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a b s t r a c t

In this paper, a tunable fiber Fabry–Perot (F–P) filter by all-optical heating is proposed. Two high reflective
fiber Bragg gratings (FBG) fabricated in cobalt doped single mode fiber form the F–P cavity. The cobalt-
doped fiber used here is an active fiber, and it transforms optical power from a control laser into heat
effectively due to the nonradiative processes. The generated heat raises the refraction index of the fiber
and enlarges the F–P cavity’s length, realizing the all-optical tuning characteristics. By adjusting the
power of the control laser, the resonant wavelength of our proposed fiber F–P filter can be high precisely
controlled. The cavity length of the filter is carefully designed to make sure the longitude mode spacing is
comparable to the grating bandwidth, making it single mode operating.

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

Fabry–Perot (F–P) cavity based filters and interferometers are
providing the highest known optical wavelength resolution for
more than 100 years. Optical fiber F–P filters with tiny size are one
of the most important fiber devices in the fiber communication,
fiber sensing and some other applications, due to its ultra-narrow
resonance peaks and is more desirable for high accuracy wave-
length measurement [1–9]. Most of the fiber F–P cavities are un-
adjustable and their cavity lengths are fixed once been fabricated.
However, a tunable device is always much more flexible than a
fixed one, in the applications such as wavelength interrogation,
the F–P resonant peak is required to sweep repeatedly. The most
popular way in forming a tunable fiber F–P cavity is to change its
cavity length mechanically, such as driven by a piezoelectric
transducer (PZT) [10,11]. Although the mechanical way is popular
for its high speed and high resolution, it also has its deficiencies:
one is the hysteresis due to which the wavelength–voltage re-
lationship of an F–P filter is nonreciprocal when driven by a PZT
actuator [12,13], another one is the relatively short life time of a
mechanical structure. Instead of mechanically controlling, in this
paper we managed to design a tunable fiber F–P filter by all-op-
tical heating. An attractive feature of the proposed approach is that
it is readily tunable by a controlling laser and will make the filter
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of considerable interest as wavelength-selective device in many
applications.

The fiber F–P filter we proposed is based on FBGs pair (FBGP),
which is fabricated in a cobalt-doped single mode optical fiber. The
element cobalt can absorb the energy from the controlling laser,
and transform it into heat effectively due to the nonradiative
processes [14]. The generated heat raises the temperature and the
refraction index of the fiber, and ultimately enlarges the F–P cavity
length, leading to the shift of the resonant wavelength which can
be monitored by an optical spectrum analyzer (OSA). Owing to the
cobalt-doped optical fiber, we can control the resonant wave-
length of the fiber F–P filter easily by adjusting the power of the
heating laser. We were doing the experiment for periods of days,
there’s no significant decay or degradation of the filter, showing
the stability of this proposed device.

In addition, except for heating the FBGs from inside out using
the cobalt doped fiber, heaters can also be made at the surface of
the fiber, such as thin film heaters [15–17]. One significant ad-
vantage of the thin film heaters is the temperature distribution
along the FBGs, i.e., the spectrum of the FBGs can be arbitrary
controlled by carefully designing the films' thickness, shape and
length, which is difficult in the cobalt fiber. However, in heating
the cobalt fiber, no electrode and metallic material are required.
Furthermore the remote controlling is also possible as its all-op-
tical heating property, which makes it practical in harsh environ-
ment and immunity to the electromagnetic interference.
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Fig. 2. The FSR of the FBGP formed F–P cavity compares with the bandwidth of the
FBGs which form the F–P cavity. (a) Measured and simulated FBG transmission
spectra with different FBG lengths. (b) The FSR of F–P cavity with different d and L
described in Eq. 2, and the FBG’s 3 dB bandwidth.
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2. Configuration and principle

