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Abstract: This letter presents an experimental comparison between two linear-cavity erbium-
doped fiber lasers (EDFL) assisted by two different artificial backscatter fiber-based reflectors.
Both reflectors were inscribed by femtosecond laser direct writing, one of them within a
single-mode fiber (SMF) and the other one within a multi-mode fiber (MMF). Although the
erbium-doped fiber amplifier (EDFA) used in both structures was the same and both reflectors
were manufactured under the same parameters, the reflection spectrum of each was clearly
different due to their different physical properties. The first linear-cavity EDFL, consisting of
an SMF-based reflector with 9µm core and 125µm cladding, resulted in a single laser emission
line located in the C-band and centered at 1564.4 nm, exhibiting an optical signal-to-noise ratio
(OSNR) of 52dB when pumped at 100mW. On the other hand, a single laser emission line with a
similar OSNR but in L-band (centered at 1574.5nm) was obtained when using an MMF-based
reflector with 50µm core and 125µm cladding.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Femtosecond (fs) laser direct-write optical fiber structures have proven to be of great interest for
a wide range of applications [1]. Fundamentally, the permanent changes induced by the tight
focusing of fs laser pulses can be divided into three major groups: smooth isotropic refractive
index change (RIC), birefringent RIC, or empty hole (ablation) [2], [3]. This inscription technique
allows the fabrication of microstructures in diverse types of transparent optical materials, such
as multicore optical fibers [4], fluoride glass [5], few-mode optical fibers (FMF) [6], no-core
fibers (NCF) [7], or polymer optical fibers (POF) [8], among others. Fs laser direct-write
technology can be used to fabricate different fiber-optic interferometer structures, such as
Fabry-Perot interferometers (FPIs), [9], Mach-Zehnder interferometers (MZIs) [1], [10], or
Michelson interferometers (MIs) [11]. It is well known that it is not possible to inscribe gratings
in non-photosensitive fibers by means of UV phase mask technique. However, fs laser writing
allows to inscribe structures such as fiber Bragg gratings (FBG) [12], [13], long period fiber
gratings (LPGs) [14–16], tilted fiber Bragg gratings (TFBGs) [17] or random fiber gratings
(RFG) [18], [19], among others [20]. These RICs result in optical fiber structures that, like a
grating, behave like artificially controlled backscatter (ACB) fiber reflectors than can be inserted
into a linear cavity fiber-optic laser.

Periodical or random, distributed or quasi-distributed grating-based ACB reflectors have been
also used to obtain tunable, switchable, or multiwavelength laser outputs [18], [19]. These
distributed reflective microstructures exhibit similar temperature sensitivity to traditional uniform
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FBGs. However, it has been demonstrated that the random periodicity in these RICs can result in
sensitivities to strain variations of up to an order of magnitude higher [21].

Recently published studies have shown that such distributed reflectors, fabricated by fs
inscription on SMF, can produce narrow lasers with OSNR values up to 60 dB [22]. However,
these inscriptions had to be up to 10 cm long, and their application has been demonstrated only
at the C-band. In the present work, we show how this technique can be extended to the L-band
using only MMF fiber and reaching comparable OSNR values in both emission bands and with
reflectors as compact as 17 mm in length.

Here, a comparison between two linear-cavity EDFLs, assisted by two different artificial
backscatter reflectors, both inscribed by means of an fs laser, is experimentally carried out.
The same inscription parameters were used for both types of artificial backscatter fiber-based
reflectors, and both were inscribed along the central axis of the fiber core with a length as short as
17 mm each. The only difference between them was the dimensions of the fiber employed, being
the first artificial backscatter reflector fabricated within a standard single-mode fiber (SMF-ABR)
with 9 µm core and 125 µm cladding, and the second one within a multi-mode fiber (MMF-ABR)
with 50 µm core and 125 µm cladding. The linear-cavity EDFL including the SMF-based reflector
resulted in a single laser emission line located in the C-band, while a single laser emission line
but in L-band was measured when using the MMF-based reflector.

2. Inscription process

All ultrafast laser writing was performed using a Cazadero fiber laser (Calmar Laser) that delivers
370 fs laser pulses at a central wavelength of 1030 nm. However, the light absorbed non-linearly
by the fiber has a wavelength of 515 nm, due to the second harmonic generation (SHG) introduced
in the setup, as shown in [23]. A pulse repetition rate of 150 Hz and a pulse energy of 0.75 µJ
were used. The laser pulses were tightly focused into the Ø50 µm core of a multimode fiber
(MMF) using a 0.42 NA, 50× objective lens from Mitutoyo. The fiber was translated through the
laser focus using a motorized nano-resolution XYZ stage from Aerotech.

