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Abstract In this work, a multiwavelength fiber Raman laser
based on a highly birefringent photonic crystal fiber loop
mirror is presented. A laser resonator is formed when the
Raman amplification with cooperative Rayleigh scattering
in a dispersion-compensating fiber is used as a distrib-
uted mirror and combined with a photonic crystal fiber
loop mirror filtering structure. Stable multiwavelength las-
ing at room temperature is achieved due to the low temper-
ature sensitivity of the highly birefringent photonic crystal
fiber.

1 Introduction

Multiwavelength fiber lasers have been widely investigated
in view of the demand of larger signal transmission capacity
in optical fiber communication systems. This kind of fiber
laser is very useful for applications such as dense wave-
length division multiplexed systems, spectroscopy, optical
fiber sensors, optical instrument testing, etc. Several flexi-
ble techniques to realize multiwavelength fiber lasers have
been demonstrated, such as: making use of a semiconduc-
tor optical amplifier in a ring structure based in a fiber loop
mirror (FLM) [1] or in a dual-pass Mach–Zehnder interfer-
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ometer filter [2]; using ring resonators combined with fiber
Bragg gratings (FBGs) and Raman amplification [3, 4]; by
the integration of a fiber loop mirror with erbium-doped
fibers (EDFs) [5]; via two fiber loop mirrors [6] or a highly
birefringent (Hi-Bi) photonic crystal fiber (PCF) loop mir-
ror [7]. The use of Hi-Bi PCFs in fiber loop mirrors leads
to filters that have residual sensitivity to temperature vari-
ations when compared to conventional polarization main-
taining fiber (PMF) based ones, leading to an improved sta-
bility of multiwavelength fiber lasers based on such filters
[8–10].

Multiwavelength fiber lasers based on hybrid-gain con-
figurations have been widely studied in recent decades. The
hybrid-gain technique, which integrates Brillouin and er-
bium gains, has been reported to produce multiple wave-
lengths [11] by the use of a reverse S-shaped configura-
tion with erbium-doped fibers and a Brillouin laser. An-
other hybrid-gain technique uses a Brillouin–Raman laser
cavity with cooperative Rayleigh scattering. An exam-
ple of this technique is the one performed using a high-
power ytterbium fiber laser, an aluminum-coated mirror and
a dispersion-compensating fiber (DCF) [12]. In this case
it is demonstrated that the cooperative Rayleigh scatter-
ing with the Raman amplification can be used as a dis-
tributed mirror in the cavity to improve the generation
of Brillouin Stokes combs [13]. Recently, a Raman fiber
Bragg grating laser sensor with cooperative Rayleigh scat-
tering was demonstrated for strain–temperature discrimina-
tion [14].

In this letter, the authors present a Hi-Bi PCF loop mirror
filtering structure combined with a distributed mirror created
by Raman amplification with cooperative Rayleigh scatter-
ing to demonstrate, at room temperature, a stable multiwave-
length fiber laser.
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2 Experimental setup and results

The schematic configuration of the proposed multiwave-
length Raman fiber laser is shown in Fig. 1. This ex-
perimental setup consists of a high-pump Raman laser at
1450 nm (maximum power of 5 W), a fiber loop mirror, two
wavelength-division multiplexers (WDMs) (1450/1550 nm)
and 1 km of dispersion-compensating fiber. The DCF
presents a dispersion of −1041 ps nm−1 km−1. The FLM
is formed by a 3 dB optical coupler with low insertion loss,
an optical polarization controller (PC) and 3.9 m of Hi-Bi
PCF. The Hi-Bi PCF was spliced at both ends to single-
mode fiber, the splices having a maximum loss of 2 dB each.
This Hi-Bi PCF (Thorlabs PM-1550-01) is a polarization-
maintaining PCF containing two large holes, operating at
1550 nm with a beat length of 4 mm and an attenuation of
1.0 dB/km (photograph in inset of Fig. 1). The diameters of
the Hi-Bi PCF holes are 4.5 and 2.2 μm for the two big cen-
tral holes and for the smaller ones, respectively. The pitch
(spacing between the centers of two adjacent holes) of this
PCF is 4.4 μm, the diameter of the holey region is 40 μm,
while the outer diameter is 125 μm. The great advantage
of using Hi-Bi PCF in this configuration is its temperature
residual sensitivity (0.29 pm/◦C) [15]. An optical spectrum
analyzer (OSA) with a maximum resolution of 10 pm was
used to observe the multiwavelength laser peaks.

Using the configuration proposed in Fig. 1, a multiwave-
length linear cavity can be achieved. The cavity resonator
is created by the combination of a fiber loop mirror and
a distributed mirror. The distributed mirror is created by
Rayleigh scattering and double Rayleigh scattering formed
in the DCF as a result of the injected Raman amplification.

In the Hi-Bi PCF fiber loop mirror an optical coupler
splits the input signal equally into two counter-propagating

waves which subsequently recombine (at the coupler) after
propagating around the loop mirror. A variable interference
term in the output port can be obtained when a section of
Hi-Bi PCF is located inside the loop mirror. Figure 2 shows
the spectral filter transfer function associated with the Hi-
Bi PCF loop mirror. In this case, the spacing between two
consecutive peaks of the filter is ≈0.8 nm (100 GHz). This
spectral spacing can be easily adjusted by simply changing
the length of the Hi-Bi PCF.

