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ABSTRACT

The interaction of a fiber Bragg grating and longitudinal acoustic waves in a highly birefringent suspended-core fiber is
investigated for the realization of a multi-wavelength reflection property. The modulated grating couples power from the
fast and slow polarization modes to shifted superposed modes supported by the grating. The grating reflectivity of the
superposed modes are tuned by the voltage of an electrical signal. Up to five different wavelength reflection peaks have
been generated indicating new possibilities for compact and fast fiber-integrated multi-wavelength dynamic filters.
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1. INTRODUCTION

Fiber Bragg gratings (FBGs) in birefringent optical fibers have been successfully employed as multi-wavelength
reflection filters in significant applications, such as, fiber sensors and fiber lasers [1-3]. In particular, fiber lasers with
single or dual-wavelength being tuned by a polarization controller have been proposed [2]. Devices with two cascaded
cavities including high-birefringent (Hi-Bi) gratings, have been used to achieve simultaneous four-wavelength laser
output, by adjusting the polarization losses, the pump power and the fiber length [3]. A six-wavelength device using one
grating in a few-mode Hi-Bi elliptical core fiber has also been reported [4].

An optical fiber with linear birefringence supports two polarization modes propagating in the core with distinct
effective indices and phase velocities. However, anisotropies in the refractive index of the fibers can induce variations
between the effective indices of the polarization modes, resulting in wavelength deviations. Additionally, external
perturbations may change the grating properties in low birefringent fibers, inducing also changes in the reflected output
power and wavelength. Although the influence of external perturbations is minimized for gratings inscribed in high-
birefringent fibers, the use of conventional polarization controllers to switch the wavelength channels does not provide
dynamic and fast reflectivity tuning of the reflected spectrum, since such devices usually are manually operated.

On the other hand, the modulation of Bragg gratings by means of longitudinal acoustic waves enables the electrical
and fast tuning of the grating reflectivity and wavelength, which is suitable for optical modulators, dynamic filters and
fiber lasers [5,6]. Figure 1(a) illustrates the reflection spectrum of a non-perturbed FBG of period A. The power of an
optical mode with effective index nesr interacts with the grating being reflected at the Bragg wavelength 1z=2n.4A.
Figure 1(b) illustrates the acoustically induced strain modulating the grating period A(z) along the fiber axis z, which
induces reflection lobes on both sides of the Bragg resonance [5].
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Figure 1. Illustration of the reflection spectrum of a fiber Bragg grating (a) without and (b) with modulation induced by
a longitudinal acoustic wave.
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In this way, the acoustic wave couples power from the Bragg resonance to higher order side lobes, modulating the lobe
reflectivity # and separation AL by the acoustic power P, and frequency f, respectively. Nevertheless, in a standard
single-mode fiber (SMF), the acoustic power is uniformly distributed over the whole fiber cross section, reducing the
overlap between the acoustic power and the grating in the core. One promising option to increase this acousto-optic
interaction is the use of suspended-core fibers (SCFs) [7], which are generally composed of a very small core surrounded
by a ring of large air holes. It reduces significantly the silica in the cladding, increasing the acousto-optic interaction in
the core [8].

In this paper, an acoustically modulated Bragg grating inscribed in a highly birefringent double-core suspended-core
fiber (HB-SCF) is experimentally investigated. The acoustically induced coupling from the orthogonal modes to
superposed longitudinal modes of the grating is reported for the first time. The results indicate high acousto-optic
modulation in such special HB-SCFs and new possibilities of dynamic filters and applications requiring multi-
wavelength spectral reflection properties.

2. EXPERIMENTAL SETUP

Figure 2(a) illustrates the setup used in the experiment. The acousto-optic modulator is composed of a piezoelectric
transducer (PZT) disc (diameter of 25 mm and 2 mm in thickness), a 5 cm long acoustic silica horn and a 4.4 cm long
highly birefringent double-core suspended-core fiber (HB-SCF) with the inscribed grating.

Figure 2(b) shows the cross section of the HB-SCF fabricated at IPHT, indicating the two similar birefringent cores.
The fiber is composed of a rectangular pure silica region (~14 pm length x 7.7 um width), with a central air hole (~6 pm
length x 2 pm width) surrounded by four air holes of ¢ ~ 40 -43 um in diameter, separated by silica bridges of
t ~ 2.7 um thickness. The fiber diameter is D ~ 124 um.

We inscribed a 1 cm long FBG in the HB-SCF by means of a femtosecond laser and two-beam interference, using a
phase mask interferometer according to the method described in [9]. The birefringence of the HB-SCF is estimated from
the peaks of the fast and slow modes in the grating reflection spectrum as, Anggxy ~ 2.2 x 104,

The HB-SCF and the SMF connecting the circulator are aligned and the coupling power is monitored in transmission
by means of a power meter. The SMF core is aligned only to one core of the HB-SCF, since the simultaneous power
coupling to the two HB-SCF cores induces high insertion losses. The fibers are spliced by using an arc-discharge fusion
splicer (Sumitomo F36).

