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Temperature stability improvement of a
multiwavelength Sagnac loop fiber laser using a
high-birefringent photonic crystal fiber as a

birefringent component
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Abstract. We experimentally demonstrate a temperature-stable multi-
wavelength erbium-doped fiber laser source using a high-birefringent
photonic crystal fiber (HiBi-PCF) as the birefringent component of the
Sagnac loop filter within the laser cavity. Three different high-
birefringence (Hi-Bi) fibers are used in the loop filter to compare the
temperature stability of the fiber laser systems: polarization-maintaining
erbium-doped fiber (PM-EDF), panda Hi-Bi fiber, and HiBi-PCF. Because
of the high birefringence and low temperature sensitivity of the HiBi-PCF,
fiber length in the loop is greatly reduced and the temperature stability of
the system is dramatically enhanced. © 2006 Society of Photo-Optical Instrumen-
tation Engineers. [DOI: 10.1117/1.2192513]
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1 Introduction

Wavelength division multiplexing (WDM) is an attractive
technology that enables the transmission of multiple wave-
length channels in the same large bandwidth of a single
optical fiber. With the massive expansion of WDM technol-
ogy, erbium-doped fiber lasers (EDFLs) simultaneously
emitting in multiple wavelengths over the 1550-nm wave-
length range have been extensively studied in recent
yeaurs.l_6 The basic requirements for this multiwavelength
optical source include a large number of lasing lines over a
large wavelength span, good optical signal-to-noise ratio
(OSNR), and moderate output power. Several techniques
have been proposed to achieve multiwavelength fiber lasers
with fixed wavelength spacing using cascaded linear
cavities,1 polarization hole-burning effects,2 and a fiber-
grating-based Sagnac loop filter with liquid nitrogen for
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room temperature operation,3 a Mach-Zehnder comb ﬁlter,4
an in-fiber comb filter,” and a fiber Fabry-Perot filter® in a
single-fiber cavity. However, the use of a fiber Fabry-Perot
filter increases the insertion loss of the cavity, and a Mach-
Zehnder filter is sensitive to environmental changes, as its
two optical paths are different. Also, in our recent work,’
we have proposed a multiwavelength source by using a
polarization-maintaining erbium-doped fiber (PM-EDF) as
a gain medium. Good performance and stability at room
temperature have been achieved. However, there are two
main problems for using the PM-EDF in this fiber laser
system. First, employing both high birefringence and high
erbium-doped concentration will suppress the effects of one
another. Thus the concentration of erbium ions of the PM-
EDF is relatively low, which results in a small output opti-
cal power of the fiber laser. Moreover, because of the large
thermal coefficient of the stress apply part (SAP) in the
PM-EDF, this laser source is expected to be very sensitive
to environmental temperature variation. The second prob-
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Fig. 1 Schematic diagram of the proposed multiwavelength fiber
laser source based on the fiber Sagnac loop filter.

lem commonly existing in most of the previous techniques
is that, for an EDFL that can work in a harsh environment,
the temperature-induced instability must be overcome.

Photonic crystal fiber (PCF) is a new class of optical
fiber that has emerged in recent years.8 It is formed by an
array of air holes running along the fiber length and guides
light by total internal reflection between the solid core and
the holey cladding region. Designing the air-holes arrange-
ment in such a microstructured fiber rather than using
doped materials such as SAP to induce stress birefringence
can induce very large form birefringence. So the high-
birefringence (HiBi) PCFs are typically made of only a
single material (fused silica in this case), thus lower and
more uniform thermal expansion coefficients can be ex-
pected from this novel fiber. So far, temperature insensitiv-
ity has been observed in many PCF-based devices, such as
long period gratings (LPGs),” interferometers,'® and fiber
Bragg grating sensors. "

In this work, an improved temperature-stable multi-
wavelength erbium-doped fiber laser source using a HiBi-
PCF-based Sagnac loop filter is presented. A relatively
short length of HiBi-PCF as a birefringent component is
spliced together with a section of erbium-doped fiber (EDF)
and a 3-dB coupler to form the Sagnac loop filter. Taking
advantage of the high birefringence and the low tempera-
ture sensitivity of the HiBi-PCF, a multiwavelength fiber
laser with a relatively short cavity length and good tem-
perature stability is demonstrated. To our knowledge, this is
the first time that a HiBi-PCF is incorporated into a Sagnac
loop filter in an EDFL scheme to improve the temperature
stability effectively.