The distributed mirror is an outcome of large Raman
gain. When the Raman gain is very high, not only Rayleigh
scattering is generated by the pump signal, but this Rayleigh
scattering will also generate a double Rayleigh scattering
signal. This double Rayleigh scattering signal, combined
with the amplified spontaneous emission of the Raman am-
plifier, induces incoherent multiple path interference, which
is noise associated with the beating of multiple different de-
layed replicas of the signal itself. The distributed mirror has
a similar effect as two discrete reflectors with effective re-
flectances proportional to the ratios of total backscattered to
incident power [16].

For better understanding of the distributed mirror, the ef-
fects of Raman pump power combined with Rayleigh scat-
tering and the pumping direction were analyzed. In order to
perform this analysis, the OSA was located in such a way
as to observe two different situations: one being the use of a
counter-propagating pump and the other of a co-propagating
pump. Figure 3a presents the Rayleigh distributed lasing
created by the counter-propagating Raman pump. Figure 3b
shows double Rayleigh lasing obtained in the output laser
cavity (co-propagating Raman pump). Comparing the two
graphics, it can be seen that the Rayleigh lasing has much
higher intensity than that of the double Rayleigh lasing.

Fig. 1 Schematic diagram of
the proposed configuration
using the Hi-Bi PCF (inset:
photograph of the Hi-Bi PCF)
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Fig. 2 Transmission spectral
characteristic of the Hi-Bi PCF
loop mirror

Fig. 3 Output spectra for
(a) Rayleigh lasing and
(b) double Rayleigh lasing

This is due to the high power injected in the DCF com-
bined with the counter-propagating Raman pump. The use
of a counter-propagating pump ensures maximum random-
ization of the polarization as well as near-zero temporal fluc-
tuations, while the use of a co-propagating pump implies
that the random fluctuations of the pump power are trans-
ferred to the amplified signal. As such, the use of a counter-
propagating pump laser increases the lasing efficiency.

After the fiber loop mirror and the distributed mirror (us-
ing counter-propagating pump) had been characterized, they

were spliced together as is shown in the schematic diagram
of the proposed fiber laser. Figure 4 presents the spectral re-
sponse of the proposed fiber laser for two different pump
powers after optimized adjustment of the polarization con-
troller. There are 17 lasing channels. The number of lasing
channels is limited by the Raman gain range and the length
of the Hi-Bi PCF. Since the Raman gain is always the same
(keeping the same length of DCF), by simply changing the
length of the Hi-Bi PCF one can insert more or fewer chan-
nels. Making use of the equation �λ = λ2/βL, where �λ is
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Fig. 4 Spectral response of the
fiber laser for two different
pump powers

Fig. 5 Power fluctuation of an
emission line of the proposed
fiber laser

the peak to peak distance between two consecutive channels,
λ is the wavelength, L is the length of the Hi-Bi PCF in the
FLM and β is the birefringence of the Hi-Bi PCF, one can
notice that the spacing between channels is inversely propor-
tional to the length of the Hi-Bi PCF. As such, if the length
of the Hi-Bi PCF is enlarged the spacing between channels
will diminish, resulting in that in the same range of wave-
lengths there will be more channels. Therefore, the lasing
spectrum can be tailored by changing the length of the Hi-
Bi PCF.

Also, in Fig. 4, it can be observed that the output power
increases when the pump power rises. This is due to the
Raman amplification, since the Raman gain in the selected
range is directly proportional to the pump power. The non-
flat-amplitude bandwidth is also determined by the choice
of the Raman pump wavelength. To solve this problem, it is
necessary to use two distinct Raman pump wavelengths for
a flat optimization of the amplitude bandwidth.

Stability measurements were made in order to determine
the power fluctuations of the multiwavelength fiber Raman
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laser channels. It was observed that from the 17 lasing chan-
nels only the middle 15 were stable. Figure 5 shows the op-
tical power fluctuation of the proposed multiwavelength Ra-
man fiber laser for a selected emission line. This peak was
isolated using an optical filter at 1560 nm. The line width
of this peak was found to be ∼300 pm, the peak power was
∼−1.14 dBm and the signal-to-noise ratio (SNR) was larger
than 30 dB. As can be observed, these fluctuations do not ex-
ceed 0.05 dBm in a time window of some minutes. For all 15
channels the power fluctuations are very small, as expected
since the FLM has poor sensitivity to environmental noise
and the Raman laser is stable at room temperature.

3 Conclusions

A multiwavelength fiber Raman laser based on a highly bire-
fringent photonic crystal fiber loop mirror was proposed and
demonstrated. The Hi-Bi PCF loop mirror is used as a filter
and is combined with a distributed mirror to produce a laser
resonator. This distributed mirror is the result of the double
scattering produced in the DCF by the Raman amplification.
Stable multiwavelength lasing was achieved for 15 channels.
The number of lasing channels can be easily tuned by chang-
ing the length of the Hi-Bi PCF employed in the FLM. Even
more, a wider wavelength range can be achieved in the lin-
ear cavity resonator if additional Raman pumps are added
to the proposed setup. Furthermore, by simply changing the
pump power of these additional Raman pumps it is possible
to equalize the peak powers of the obtained laser. The pro-
posed multiwavelength Raman fiber laser may be utilized in
telecommunications and in sensor systems.
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