The schematic diagram of the experiment for testing the tun-
able fiber F–P filter is shown in Fig. 1. The key component is a 3 cm
long cobalt doped single mode fiber (CorActive Ltd., attenuation:
1 dB/cm from 1250 to 1620 nm, cobalt is doped in the fiber core).
Both ends of the cobalt doped fiber are spliced to the ordinary
communication single mode fibers. Two adjacent FBGs fabricated
in the cobalt doped fiber forms the F–P filter. In order to achieve
the single mode operation, the free space range (FSR) of the F–P
cavity and the bandwidth of the FBG should be comparable. The
FBG's bandwidth is typically in the order of a few tenths nan-
ometers, thus the adjacent distance of the FBGs should be carefully
designed. The numbers of longitude mode supported by the cavity
is mainly determined by the mode spacing, which is given by [18]

nL2 (1)eff

2
λ λΔ =

where λ is the wavelength, n is the effective refraction index of the
fiber, Leff is effective length of the F–P cavity which is defined as
[16]:

L d L L (2)eff eff eff1 2= + +

where d is end to end distance of the two gratings (shown in
Fig. 1), and Leff1,2 are the effective lengths of the two gratings
which are given by [19]:

L L
R

R2atanh( ) (3)
eff =

where L (shown in Fig. 1) and R are the length and reflectivity of
the FBG, respectively. For a uniform FBG, the reflectivity can be
described as: R h n Ltan ( / )2

1 0π λ= , where n1 is the refraction index
change of the FBG, i.e. the FBG’s amplitude. Thus once the FBG’s
amplitude n1 is fixed, the FSR of the FBGP formed fiber F–P cavity is
depends on the adjacent distance of FBGs d and FBG length L.

The FBG bandwidth is also depends on the FBG’s amplitude n1
and FBG length L. In order to achieve the single longitudinal mode
operation, it is necessary to make the FSR of the F–P cavity com-
parable with the bandwidth of the FBGs which form the F–P cavity.
Before fabricating the FBGP based F–P cavity, we checked the re-
lationship of these two parameters carefully both by simulation
and experiment in order to guide the design, and the results are
shown in Fig. 2. We fabricated a 2 mm long FBG with �13.89 dB
transmission dip in the spectrum on the cobalt doped fiber. We
use the software Optiwave (the OptiGrating module) for simula-
tion. Fig. 2a shows the simulated and measured transmission
Fig. 1. The schematic diagram of the experiment for testing the tunable fiber F–P
filter (TFFPF). Heating laser is used to heat the cobalt-doped optical fiber; BBS,
broadband light source; OSA, optical spectrum analyzer; SMF, single mode fiber;
FBG, fiber Bragg grating; FWDM, filter wavelength division multiplexer (two
channels: transmission channel, 1550710 nm; reflection channel, 1260�1610 nm
except 1550 10± nm); EDFA, erbium doped fiber amplifier; L is the length of the
FBG; d is the distance between the two FBGs (end to end). The inset is the trans-
mission spectra of the F–P filter.
spectra of FBGs with the same parameters (FBG’s amplitude n1 and
period) and difference grating lengths. The grating amplitude n1 is
set to be 6.4�10�4 in the simulate so as to match the experiment
result, see the measured spectrum of the 2 mm long FBG in Fig. 2a.

Once n1 is chosen, the only parameters dominate the F–P cavity
are L and d. The left axis of Fig. 2b shows the FSR of the F–P cavities
with different d decreases as the FBG length L increases. It seems
the FSR has a lower limit when the FBG length L tends to infinity.
The right axis of Fig. 2b shows the 3 dB bandwidth of the FBG
which forms the F–P cavity. It is clearly from Fig. 2 the decline rate
of the FBG’s 3 dB bandwidth is faster than the FSR of the F–P
cavity. In order to achieve single mode operation of the filter, the
FBG’s length should be longer than 1.40, 1.85, 2.35, 2.95 mm while
d is 0.5, 1.0, 1.5, 2.0 mm, respectively.