2 Experimental Setup and Operating Principle

The experimental setup of the proposed fiber laser is shown
in Fig. 1. The structure of the EDFL is formed by a Sagnac
loop filter and a reflector, and consists of a 1480/1550-nm
WDM coupler, a section of EDF and Hi-Bi fiber, a polar-
ization controller (PC), a 3-dB fiber coupler, and a linearly
chirped fiber Bragg grating (LCFBG) as a fiber mirror with
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a 17.5-nm stop band of over 25 dB centered at 1545 nm.
The multiwavelength fiber laser in our previous work’ con-
sists of a single gain medium using 15-m elliptical-core
PM-EDF with a numerical aperture of 0.26, a birefringence
of 2.40 X 10~* at 1550 nm, and an erbium ion concentration
of 3 10** m=3. The pump laser is a stable laser diode with
a power of 180 mW at 1480 nm. The high birefringence of
any polarization maintaining fiber (PMF) produces a
wavelength-dependent phase difference & between the com-
ponents of the fast and slow axes of the beams propagating
in the loop, that is,

8= (2mBL)/\, (1)

where B is the modal birefringence, L is the length of the
Hi-Bi fiber, and \ is the operation wavelength. As the phase
difference of these two counterpropagating lightwaves ex-
isting the loop filter at the 3-dB coupler is wavelength de-
pendent, the intensity transfer function of the fiber loop is
periodic, and is given as

T(\) = sin?(812). (2)

The resonance wavelengths of the loop filter depend on the
modal birefringence and length of the HiBi fiber, and is
given by

N=2BL/(2k+ 1), (3)

where k is an integer determined by the ratio of total gain
and loss of the laser cavity. The wavelength separation be-
tween two transmission peaks of the Sagnac loop filter’s
output is given by

AN =\%BL. (4)

Thus, the channel spacing of the EDFL is determined by
the birefringent component only, which is the Hi-Bi fiber
within the Sagnac loop filter.

3 Results and Discussion

To investigate the temperature stability of the EDFL as pre-
sented in Ref. 7, we control the temperature of the PM-EDF
with a thermal heater from room temperature to 100 °C.
The average resonance variation is obtained from a repeti-
tion test for more than 10 h and the spectral data are re-
corded every 10 min. Thus the results given in this work
can concisely indicate the temperature stability improve-
ment. The thermal dependency of the lasing wavelength is
46 pm/ °C, whereas the thermal coefficient of the channel
spacing is 0.5 pm/°C. In the EDFL system, the instability
is mainly caused by the homogeneous gain broadening of
EDF and the thermal instability of the birefringent compo-
nent. However, in the case of the single gain medium, it is
difficult to distinguish the influences of the homogeneous
gain broadening of EDF and SAP thermal effects on the
laser instability.

Our effort is to improve the laser system’s thermal sta-
bility, so we replaced the PM-EDF (as presented in Ref. 7)
with 10-m EDF spliced with a section of 4.8-m panda PMF
and applied the thermal heat to the section of PMF only.
The EDF has a numerical aperture of 0.24 and an erbium
ion concentration of 1500 ppm, and the panda PMF has a
birefringence of 3.875 X 10™* at 1550 nm. We increased the
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Fig. 2 Transmission spectra as a function of temperature for the
panda PMF-based fiber laser.

temperature from 30 to 90 °C, and the corresponding spec-
tra for this fiber loop are shown in Fig. 2. The influence of
the erbium-doped fiber is not taken into account, since only
the PMF is heated. The birefringence of the PMF reduces
as the environment temperature increases. With the increase
of temperature from 30 to 60 °C, the birefringence reduc-
tion dominates the fiber elongation, thus the resonance
peaks are first blue-shifted as the resonant wavelength is
determined by the product of birefringence B and fiber
length L. When we increase the temperature further to
90 °C, the fiber elongation effect will be dominant, so the
transmission peaks experience a red shift. We obtained 16
and 12 pm/°C temperature coefficients for lasing wave-
lengths from 30 to 60 °C and 60 to 90 °C, respectively.
The temperature coefficient of the fiber laser reduced to
about one third of the previous structure, because the PMF
used here is much shorter than the 15-m PM-EDF. How-
ever, we also obtained a channel spacing variation with
temperature up to 2.3 pm/ °C. The degrade of the stability
is due to the increased channel spacing from 0.67 nm in
PM-EDF to 1.3 nm.