Both SMF and MMF artificial backscatter reflectors have a length of only 17 mm, and a
random period between Λmin= 1.61085 µm and Λmax= 1.64230 µm. The optical structures are
written on the axial axis of the fiber. In these ACB reflectors [19], the almost total periodicity
of the optical structure gives rise to Bragg resonances which, in the third order (m= 3), present
reflections in the following spectral bands:

λB =
2
m

neff Λ =

⎧⎪⎪⎨⎪⎪⎩
SMF → neff ≈ 1.4427; λB ≈ 1564.4 nm

MMF → neff ≈ 1.4528; λB ≈ 1575.4 nm
(1)

where Λ refers to the period of the structure (it is assumed Λ = (Λmin + Λmax)/2), m is the order
of resonance, neff is the effective refractive index, and λB is the Bragg wavelength.

3. Characterization process

Both artificial backscatter fiber-based reflectors were characterized by means of an ultra-high
spatial resolution optical backscattered reflectometer (OBR 4600, from LUNA), used for fiber
testing [24]. To avoid undesired reflections, free terminations of the fiber-based reflectors were
immersed into index-matching oil.

As mentioned above, these two reflectors were manufactured using the same inscription
parameters and located along the axial axis of the fiber. However, as it will be seen in the
following figures, frequency and time domain responses of these two fiber-based reflectors will
differ significantly. To help identify the results, the measurements obtained when using the
SMF-ABR are depicted in black, while the measurements when using the MMF-RFG are shown
in blue.
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Figures 1(a) and 1(b) show the backscattered optical power as a function of the fiber length for
the SMF-ABR and the MMF-ABR, in that order. These measurements were performed in the
time-domain acquisition mode achieving a spatial resolution of 0.1 mm and the length of both
inscriptions was 17 mm. These two fiber samples were located approximately 2.78 m and 2.84 m
from the connector of the OBR, as illustrated in Figs. 1(a) and 1(b) respectively. Each one of
these fiber-based reflectors presents different amplitudes of backscattered light along the length
of the fiber due to refractive index fluctuations [19].
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Fig. 1. Reflectogram of the (a) SMF-ABR or (b) MMF-ABR, measured by the OBR in the
time-domain acquisition mode.

As shown in Fig. 1(a) and Fig. 1(b), an amplitude up to 50 dB over the noise floor at the
beginning and end of SMF and MMF artificial backscatter reflectors were measured, varying this
value along the center of the reflector depending on the type of fiber on which it was inscribed.

Figures 2(a) and 2(b) present the reflectance spectra as a function of wavelength for the artificial
backscatter reflector fabricated into an SMF or an MMF, respectively. These measurements
were carried out in the frequency-domain acquisition mode with a resolution bandwidth of 0.1
GHz over a wavelength range from 1545.52 nm to 1588.26 nm. These spectra show a non-flat
response, with maximum values of around -10 dB at 1564.4 nm and 1575.4 nm for the SMF and
MMF-based reflector respectively. These maximum values agree with the obtained results shown
in Eq. (1) and will assist in forcing the laser emission around those wavelengths. Moreover, it
can be observed that the non-flat response of the MMF-ABR presents a random ripple of up to
20 dB in amplitude, more than four times higher than the case of the SMF-ABR. This was to be
expected given the multimodal nature of the MMF-ABR, resulting in a noisier response when
compared to the SMF-ABR.
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Fig. 2. Reflectance spectrum of the (a) SMF-ABR or (b) MMF-ABR as a function of the
wavelength, measured by the OBR in the frequency-domain acquisition mode.
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4. Experimental setup

The schematic diagram of the linear-cavity EDFL experimental setup, in which an artificial
backscatter reflector inscribed into an SMF or into an MMF was used as distributed mirror, is
depicted in Fig. 3. As illustrated, a 980/1550 nm wavelength division multiplexer (WDM) was
used to inject the 976 nm pump power into the linear-cavity EDFL. The gain medium was placed
at one of its ends and connected to the common port of the WDM. It consisted on 5 meters of
highly Er-doped fiber (EDF) followed by a 3-ports optical circulator in which ports 3 and 1 were
connected to conform a fiber loop mirror (FLM), as in [25].
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Fig. 3. Schematic diagram of the experimental linear-cavity EDFL setup, in which an
artificial backscatter reflector inscribed into an SMF or into an MMF were used as reflectors.

The gain medium used was the I-25 (980/125) (Fibercore Inc.), suitable for C-band amplifiers
with a core composition optimized for EDF amplifiers (EDFAs) in dense-WDM (DWDM)
networks and a peak core absorption ranges from 7.7 to 9.4 dB/m at 1531 nm [25]. The reflected
signal from the FLM passed through the highly EDF section again and it reached the 1550
nm-port of the WDM up to an optical coupler. At this point, the signal is divided into two
branches where 90% of the signal reached the artificial backscatter fiber reflector, which can be
inscribed into an SMF or an MMF (as can be seen in the two pictures inside the figure). The
remaining 10% of the signal was monitored with an optical spectrum analyzer (OSA) with a
resolution of 30 pm and a sensitivity of -75 dBm.

