laser has the potential to simplify

DCS setups. Based on this principle, various dual-comb fiber

lasers depending on wavelength division multiplexing [26–28],

bidirectional scheme [29–32], polarization multiplexing [33–36],

and pulse shape multiplexing [37] have been sufficiently

developed. Studies have also focused on all-polarization-

maintaining (PM) dual-comb fiber lasers based on the NALM

mode-locking mechanism. In these lasers, spectral filtering

schemes, such as using a Lyot filter, a Sagnac filter, and a

spectral filter, are always employed to generate two frequency

combs [38–40]. Still, owing to the different center wavelengths in

the two frequency combs, an additional spectral broadening is

deemed necessary for practical application [34]. Besides,

polarization-multiplexed and mechanical sharing schemes

have been reported for all-PM dual-comb fiber lasers with

NALM. However, the laser configuration of these dual-comb

fiber lasers is considered complex for a practical DCS [34, 41].

Given the facts above, this study was able to develop an all-

PM polarization-multiplexed, dual-comb fiber laser employing

the NALM mode-locking mechanism. This developed dual-

comb fiber laser easily realized the self-starting mode-locking

operation by employing a non-reciprocal phase shifter. As a

result, the dual-comb fiber laser emitted asynchronous outputs at

similar center wavelengths due to the small difference in intra-

cavity losses between the two frequency combs. In the free-

running operation, a standard deviation of 1.59 Hz was obtained

for a small Δfrep of 2.09 kHz, and a full width at half-maximum of

approximately 1 kHz was obtained for a relative beat note. This

simple, robust, turnkey laser configuration is a promising tool in

practical DCS.

2 Experimental setup

The schematic showing the polarization-multiplexed, Er-

doped dual-comb fiber laser based on an all-PM cavity

configuration is illustrated in Figure 1. The mode-locking

mechanism of our dual-comb fiber laser was based on

NALM, which is similar to the laser configuration described

in (18). This laser comprised two linear arms based on free

space and an NALM part based on fiber and free space. Notably,

all the fiber components in the laser were PM, which highly

improved the robustness of the laser. The NALM part

comprised a 980 nm/1,550 nm wavelength division

multiplexer (WDM), a 160-cm-long non-doped PMF, an 80-

cm-long Er-doped PMF (EDF, Liekki, Er80-4/125/HD), a

polarization beam splitter (PBS), two fiber collimators (COs),

two half-waveplates (HWPs), and two 976 nm laser diodes

(CM97-1000-76PM, II–VI) coupled by a pump combiner. In

the fiber components of the NALM part, both polarization axes

in a PMF were used for dual-comb generation. HWPs were used

for finely tuning the splitting ratio of PBS1 and ensuring

horizontally or vertically polarized component propagated

along the fast or slow axis. By changing the angular

orientation of the HPWs, the propagating axis of comb1 and

comb2 was fast and slow axes, respectively. Furthermore, each

linear arm comprised a 45◦ Faraday rotator (FR), an eighth-

waveplate (EWP), a PBS, and a mirror (M), respectively. The

non-reciprocal phase shifter comprised an FR and EWP placed

between the PBS1 and PBS2, which reduced the mode-locking

threshold of the laser and assisted the self-starting mode-

locking operation. In each linear arm, a displacement stage

placed under the M was employed to adjust the cavity length of

the comb1 or comb2, and a fiber collimator (CO) (not shown in

Figure 1) placed on the reflect port of the PBS2 was employed to

couple the output (comb1 or comb2) of the laser to a PMF.

As we have evaluated the net dispersion of the dual-comb fiber

laser to be −0.01 ps2 at 1,550 nm. All the non-common components

were placed closely on the same platform to share the mechanical

vibrations. Additionally, in order to isolate environmental
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disturbance, all components of the laser were placed in a simple box.

As a result, when the pump power increased, the dual-comb fiber

laser could easily realize self-startingmode-locking operation, owing

to using a non-reciprocal phase shifter. Furthermore, by adjusting

the position of the displacement stage, Δfrep between the two

frequency combs was finely tuned from 10 kHz to 10 Hz. The

tunable Δfrep could provide a flexible spectral range for practical

DCS, and Δfrep was as low as ~10 Hz, which maximally providing

about 336 THz bandwidth before the two frequency combs alias. All

experiments and results in this paper were completed in the free-

running operation.