Such large temperature coefficients for the previous two
setups will limit the practical applications of the fiber laser
as a reliable light source. Taking advantage of the high
birefringence and low temperature sensitivity of the HiBi-
PCF, a new EDFL, as shown in Fig. 1, is demonstrated
here. The 4.8-m Panda PMF in the setup before is now
replaced with a section of HiBi-PCF with the same length.
The scanning electron micrograph of the HiBi-PCF is
shown as an inset of Fig. 1. The modal birefringence B of
the HiBi-PCF was measured to be 8.65X 10~ at 1550 nm.
Two ends of the HiBi-PCF were spliced to the EDF and a
conventional single-mode fiber (SMF). Mode field diam-
eters at the two orthogonal polarization axes of the PCF are
3.6 and 3.1 um, and the mode field difference will cause a
large coupling loss. The PCF to SMF splicing loss is about
3 dB, which increases the cavity loss of the multiwave-
length fiber laser up to around 18 dB. Two counterpropa-
gating lightwaves travel along different axes of the HiBi-
PCF by setting the PC in the loop; the PC was set to
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Fig. 3 Output optical spectrum of the fiber laser at different settings
of the polarization controller: (a) two, (b) three, and (c) four lasing
lines.

generate a 90-deg rotation to the polarization state of the
light going through it in both directions. From Fig. 3, we
observe that multiple lasing lines are generated between
1560 and 1564 nm, with equal wavelength spacing. The
wavelength separation between two lasing lines is about
0.6 nm, which agrees well with the theoretical value of the
channel spacing 0.59 nm calculated from Eq. (4). The op-
tical power of all lasing lines is about 0.3 mW, and rela-
tively flat output powers of all the lasing wavelengths are
observed. By changing the setting of the PC within the
laser cavity, the losses in two polarization states also
change, so loss and gain balancing can be achieved with
more lasing wavelengths. The 3-dB linewidth of each las-
ing line is less than 50 pm, which is limited by the resolu-
tion of the optical spectrum analyzer (OSA). Figure 3(b)
shows simultaneously three lasing lines at 1561.6, 1562.2,
and 1562.8 nm. Figure 3(c) shows that four lasing lines can
be simultaneously obtained by carefully adjusting the PC.
The signal-to-noise ratio (SNR) of all of these lasing lines
is very large (more than 30 dB). All these lasing lines have
an optical power greater than 100 uW.

When the temperature of the HiBi-PCF is increased, the
fiber will elongate and the modal birefringence will vary
due to thermal expansion. We have found that the channel
spacing increased with a 0.05-pm/°C temperature coeffi-
cient for the HiBi-PCF-based Sagnac loop, which matches
well with the results presented in Ref. 10. Transmission
spectra at different temperatures are shown in Fig. 4. The
transmission peaks as well as the channel spacing change
with temperature variation. The channel spacing is reduced
because of the slight elongation of the PCF. Most distrib-
uted feedback (DFB) lasers show a wavelength sensitivity
with respect to temperature of about 2 pm/ °C."”” In the
case of the HiBi-PCF-based Sagnac loop, the shift of the
center wavelength with temperature can reach approxi-
mately 2 pm/°C.

The results of all temperature coefficients are shown in
Table 1. The stability of the lasing wavelength is deter-
mined by the polarization coupling ratio at a fixed PC set-
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Fig. 4 Transmission spectra as a function of temperature for the
HiBi-PCF-based fiber laser.

ting, which makes the Hi-Bi fiber in the Sagnac loop a key
component for temperature sensitivity. The resonance
wavelength N\ and the channel spacing AN are both related
to the product of birefringence B and fiber length L, where
L increases with the operating temperature. The fiber core
of a panda PMF is GeO, doped, while the PCF is made of
silica only. For the HiBi-PCF, the fiber elongation (AL)
with an increase in temperature will be smaller compared
with that of the normal PM fiber. The birefringence is stress
induced in PMF, which has a strong temperature depen-
dence because of its higher thermal coefficient (6.1
X 107%/°C) compared with pure silica (0.55X107%/°C).
The thermal expansion coefficient is more uniform in the
two orthogonal directions of PCF, so its birefringence is
relatively stable with temperature. Furthermore, due to the

Table 1 Comparison of temperature stability of the fibers used in
three Sagnac loop filters.

large birefringence of HiBi-PCF, the length of the birefrin-
gent component is much shorter than using normal PM fi-
ber. Thus, the temperature sensitivity of the EDFL system
influenced by the variation of BL product is much smaller
for a PCF-based Sagnac loop.

4 Conclusion

We demonstrate a temperature-stability improved multi-
wavelength erbium-doped fiber laser based on the HiBi-
PCF Sagnac loop filter. Due to the uniform material of the
PCF, the modal birefringence has good temperature stabil-
ity. We achieved 0.05-pm/°C thermal coefficient for the
channel spacing of the EDFL by using PCF, which is a
ten-fold improvement compared to using PM-EDF. The las-
ing wavelength variation with temperature can be reduced
to 2 pm/°C, which is comparable to the DFB laser.
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