As in previous studies, both free ends of the artificial backscatter fiber-based reflectors were
immersed in refractive index-matching oil to avoid undesired reflections. All the experimental
measurements were carried out at room temperature, and no vibration isolation or temperature
compensation techniques were employed.

5. Results and discussion

The output spectra of these linear-cavity EDFLs when pumped by a 976 nm source at 100 mW
are presented in Figs. 4(a) and 4(b). As expected, and considering the above results, in both
cases single-wavelength lasers with output power levels of -8.41 dBm and -7.18 dBm were
obtained when using an SMF-ABR (Fig. 4(a)) and an MMF-ABR (Fig. 4(b)), respectively. This
constitutes a significant improvement over previous results using quasi-distributed grating-based
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ACB reflectors [26]. In addition, the configuration with an SMF-ABR presented an optical
signal-to-noise ratio (OSNR) of 50.57 dB, markedly lower than the 57.31 dB obtained in the
case of MMF-ABR. This was, however, to be expected when considering the different extinction
ratios obtained for both reflectors, as shown in Fig. 2. It is worth noting that in both cases an
OSNR greater than 50 dB was achieved, demonstrated to be reasonably good for most sensor
applications [21], [27].
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Fig. 4. Output spectra of the linear-cavity EDFL, pumped by a 976-nm light at 100 mW
when using (a) an SMF-ABR or (b) an MMF-ABR.

After that, the output port previously monitored by an OSA was connected to a photodetector
in combination with an electrical spectrum analyzer (ESA) to perform the characterization in the
electrical frequency domain. Heterodyne detection of these two linear-cavities was carried out by
using a 3dB optical coupler for mixing their signal with a tunable laser source (TLS) whose FWHM
linewidth was 100 kHz [18]. Figures 5(a) and 5(b) illustrate the experimental characterization
of the longitudinal-mode behavior when using an artificial backscatter reflector inscribed into
an SMF or into an MMF, respectively. The measured frequency spectra corresponding to the
frequency domain conversion clearly show the appearance of multiple longitudinal mode beating
so, both present a multimode operation.

0 2 51
Frequency (GHz)

0

-60

-80

-20

A
m

p
lit

u
d

e
 (

d
B

)

-100

-40

3 4

(a)

0 2 51
Frequency (GHz)

-50

-70

-10

-90

-30

3 4

(b)

Fig. 5. Radio-frequency spectra of the linear-cavity EDFL beaten with the TLS when using
(a) an SMF-ABR or (b) an MMF-ABR.

To evaluate the output spectra of the laser, the linear-cavity EDFL was pumped with powers
ranging from 0 to 300 mW. Figures 6(a) and 6(b) depict the relationship between the output power
levels as a function of the 976 nm pump power for the SMF-ABR or the MMF-ABR-based fiber
lasers, respectively. These two figures show very similar results in terms of both threshold pump
power and laser efficiency. When an SMF-ABR was used as a distributed reflector, a threshold
pump power of 50 mW and an optical efficiency of 0.24% were achieved. Similarly, a threshold
pump power of 53 mW and an optical efficiency of 0.25% were measured when an MMF-ABR
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was employed as a reflector. These configurations also show a considerable reduction of the
required length of feedback SMF when compared to similar works [28]. In these earlier studies,
hundreds of meters of ACB-SMF were needed to obtain similar threshold pump power values
and even lower OSNR levels than those presented here.
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Fig. 6. Relationship between the output power levels versus 976-nm pump power for (a) the
SMF-ABR-based fiber laser or (b) the MMF-ABR-based fiber laser.

6. Conclusions

In this letter, an experimental comparison between two linear-cavity erbium-doped fiber lasers
assisted by artificial backscatter reflectors is presented. All the inscription parameters used
to fabricate these two types compact artificially controlled backscattering fiber reflectors were
the same. Both of them were inscribed along only 17 mm of the central axis of the fiber
core. However, the first one was fabricated within a 9/125 SMF and the second one within a
50/125 MMF. When these fiber-based reflectors were inserted into a linear-cavity EDFL, the
obtained reflection spectra of each was noticeably different. The linear-cavity EDFL including the
SMF-based reflector resulted in a single laser emission line located in the C-band and centered at
1564.4 nm. On the other hand, a single laser emission line but in L-band and centered at 1574.5
nm was obtained when using the MMF-based reflector. Both cases presented similar OSNRs of
52 dB when pumped at 100 mW. This demonstrates, for the first time to the authors’ knowledge,
the ability of these structures to implement all-fiber lasers not only at C-band but also at L-band
using only standard fibers.
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