The PZT is excited by a 1 V — 10 V sinusoidal signal of a signal generator (SG) at the resonance of =874 kHz. The
mechanical deformations of the transducer are amplified by the acoustic horn into longitudinal acoustic waves
interacting with the grating.

A polarization controller (PC) is employed to align the polarization directions to the fast (Y), slow (X) and XY axes
of the HB-SCF (XY indicates an angle of 45° between the orthogonal polarization modes). The modulated spectrum is
characterized with a wavelength resolution of 1pm for both polarizations by the Agilent 8164A Lightwave
Measurement System, which is composed of a tunable laser diode (LD) and an integrated photodiode (FD).
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Figure 2. Illustration of the (a) experimental setup used to characterize the modulated FBG spectrum. (b) HB-SCF
cross section
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3. RESULTS AND DISCUSSION

Figure 3 shows the FBG spectra for the polarizations X, Y and XY with acoustic excitation at f = 874 kHz in the voltage
range of 1 V — 10 V. The data are normalized to the maximum grating reflectivity in linear scale. The acoustic wave
induces reflection lobes on both sides of the fast and slow central modes. The reflectivity at the peaks Ax ~ 1540.9 nm
and Ay ~ 1540.7 nm is modulated similarly, achieving a maximum modulation depth of An ~ 42% at 10 V, if compared
to the non-modulated grating. It indicates higher modulation efficiencies compared to previous studies employing
standard single-mode fibers, considering similar resonances and modulation depth An [10] (in this study, the 1 cm
grating is 50% shorter and the maximum applied voltage is ~75% lower).

The reflectivity of the left (Axc) and right (Ayc) side lobes is indicated in Fig. 3(a-b). Figure 3(c) shows the modulated
spectrum for the polarization XY (X and Y peaks are represented by Axy). Note that the non-modulated grating has a low
reflectivity superposed lobe centered at Axyc ~ 1540.8 nm. The spectrum indicates that the central modes have the same
effective indices and travel in phase at this wavelength. Thus, the acoustic wave induces side lobes coupling power from
the fast and slow modes to the superposed central lobe. Here, we characterized just the longitudinal modes of the grating.

Figure 3(d) shows the comparison of the modulated spectra for both polarizations at 10 V. The frequency is
intentionally tuned at f'= 874 kHz to match the inner side lobes at the coupling wavelength /xyc. Note that the peaks of
the fast, slow and superposed modes achieve the same reflectivity at about 10 V, with a maximum modulation depth of
Anxyc ~ 16%. This value is limited by the maximum 10 V of the signal generator. However, it is expected that higher
voltages can couple a higher level of power to the superposed lobe. The side lobe separation A4 and wavelength sweep
resolution are limited in this study due to the discrete behavior of the resonances for the employed PZT.

The modulation voltage responses for both polarization modes are summarized in Fig. 4, indicating the maximum
modulation depth An at the peaks Ax and Ay, and the induced side lobes Axc and Ayc (Fig. 4(2)) and, at the peaks of the
XY polarization xy and the central lobe Axyc (Fig. 4(b)). Note in Fig. 4(b), that a maximum reflectivity superposition of
Anxvc/Anxy ~ 100% is achieved, indicating almost total coupling from the orthogonal modes to the superposed mode.
The results indicate that the acoustically induced overlapping depends on the side lobe tuning to the coupling
wavelength. However, a partial side lobe overlapping might be useful to adjust the reflectivity of the central, left and
right side lobes to the same level. In this case, a voltage increase above 10 V may induce five flat wavelengths.
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Figure 3. FBG modulated spectra for the polarizations (a) X, (b) Y and (c) XY at /=874 kHz and the voltage range of
1 V—10V applied to the PZT. (d) Comparison of the modulated spectra for both polarizations at 10 V.
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Figure 4. FBG modulation voltage response for the polarizations (a) X, Y and (b) XY at the resonance of f'= 874 kHz
and the voltage range of 1 V—-10 V.

In summary, the coupling from the orthogonal modes to superposed modes in a highly birefringent suspended-core

fiber by an acoustically modulated Bragg grating in combination with a polarization controller provides the possibility to
achieve a reflection spectrum with up to 5 discrete wavelengths, whose reflectivity level can be tuned by an electrical
signal. It expected that this number of channels might be increased to 10 with the same fiber considering the
simultaneous modulation of the two cores in the fiber. In addition, the use of a 1 cm grating in a fiber with large air holes
points to higher acousto-optic modulation compared to previous studies employing solid standard fibers, which is
suitable to reduce the fiber/grating length, the size and the acoustic power of the modulator for the multi-wavelength

reflection characteristics.
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