3 Results and discussion

It was observed that the lower Δfrep value was, the lower pump

power was required for mode-locking operation. When the Δfrep
was ~2 kHz, the dual-comb fiber laser could realize the self-starting

mode-locking operation at the pump power rose to 890 mW, and

then realized a single-pulse mode-locking operation at the pump

power dropped down to 700 mW. The optical spectra of the dual-

comb fiber laser outputs measured by an optical spectrum analyzer

(YOKOGAWA, AQ6375B) are shown in Figure 2A [comb1 (blue)

and comb2 (red)] at a pump power of 670 mW. The center

FIGURE 1
Schematic showing the polarization-multiplexed dual-comb fiber laser based on the all-polarization-maintaining cavity configuration. LD, laser
diode; EDF, Er-doped fiber; CO, fiber collimator; WDM, wavelength division multiplexer (980 nm/1,550 nm); PBS, polarization beam splitter; HWP,
half-wave plate; EWP, eighth-wave plate; FR, Faraday rotator; M, mirror.

FIGURE 2
(A) Optical spectra and (B) RIN curves of the two frequency combs.
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wavelength, full width at half-maximum (FWHM) bandwidth of the

spectrum, and output power of comb1 were 1,562.5 nm, 13.4 nm,

and 39.2 mW, respectively. Correspondingly, the center wavelength,

FWHM, and output power of comb2 were 1,563.3 nm, 13.1 nm,

and 33.5 mW, respectively. Notably, the spectral shape didn’t show

the typical characteristics of stretched pulses, due to the interference

of two counter-propagating beams at the PBS2. The measured

optical spectrum was the reflected polarization component of intra-

cavity pulse andwas related to the phase bias introduced by the non-

reciprocal phase shifter [42–44]. Moreover, due to the difference in

intra-cavity losses between the two frequency combs, a slight

difference in the optical spectra and output powers was also

observed from Figure 2A, which could be further optimized by

improving the coupling of the free space.

The intensity noise of a laser mainly comes from quantum

noise (spontaneous emission noise and shot noise) and external

technical noise (pump laser source noise). It indirectly affects the

performance of an OFC system by noise coupling [45–47]. In

order to evaluate the relative intensity noise (RIN) of the dual-

comb fiber laser, the output (comb1 or comb2) of the laser was

coupled into a photodetector (Thorlabs, PDA20CS-ES), after

which RIN was measured with a fast-Fourier-transformer

(Stanford, SR785) by analyzing the output of the

photodetector. Figure 2B shows the RIN curves of the two

frequency combs [comb1 (blue) and comb2 (red)] at a pump

power of 670 mW. The noise level was estimated to be 120 dBc/

Hz for low frequencies and then rapidly dropped above 10 kHz,

owing to the long relaxation time of Erbium ions leading to the

fluctuation suppression in pump light. As a result, the integrated

RIN for comb1 and comb2 was calculated to be 0.033% and

0.032%, respectively. Owing to the almost identical integrated

RIN between the two frequency combs, we observed almost no

difference in RIN noise levels between the fast-axis and slow-axis

operative lasers.

The RF spectra from 0 to 500 MHz of the two frequency combs

measured using a signal and spectrum analyzer

(ROHDE&SCHWAEZ, FSW) are shown in Figure 3A [comb1

(upper) and comb2 (lower)]. We obtained a high signal-to-noise

ratio (SNR) of frep with more than 80 dB at a resolution bandwidth

(RBW) of 100 kHz, a fundamental frep of 82.01 MHz for the two

frequency combs, and aΔfrep of ~2 kHz between the two frequency
combs, respectively. Δfrep might have slight fluctuation owing to

the fluctuations of environmental temperature and pump power.

