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Tunable Narrow-Bandwidth Optical Filter Based on
Acoustically Modulated Fiber Bragg Grating

Dong Il Yeom, Hee Su Park, and Byoung Yoon Kim, Fellow, IEEE

Abstract—We demonstrate a novel tunable narrow-bandwidth
optical filter based on an acoustically modulated fiber Bragg
grating (FBG). A flexural acoustic wave applied to an off-cen-
tered core FBG modulates the period of the grating, producing
sidebands tunable both in wavelength and magnitude.

Index Terms—Acoustooptic devices, gratings, optical fiber fil-
ters, tunable filters.

I. INTRODUCTION

THE FIBER Bragg grating (FBG) is one of the key
components in dense wavelength-division-multiplexing

communication systems and optical fiber sensors. Its excel-
lent spectral characteristics such as narrow bandwidth, low
crosstalk, and low insertion loss have made a wide range of
application possible. In addition to using an FBG as a passive
component, there have been serious attempts to dynamically
control the FBG. For example, wavelength tuning based
on temperature and strain tuning [1], [2], reflectivity-tunable
FBGs using acoustooptic interaction [3], [4], and an FBG-based
acoustooptic superlattice modulator (AOSLM) [5] have been
investigated. In the AOSLM, longitudinal acoustic wave was
used to modulate the period of the FBG, and wavelength-tun-
able and switchable sidebands were generated with a fast tuning
and switching speed. While the AOSLM provided narrowband
tunable filter function, its efficiency was low and the device
structure did not allow the use of the transmitted optical signal,
that limits the practicality of the device.

In this letter, we experimentally demonstrate a novel form of
FBG-based AOSLM that was originally mentioned in [5]. This
approach provides potential solutions for the above mentioned
shortcomings. The device uses a flexural acoustic wave instead
of a longitudinal wave and an FBG formed in a fiber with an
off-centered core. We also describe optimization of design pa-
rameters to obtain high acoustooptic coupling efficiency.

II. OPERATING PRINCIPLE

Fig. 1 shows the exaggerated view of an FBG modulated
by flexural acoustic wave. The propagating flexural acoustic
wave creates periodic microbends on the fiber. Since the core
containing the FBG is located at off-center, a periodic exten-
sional–compressional strain modulation is induced in the FBG.
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Fig. 1. FBG modulation by flexural acoustic wave. Microbends induce strain
modulation on the FBG.

Then, the local period of the FBG as a function of a posi-
tion along the fiber can be expressed as

(1)

where is the original period of the FBG, is the acoustic
wavelength, is the acoustic frequency, and is the longitu-
dinal amplitude of the acoustic wave. If we consider the effect
of acoustic wave as pitch modulation of the grating and index
modulation by the strain-optic effect, the index distribution
of the modulated FBG is

(2)

where and are the average index, index modulation
depth, respectively, of the original FBG, ,

, and is strain-optic coefficient of fused silica.
Note that the amount of pitch modulation is proportional to

, and the strain-optic effect is proportional to the
amplitude of the strain field . Since the acoustic
wavelength ( several hundred micrometers) is much
larger than the Bragg wavelength nm , the index
modulation by strain-optic effect becomes negligible compared
to the pitch modulation. The AC component of index
distribution can then be expressed as

(3)
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where , and is the th-order Bessel function. It
should be noted that the result is the same as previously reported
in [6], because the strain-optic effect in (2) is neglected. In (3),
the first term corresponds to the original FBG with its center
wavelength at and the other terms are related
to the sidebands at

, where is an effective index of the optical mode.
Note that the magnitude of the sidebands depends solely on the
longitudinal acoustic amplitude and the strength of the FBG.

The performance of the device depends strongly on the
cladding diameter and the location of the off-centered core.
Clearly, with the flexural acoustic wave, the off-centered
core should be closer to the cladding–air boundary to achieve
higher efficiency of modulation at a given cladding diameter.
In practice, however, the thickness of the cladding between
the off-centered core and the air should be greater than a few
micrometers to avoid direct interaction of the evanescent field
of the guided mode with imperfect fiber surface that may
induce loss. We assumed that the minimum thickness of the
cladding was 3 m, [where the field strength of the core mode
at cladding–air boundary is less than 1% of maximum field
strength for the conventional single-mode fiber (SMF)] and cal-
culated the longitudinal acoustic amplitude at the off-centered
core with the total acoustic power fixed at 2 mW. According to
the result, the longitudinal amplitude has its maximum when
the fiber diameter is between 30 and 40 m at practical acoustic
frequencies of from 0.1 to 20 MHz.

To compare modulation efficiency between the cases of the
flexural acoustic wave and the longitudinal acoustic wave,
we calculated the required acoustic power to obtain the same
amount of FBG modulation in each case. The acoustic power
flowing through fiber cross section can be expressed as
follows [7]:

(4)

where is the group velocity, is the density of fused
silica, is the time averaged energy density, and , ,

is each component of acoustic amplitude in cylindrical
coordinate. Using (4), the acoustic power required to obtain
the same sidebands nm was calculated as a function
of acoustic wavelength and the results are shown in Fig. 2,
where the cladding diameter of the fiber was 35 m in both
cases. The graph shows that the flexural wave consumes less
acoustic power than the longitudinal one, which indicates that
the flexural acoustic wave would be more effective in the FBG
modulation.