The longer the FBG is, the narrower the bandwidth and the
higher the reflectivity are, as shown in Fig. 2a. It seems that the
FBG of longer length is easier to realize the single longitudinal
mode operation. However, the length of the FBG in our scheme is
not the longer the better. It is limited by the non-uniform heating
in the cobalt doped fiber: as the absorption coefficient is big (1 dB/
cm) in our experiment, the heating laser power decays along the
cobalt doped fiber and the generated heat is not uniform. The
temperature distribution along this fiber would also be non-uni-
form which would lead to the distortion of the FBG fabricated on
it. Fig. 3 shows the reflection spectra distortion of gratings with
different lengths (3 mm and 5 mm) at an increasing heating laser
power. When the laser power increases from 0 to 300 mW, both
FBGs become chirped fiber gratings, and the situation of 5 mm
long FBG is much worse than that of the 3 mm long FBG. Thus
considering the results from Figs. 2 and 3, the FBG’s length L and
the spacing d is determined to be 2 mm and 1 mm in our



Fig. 3. The reflection spectra distortion of the FBGs with different grating length
and heated at different heating power levels (experiment results). (a) 3 mm FBG,
(b) 5 mm FBG heated using 0 mW, 100 mW, 200 mW and 300 mW heating laser,
respectively.

Fig. 4. Experiment results. (a) Transmission spectrum shifts with the increasing
heating laser power. (b) The relationship of the transmission peak of the tunable
fiber F–P filter and the heating power. The red curve is the linear fit. (For inter-
pretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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experiment, respectively.
The filter wavelength division multiplexer (FWDM, shown in

Fig. 1) used here has three ports: a transmission port, a reflection
port and a common port. When a broadband light (1260–1610 nm)
injects into the common port, the filtered light (1540–1560 nm)
comes out from the transmission port and the remaining light
comes out from the reflection port, and vice versa, the FWDM can
combine the light from the transmission and reflection channels
with the wavelength value mentioned above and finally into the
common channel. In our experiments, a tunable laser and an er-
bium doped fiber amplifier (EDFA) are used to heat the cobalt
doped fiber. The wavelength of the tunable heating laser is set to
be 1520 nm which is within the gain range of the EDFA, and the
FBGs reflective wavelength is around 1550 nm, thus they are at
two different channels of the FWDMs used here. The output power
of the broadband light source (BBS) is less than 10 mW. It is much
smaller than the heating power from the EDFA and won’t inter-
ference the heating process. The BBS serves as a signal source. As is
shown in the Fig. 1, the left FWDM couples the BBS and the
heating laser together, and the right FWDM splits the heating laser
away, to prevent the damage to the OSA. The transmission spec-
trum of the F–P filter is received by a high precision OSA (AP205x-
A series optical spectrum analyzer, APEX technologies). In the inset
spectrum of Fig. 1, there is only one longitude mode within the
grating bandwidth. The F–P filter’s 3 dB bandwidth is measured to
be 0.02 nm.
3. Fabrication of the tunable fiber F-P filter and testing

The attenuation coefficient of the cobalt-doped optical fiber we
used is 1 dB/cm from 1250 nm to 1620 nm. We did not choose
cobalt-doped optical fibers with higher attenuation coefficient as
low loss F–P cavity performs better. It is difficult to fabricate short
FBG with high reflectivity in this cobalt doped fiber, more difficult
than in ordinary single mode fiber. In order to enhance the pho-
tosensitivity, the cobalt doped fiber was hydrogen-loaded for one
week (2–3 days is sufficient for ordinary SMF) at high temperature
(about 100 °C) under 10 MPa pressure. The long time hydrogen
loading leads to rich concentration of hydrogen in the fiber, even
the micro-explosion could happen during fusion splicing process
and makes the splicing failure. To overcome this problem we
should first heat the fiber end to be spliced for several minutes and
let the extra hydrogen go. The 2 mm long FBGs were fabricated by
phase mask technology using a 193 nm ArF excimer laser, the
1 mm gap between the FBGP was controlled by a linear stage. The
transmission spectrum was monitored in real time by OSA during
fabrication. There is only one resonant peak in the range of the
FBG bandwidth which indicates the single longitudinal mode op-
erating property.

