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Phase Shifts Induced by the Piezoelectric Transducers
Attached to a Linearly Chirped Fiber Bragg Grating
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Abstract—A simple method enabling to generate a stable and
controllable phase shift in a linearly chirped fiber Bragg grating
(FBG) is theoretically and experimentally demonstrated, which is
based on the utilization of the mini-size piezoelectric transducers
(PZTs). The magnitude of the induced phase shift can easily be
controlled by adjusting the voltage applied on the individual PZT.
With this method, a narrow bandpass filter with 3-dB band width
of 0.085 nm is obtained. Based on this kind of filter, an Erbium-
doped fiber ring laser is also demonstrated, and both switchable
and stable single-longitudinal-mode (SLM) laser emission is suc-
cessfully realized.

Index Terms—Fiber Bragg gratings, lasers, phase shift, single-
mode.

I. INTRODUCTION

A TTRIBUTED to the inherent property of wavelength fil-
tering with an ultra-narrow bandwidth, phase shifted fiber

Bragg grating (FBG) has been widely used in the fields such
as the fiber lasers [1]–[3], wavelength demultiplexing [4], fiber
sensors [5], [6], and all optical logic devices [7], [8] etc. In gen-
eral, a phase shift can be permanently inscribed into a FBG by
using the phase shift phase-mask technique [9], [10], the UV
post-processing [11], or the post-etching technique [12]–[14].
However, all of the above approaches need either an expen-
sive phase mask or a very complicated control system for the
grating’s fabrication. Moreover, all of them are lack of the flex-
ibility for the implementation of both tunable and switchable
devices once the phase shift is inscribed in a FBG. On the other
hand, a temporary phase shift can be introduced into a FBG by
the thermal method [15]–[21], where a narrow NiCr wire is uti-
lized to heat the local region of a FBG. Because of the thermal-
expansion and thermal-optical effects, the refractive index of the
local grating would change with the temperature. A phase shift
will thus be introduced at the local point of the grating. The
wavelength tunability of the resulted notch filter has been real-
ized by moving the NiCr wires along the grating direction [18].
A comb filter can also be realized by utilizing either one wire in
a sampled grating [3], [19] or multiple wires in a single channel
FBG. However, the thermal method needs a high temperature to
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attain the stable phase shift, which is hard to control in prac-
tice. Moreover, the temperature gradient and the expansion of
the NiCr wire may make the phase shift not stable especially
when the multiple wires are closely placed in order to generate
multiple phase shifts in the FBG.

Besides the thermal method, the mechanical stretch method
can also be imposed to introduce a temporary phase shift in a
linearly chirped FBG (LCFBG). The pioneer work for the later
one was firstly reported by Xu et al. in [22], where either a single
or multiple phase shifts in a LCFBG were successfully demon-
strated by using a piezoelectric stack. However, the detailed nu-
merical analysis and dependence of the notch bandwidth on the
phase shift had not been given. Moreover, the split-notch effect
due to the birefringence of the FBG has not been investigated
yet.

In this paper, the PZT-induced both switchable and stable
phase shift in a linearly chirped FBG is theoretical and exper-
imental demonstrated. The dual notches phenomenon due to
the birefringence of the grating and the asymmetric stretching
of the PZT is solved by utilizing a polarizer and a polarization
controller. The magnitude of the induced phase shift can easily
be changed by controlling the voltage imposed on the PZT.
The wavelength tunability and the formation of the double
notch filter in a chirped FBG have also been investigated when
two PZTs are bonded to the grating simultaneously. Moreover,
as an important application of this kind of phase-shift FBG
to the Erbium-doped fiber (EDF) ring laser, both switchable
and stable single-longitudinal-mode (SLM) laser emission
[23]–[29] is successfully demonstrated.

II. PZT-INDUCED PHASE SHIFT IN A LINEARLY CHIRPED FBG

A. Principle of the Phase Shift in FBG

FBGs are fabricated by exposing an optical fiber to spatially
varying pattern of ultraviolet intensity. In general, the induced
refractive index-modulation of a FBG can be expressed as

(1)

where is the position along the grating, is the max-
imum index-modulation, is the central pitch of the FBG,

is the local phase of the grating. Once the phase shifts
are introduced at the positions of in

the grating, the index modulation can be expressed as [30]

(2)
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Fig. 1. Schematic diagram for the phase shifts induced by the PZTs in a FBG.

where is the number of the inserted phase shifts and the func-
tion is defined as: if and
if . Once all the parameters shown in (2) are known, the
reflection spectrum for the phase-shift FBG can be easily ob-
tained by using the well-known Transfer Matrix Method [31].