III. EXPERIMENT

The FBG in the experiment had a length of 20 mm and the
transmission of 74 dB at the resonance wavelength. The
grating was written in a hydrogen-loaded commercial SMF
using a phase mask and a pulsed excimer laser (250 mJ/pulse).
We side-grinded the cladding of a fiber section containing
the grating to fabricate an off-centered core FBG. In grinding
procedure, we fixed the 8-cm-long fiber section on a metal

Fig. 2. Comparison of the total acoustic power of flexural and longitudinal
acoustic wave to obtain the same sidebands (u = 20 nm) as a function of
acoustic wavelength, where the cladding diameter was 35 �m in both cases.

Fig. 3. Cross section of the fabricated D-shaped cladding off-centered core
fiber.

block using nail polish and grinded one side of the fiber
manually using lapping film (3M) attached to a smaller metal
block. However, this type of fiber can be directly fabricated
from preform for practical applications. After the grinding
procedure, we etched the fiber using a hydrofluoric acid to
increase the acoustic amplitude effectively by reducing a
diameter of the fiber, and to obtain the optimum fiber parameter
described in the previous section. Finally, as shown in Fig. 3,
we obtained a D-shaped fiber similar in size to the theoretically
optimized circular-cladding fiber. In the experiment, the oscil-
lation direction of the acoustic transducer was carefully aligned
perpendicular to the flat surface of the D-shaped cladding for
effective acoustooptic coupling.

The spectral characteristics of the modulated FBG was mea-
sured using an amplified spontaneous emission source and an
optical spectrum analyzer. Fig. 4 shows the reflection and trans-
mission spectrum of the modulated FBG for various acoustic
frequencies. The sidebands appeared at both sides of the center
wavelength in a symmetric fashion. Only the right side of the
spectrum is shown in Fig. 4. At acoustic frequencies of 0.13,
0.50, and 0.73 MHz, the wavelength shifts of the first sideband
from the center wavelength were measured to be 0.60, 1.08, and
1.30 nm, respectively. These values agree well with the theo-
retical values of 0.58, 1.07, and 1.31 nm. The full-width at half-
maximum of the first sideband was about 0.25 nm, which corre-
sponded to the calculated value determined by the original FBG
bandwidth multiplied by in (3). The coupling efficien-
cies of the first sideband were more than 95% with the applied
electric power of 50.1, 44.5, and 85.4 mW, respectively. How-
ever, the reflectivity of the sideband tends to decrease in higher
applied voltages or frequencies due to the background loss. The
origin of the background loss is not clear at present, and is under
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Fig. 4. (a) Reflection and (b) transmission spectrum of the modulated FBG for
various acoustic frequencies of 0.13, 0.5, and 0.75 MHz. The electric powers
applied to acoustic transducer were 50.1, 44.5, and 85.4 mW, respectively.

Fig. 5. Wavelength shift of the first sideband from the center wavelength as a
function of acoustic frequency.

investigation. If we approximate the D-shaped fiber as a cir-
cular one with the same cross-sectional area m ,
the acoustic amplitude and power can be estimated from the
magnitude of the sideband. In the case of 95% coupling effi-
ciency for the first sideband at 0.73 MHz, the calculated acoustic
amplitude of is 47.4 nm, and corresponding acoustic cou-
pled power is 5.89 mW (cf. applied electric power: 85.4 mW).
The acoustic coupling efficiency can be improved further [8].
Our experimental results show that the device consumes much
less power to obtain the same modulation efficiency compared
to the earlier work [9] (fiber diameter: 35 m, applied elec-
tric power 1.2 W, acoustic coupled power 275 mW). Fig. 5

shows the wavelength shift of the first sideband as a func-
tion of acoustic frequency. The wavelength tuning range of the
sideband was limited by the frequency dependent efficiency of
the acoustic transducer. A stronger FBG and an improved de-
sign of the acoustic transducer can extend the tuning range.

When higher electric power ( 63 mW) was applied to the
acoustic transducer with a driving frequency of 0.12 MHz, we
observed the main peak of the FBG almost disappeared. This
switching behavior corresponds to in (3), and is
applicable to the dynamic optical add–drop multiplexer.

IV. SUMMARY

We have successfully demonstrated a tunable narrow-band-
width ( 0.25 nm) optical filter based on an acoustically modu-
lated FBG. By optimizing the design parameters, we demon-
strated an efficiency of near 100% at the first sideband over
a tuning range of 1.3 nm with an input electric power of less
than 85.4 mW. We expect this device to be useful as a tunable
narrow-band filter or a switch in fiber-optic communication sys-
tems and sensors.
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