We tested the performance of the tunable fiber F–P filter using
the setup shown in Fig. 1. The transmission peak exhibits a red
shift as the heating laser power increases. Fig. 4a shows the shift of
the tunable fiber F–P filter’s transmission spectrum. The resonant
peak shifts together with the envelope of the FBG's spectrum as
they are in the same cobalt doped fiber. Fig. 4b shows the re-
lationship between the shift of the resonant peak and the heating
laser power. The peak shifts from 1546.133 nm to 1546.665 nm
while the heating laser increased from 0 mW to 407.5 mW. The
linear fit in Fig. 4b indicates the tuning coefficient is 1.27 pm/mW.
The scan rate of our OSA is within 1 s, and the resonant peak
stables within this time after changing the heating power. This is
benefited from the small size of our F–P cavity as it is easy to
achieve the thermal equilibrium. In this way, we successfully
realized an all-optical fiber F–P filter, which is precisely tunable
and has a narrow bandwidth about 0.02 nm.

The response time of the proposed filter is measured using the
setup shown in the Fig. 5. The FBG interrogator (Micron Optics Inc.,
model: SM130) is for high speed spectrum analysis (250 Hz). The
FBG interrogator is specially designed for measuring the reflection



Fig. 5. Experiment setup for measuring the response time of the tunable F–P filter.
The channel 2 of the FBG interrogator is used as light source and the channel 1 is
for spectrum analysis. The sweep rate of the FBG Interrogator is 250 Hz and the
modulation rate of the optical fiber switch is 0.05 Hz.

Fig. 6. The resonant wavelength shifts of the filter when the heating power is
modulated at 0.05 Hz. (a) The wavelength shifts of the filter when the heating laser
power is 50 mW, 100 mW, 150 mW and 200 mW, respectively. (b) The rise and fall
time of the filter at different heating power when the wavelength shift is
normalized.
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spectrum of the FBGs. In order to measure the transmission
spectrum of F–P filter, an optical fiber circulator is applied in this
experiment, the channel 2 of the FBG interrogator is used as light
source and the transmitted light is measured in channel 1. The
heating laser is modulated by an optical fiber switch which is
turned on and off every 10 s. The switching time is less than 8 ms
which is fast enough for measuring the response time. The inser-
tion loss of the switch is less than 0.5 dB. The wavelength shift of
the resonant peak versus time is shown in Fig. 6. Fig. 6a shows the
wavelength shifts at different heating power. In order to make
these shifts comparable, the normalized wavelength shifts are
shown in Fig. 6b. Although the wavelength shifts at different
heating laser power are different, the normalized data show the
rise and fall time are independent to the heating power. This result
matches the thermal diffusion processes reported in the previous
researches [20,21]. The rise and fall time is defined as the time the
wavelength shift reaches 90% and 10% of the maximum value.
They are estimated to be 1.25 s and 0.96 s in this experiment,
which indicates the proposed tunable filter is practical in many
slow variation systems.
4. Conclusion

In conclusion, we have made a tunable fiber F–P filter based on
optically heated FBGs pair in cobalt fiber. We carefully designed
the length of the FBGs and the cavity length to make sure the
single longitudinal mode operation in the FBG’s bandwidth. The
3 dB bandwidth of the filter is 0.02 nm. The resonant peak of the
filter is controlled by the heating laser. Experimental results show
the wavelength tuning coefficient is 1.27 pm/mW. This filter has an
about 0.6 nm tuning range while the heating laser changes from
0 to 400 mw. The response time is measured using an FBG inter-
rogator and an optical fiber switch. The rise and fall time of the
filter is independent to the heating power and is estimated to be
1.25 s and 0.96 s. This high precision tunable narrow-band filter is
a promising candidate in real applications such as optical fiber
communication and optical fiber sensing systems.
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