B. The PZT-Induced Phase Shift

Principle of the proposed approach is schematically shown
in Fig. 1, where the PZTs provided by the Nihon Ceramic with
a size of 3 3 3 mm and the maximum extension-region of
1 m are wholly glued to the FBG along the grating direction.
When the voltage is applied on the PZT, it will be extended.
The accumulated phase change of the grating is then obtained
at end point of the PZT and the phase shift introduced can be
approximately expressed as

(3)

where is the effective refractive index of the fiber, is the
local Bragg wavelength where the PZT is located, and is the
total length-change of the grating induced by the PZT. Unlike
the one using the previous method [3], [19], there is no influence
of the temperature gradient and the thermal expansion existed
in the FBG. Therefore, multiple PZTs can be placed as close as
possible to introduce multiple phase shifts in a FBG as shown
in Fig. 1. The separation of these PZTs is only decided by the
dimension of the PZT. Moreover, tunability for the phase shift
can easily be realized by adjusting the voltage applied on the
PZT itself.

C. Numerical Results for the Phase Shifted FBG

Here the layer peeling method [32]–[34] is used to design
the grating structure. The grating is designed to have a length
of 12 cm, a central wavelength (=1538 nm) and a flat-top
bandwidth 10 nm. The average effective refractive index
of the grating is assumed to be 1.5, which corresponds to a center
grating pitch of 0.513 m. The target reflectivity is adopted as

(4)

Fig. 2. Grating structure obtained by the layer peeling method with the param-
eters described in the text.

where is the grating phase, which can be expressed by
[33], [34]

(5)

where is the light velocity in the vacuum, is the start
wavelength in the simulation, and is the chromatic disper-
sion. In our case, the range of the wavelength considered is 50
nm and the dispersion is ps/nm. The obtained grating
structures are shown in Fig. 2, where the refractive index-modu-
lation profile and grating pitch versus the position are obviously
shown. The maximum refractive index-modulation is about

. Once the grating structure is known, the different
phase shifts can be inserted at different positions by changing
the complex coupling coefficient according to (2). Then the
Transform Matrix Method can be imposed to calculate the
reflection spectrum for the phase-shift FBG, In our simulation,
the grating is divided into multiple uniform sections with a step
of 39 m. Fig. 3 shows the reflection spectrum when seven
different phase-shifts ranged from 0 to are inserted at the
center of the grating, respectively. The inset shows the details
of the resulted spectrum. Note that only the phase shift rather
than the real blank region (corresponding to the phase shift) of
the grating is considered in our simulation. As a result, it can
be seen that there really exists a stop-band (notch) at the center
of the reflection spectrum when phase shift is inserted. The
notch-depth increases as the magnitude of the inserted phase
is gradually increased and reaches the maximum only when
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Fig. 3. Simulation results of the notch filter with different phase shift.

Fig. 4. Tunability of the notch filter with a wavelength shift of about 0.5 nm
when a � phase shift is inserted at a different position. Solid line: the � phase
shift inserted at the center of the grating. Dashed line: the � phase shift inserted
on the right side of the center with a separation of 0.6 cm.

Fig. 5. Simulation results of the double notch filters with a wavelength spacing
of about 0.5 nm when two � phase shifts are simultaneously inserted in the
grating with a separation of 0.6 cm.

phase shift is inserted. Meanwhile, the bandwidth of the notch
decreases with the increase of the phase shift.

Next we have investigated the wavelength tunability for the
resulted notch filter. Fig. 4 shows the reflection spectrum when
a phase shift is inserted at two different positions respectively,
where the solid line shows the phase shift inserted in the center
of the grating and the dashed line shows the phase shift in-
serted on the right side of the center with a separation of 0.6 cm
along the grating direction. It is seen that the notch wavelength
can be tuned with a step of about 0.5 nm. With the same method,
it is expected that the multiple-notch filter can be formed by
simultaneously inserting multiple phase shifts into the grating.
Fig. 5 shows a typical result for the reflection spectrum where
two phase shifts are simultaneously inserted into the grating.
The spacing between the inserted positions of two phase-shifts
along the grating is also assumed to be 0.6 cm. It is seen that
nearly identical two notch filters with a wavelength separation
of about 0.5 nm are produced just like what we expect.

Fig. 6. Double notch filters appeared in the reflection spectrum, which happens
due to the resident and the induced birefringence of the grating.

Fig. 7. Reflection spectrum with different polarization states. Solid line shows
the case without phase shift and polarizer. Dashed line and dot line show the
reflection with different polarization state when a � phase shift is inserted in the
grating.