We also observed that the fluctuation of frep in a fiber laser was sub-

kilohertz magnitude due to environmental perturbations in the

free-running operation. Hence, to evaluate the influence of

environmental perturbations on frep in two outputs of dual-

comb fiber laser, temporal variations in frep were measured

using two frequency counters (Tektronix, 53,230). Figure 3B

shows the temporal frep changes of the outputs [comb1 (blue)

and comb2 (red)]. Notably, a change of ~300 Hz was observed in

frep due to temperature variations. Next, the frequency instability of

FIGURE 3
(A) RF spectra and (B) temporal variations at repetition rates of the two frequency combs (C) The frequency jitter of theΔfrep versus time (D) Allan
deviation of Δfrep.
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Δfrep was measured by mixing the two frep RF signals, and after

which Δfrep was extracted using a low-pass filter before being

recorded by a frequency counter. The frequency jitter of Δfrep for
the laser versus time (for a gating time of 2 m) is shown in

Figure 3C. We observed a standard deviation of 1.59 Hz at

Δfrep of 2.09 kHz. Therefore, the non-aliasing bandwidth of the

laser was calculated to be ~1.6 THz. Figure 3D shows the Allan

deviation of Δfrep, which was about 8.2 × 10–4 at 0.002 s, rolling

down to 9.1 × 10–6 at 10 s with a slope of 1/τ1/2. A ~42 kHz accuracy

could be provided by this uncertainty on optical frequency

domain. Compared with the fluctuation (~300 Hz) of frep in

each comb, high relative stability was obtained for Δfrep with an

Allan deviation of 0.05 Hz for an averaging time of 1 s without

servo control. An enormous improvement in relative stability was

found, owing to sharing of the NALM part. This improvement had

effective advantages in DCS, where constant Δfrep is required

during multi-heterodyne beating. Still, due to environmental

perturbations, the Allan deviation curve of Δfrep turned up after

10 s, which could be effectively improved in the long term by

employing temperature control.

The relative coherence between the two frequency combs

of the dual-comb fiber laser at the same center wavelength was

evaluated using a narrow-linewidth single-frequency

continuous wave (CW) laser (NKT Photonics, Koheras

BASIK, E15) with a very narrow linewidth of <0.1 kHz at

1,555.5 nm. We separately combined the two frequency combs

with the CW laser and the band-pass filter extracted the two

beat signals. Subsequently, the two beat notes were mixed after

amplifying, after which the relative beat note was extracted by

filtering. The RF spectra of the beat notes are shown in Figures

4A, B. We obtained a high SNR of the beat notes with more

than 30 dB at an RBW of 100 kHz, indicating that each

frequency comb from the dual-comb fiber laser had a high

coherence with the CW laser at 1,555.5 nm. Additionally, due

to the low extinction ratio devices used in the laser cavity, a

small polarization crosstalk was also observed in Figures 4A,

B, which could be further suppressed by employing the higher

extinction ratio devices. Figure 4C shows the relative beat note

between the two frequency combs at 1,555.5 nm (for a

measurement time of 4.19 ms). The linewidth of the

relative beat note was ~1 kHz (RBW = 300 Hz), indicating

that the two frequency combs from this dual-comb fiber laser

configuration had high mutual coherence.

4 Conclusion

To develop a practical source, this study has developed a

polarization-multiplexed, Er-doped dual-comb fiber laser based

on an all-PM cavity configuration. Notably, NALM with a non-

FIGURE 4
Beat notes between the narrow-linewidth continuous wave laser and (A) comb1, or (B) comb2 (C) Relative beat note between the two
frequency combs at 1,555.5 nm.
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reciprocal phase shifter was used for the passive and low-noise

mode-locking operation. As a result, while the FWHM

bandwidth of the two frequency combs was ~13.0 nm at

~1,563 nm, the frep was measured to be 82.01 MHz.

Furthermore, while the standard deviation was 1.59 Hz at

Δfrep of 2.09 kHz, the FWHM of the relative beat note was

~1 kHz without servo control. Hence, this simple, robust,

turnkey laser configuration with high relative stability and

mutual coherence can be a promising tool in practical DCS.

In the future, the stability can be further improved by employing

a precision temperature control and using micro-optic package

to integrate free-space setups. Moreover, this laser can also be

applied to a broad range of fast measurements based on a dual-

comb system.
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