D. Experimental Results and Discussions

To confirm the above theoretical results, we perform several
tests for a linearly chirped FBG (provided by TeraXion Inc.)
with the phase shift introduced by applying the voltage on a
PZT. The grating strength is about 10 dB with a length of about
12 cm and the flat-top bandwidth is about 10 nm, characteristics
of which are nearly the same as the theoretical ones given above.
Firstly, only one PZT is glued at the center of the grating and the
applied voltage is 150 V. The reflection spectrum measured by
using an optical spectrum analyzer (OSA) is shown in Fig. 6.

Unlike the theoretical one shown in Fig. 3, double notch fil-
ters rather the one appear in the reflection spectrum and their
depths become small no more than 3 dB. We believe that this
phenomenon is due to resident birefringence of the grating and
the induced birefringence due to the asymmetric stretching of
the PZT. This birefringence effect is not perceived without the
phase shift inserted and becomes obvious when the phase shift
is inserted. Each of the dips corresponds to the different polar-
ization state. To verify the above thoughts, we add a polarizer
and a polarization controller (PC) between the broadband light
source and the FBG. Fig. 7 shows the results, where the solid
line shows the reflection of the grating when the phase shift is
not inserted and meanwhile the polarizer is not used. Dashed
line and dot line show the reflection spectra with different po-
larization states when a phase shift is inserted into the grating.
It is seen that the depth of the notch obtained when the polar-
izer and the PC are utilized is larger than the one without using
the polarizer and reaches about 7 dB. The shift of the dips is
about 0.42 nm and meanwhile the shift of the band edge is about
0.32 nm. The difference of the shift (0.1 nm) indicates that be-
sides the original birefringence of the grating, the PZT-induced
extension on the one side of the grating would introduce some
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Fig. 8. Reflection spectrum of the linearly chirped FBG with one phase shift
induced by a PZT (solid line) and the recovered reflection one when the voltage
is removed (dashed line) after a polarizer and a PC are inserted.

Fig. 9. Spectra of the notch filter at conditions of the different voltages applied
on the PZT.

birefringence also. Therefore, in order to generate one dip with
a narrower bandwidth, only one polarization state is selected in
our experiment by carefully adjusting the PC. Fig. 8 shows the
reflection spectrum (solid line) while the applied voltage is 150
V. It is seen that a single notch filter appears in the reflection
band. The notch depth is about 7.5 dB and the 3-dB bandwidth
of the induced notch is about 0.085 nm which may become nar-
rower when the grating strength is increased further. The small
peak appeared at the short wavelength side may be due to the
asymmetric stretching of the grating. Because only one side of
the grating is extended by the PZT, coupling of the core mode
into a cladding mode may cause a loss in the reflection. When
the applied voltage is removed, the reflection will recover to the
original one as is shown in Fig. 8 (dashed line), which means
that the resulted notch filter is switchable also. Profile of the
notch (related to the induced phases) can also be changed by
varying the applied voltages. Fig. 9 shows the notch spectrum
at different voltages. It can be seen that the depth of the notch in-
creases in accordance with the increment of the applied voltage,
which agrees well with the simulation results shown in Fig. 3.
However, the resonant wavelength has a blue shift, which indi-
cates that there exists a decrease for the effective index of the
local grating once the grating is lengthened, which is oppose to
the previous one induced by the thermal effect [19]. When the
voltage is further increased, the depth of the notch will decrease
and the sidelobes appeared at the right hand of the notch will
become more obvious, which can also be regard as a loss due to
the coupling of the core mode to cladding mode. The stability
for the induced notch is also investigated. Five measurements of
the reflection spectrum are performed every other five minute
by using an OSA. Fig. 10 illustrates the near view of the created
notch in 1-nm range through the five scans when the voltage is
fixed to 150 V. No wavelength and reflection shift can be seen
in such a short range.

Fig. 10. The stability of the PZT-induced notch filter.

Fig. 11. The wavelength tunability of the PZT-induced phase shift when the
voltage is applied on the two PZTs in turn.

Fig. 12. The measured reflection when two PZTs are simultaneously utilized
to generate two notches.

Secondly, another chirped FBG with two glued PZTs is uti-
lized to investigate the tunability of the resulted notch filter. This
FBG has roughly the same characteristic as the last one, i.e.,
the grating strength, bandwidth, and length are also 10 dB, 10
nm, and 12 cm, respectively. The position gap between the two
PZTs on the grating is 0.6 cm. Fig. 11 shows reflection spec-
trum obtained when the voltage is applied on the two PZTs in
turn. Note that, due to the fabrication issue, the spectrum of the
original grating is uneven here. Nonetheless, it can be seen that
the notch wavelength has been shifted by a step of 0.482 nm,
which agrees well with the simulation result shown in Fig. 4.
Fig. 12 shows the spectrum for the dual notch filters while the
voltages 120 V and 140 V are simultaneously applied on the
two PZTs, respectively. The wavelength separation between the
dual notches measured is about 0.492 nm, coinciding with the
results shown in Fig. 5.

Here it must be pointed that the working voltage applied to
the PZT is about 150 V, higher than those ones reported in the
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Fig. 13. Experimental setup for the SLM EDF ring laser, where the inset il-
lustrates the schematic diagram of the phase shift induced by PZT as shown in
Fig. 1.

previous papers [22]. We believe that the voltage can be signif-
icantly reduced if a more suitable PZT is selected.

E. Application of the Phase-Shifted FBG to a Fiber Laser

Next, by utilizing the phase shifted FBG described above,
an EDF-based fiber ring laser capable of working with SLM is
demonstrated. Fig. 13 shows the schematic diagram of the ex-
perimental setup, where a 980 nm pumping source, 5-m-length
EDF (enabling to provide a maximum gain of about 14 dB at
1550 nm), two isolators for unidirectional optical propagation,
one polarizer and one polarization controller (PC) used both
for eliminating the birefringence induced notch splitting and for
stabilization of the laser output, one 10/90 power coupler, one
circulator, a temperature controller and two concatenated lin-
early-chirped FBGs are included. Inset of the Fig. 13 shows the
schematic diagram for the phase shifts induced by the PZTs as
shown in Fig. 1. An ultra-narrow bandpass filter can be formed
by utilizing the two gratings which have identical characteristics
but one of them (without the glued PZT) working in the reflec-
tion is placed in a temperature chamber which can be used to
shift the spectrum a little by controlling the temperature and the
other (with the phase-shift induced by PZT) is working in the
transmission [3]. Fig. 14 shows the measured transmission spec-
trum while the voltage applied on the PZT is 150 V. It can be
seen that a bandpass filter with a center wavelength of 1538.21
nm, 3-dB bandwidth of 0.088 nm, a height of 7.5 dB is suc-
cessfully obtained. The two sidelobes existed near the both ends
of the original FBG’s spectrum are due to the overlap between
the transmission and the reflection spectrum of the two FBGs
with nonideal rising and falling edges. The difference between
the main peak and the sidelobes is larger than 6 dB, which is
large enough to guarantee the laser lasing at the main peak wave-
length. Moreover, the whole length of the fiber ring is about 35
m (producing a mode spacing of 5.8 MHz) and the total loss
is estimated to be 11 dB. Fig. 15 shows the measurement results
for the lasing spectrum, while the 980 nm-LD pump power is
74 mW. The maximum output power is dBm. The laser

Fig. 14. Spectrum of the narrow bandpass filter formed by incorporating the
transmission and reflection spectrum of the two FBGs, respectively.

Fig. 15. Output spectra of the fiber ring laser measured in every five minutes.

Fig. 16. RF spectrum of the output laser when the EDF is used as a gain
medium.

linewidth is about 0.009 nm measured by the OSA with a lim-
ited resolution of 0.01 nm. The peak wavelength of the laser is
1538.21 nm, which agrees well with the filter shown in Fig. 14.
Stability for the produced laser lasing is also investigated. Five
measurements of the reflection spectrum performed every other
five minute are also shown in Fig. 15 and no change for the
lasing power and the peak wavelength can be found during the
five measurements. Fig. 16 shows the RF spectrum of the laser
output. It is seen that the RF spectrum is in the range of 0 to 50
MHz, which is wide enough to capture the beat signals. No beat
signal has been found, which in return indicates that the SLM
operation status is confirmed in this fiber laser.

III. CONCLUSION

In conclusion, temporary phase shifts induced by the
mini-size PZTs in a FBG are demonstrated. The induced
phase-shift can be controlled by changing the voltage applied
on the PZT and the induced notch is both stable and switchable.
Based on the PZT-induced phase-shifted FBG, a single-longitu-
dinal-mode Erbium doped fiber ring laser has been successfully
demonstrated. This kind of phase-shifted FBG is expected to
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find the potential applications on multiwavelength fiber lasers
by inserting either one phase shift in a sampled FBG or multiple
phase shifts simultaneously in a one-channel FBG.
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