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The dependence of transmission characteristics on acoustic frequency for an SMF-based
acousto-optic tunable filter has been investigated in this paper. Experimental results indicate that
multi-resonance peaks may turn up in the transmission spectrum when applied acoustic frequency
is sufficiently high, and resonance wavelengths increase in proportion to the applied acoustic
frequency for short resonance wavelength region, while they have opposite acoustic frequency
responses for longer resonance wavelength region. Our numerical simulation proves that this
phenomenon could be attributed to the non-monotonic phase matching curves of acoustic gratings,
which would be helpful for the understanding of mode coupling mechanism in fiber acoustic
gratings and design of fiber-based acousto-optic devices.
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1. Introduction

Since Kim et al. firstly reported an acousto-optic tunable filter (AOTF) based on
single-mode fiber (SMF) in 1997 [1], AO interaction in optical fibers has attracted
considerable research interest, and in recent years a good variety of fiber-optic
devices, including gain flattening filter [2], acousto-optic switch [3], variable optical
attenuator [4], polarization controller [5], etc., have been developed by applying
flexural or torsional waves in bare optical fibers. In these devices, long period
gratings (LPGs) could be normally produced owing to axial periodic refractive index
perturbation induced by applied acoustic modulation, and therefore the mode coupling
in acoustic gratings could be utilized for various purposes. As has been widely
reported, dynamic reconfiguration of transmission spectrum could be realized by
adjusting the frequency and intensity of applied acoustic wave to respectively control
the resonance wavelength and transmission loss of afiber-based AOTF. It should be
noted that some of the previous related reports show that the resonance wavelength
monotonically increases with applied acoustic frequency [6] while the othersindicate
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that there exists an inverse proportional relationship between the above two param-
eters[7-9]. However, the untypical acoustic frequency response behavior of resonance
wavelength has not aroused sufficient notice, and as an important issue that affects
the understanding and applications of AO effect in optical fibers, this phenomenon
still needs to be further investigated.

In 2004, ZHi et al. theoretically analyzed the non-monotonic dependence of
resonance wavelength on the grating period for photonic crystal fiber (PCF) based
LPGs [10]. And in this paper, similar phenomenon was found to take place in
fiber-based AOTFs. The filtering characteristics of an SMF-based AOTF were
experimentally investigated for a wavelength range from 600 nm to 1700 nm.
Experimental results indicate that the acoustic frequency response of resonance
wavelength has non-monotonic relationships for different wavelength regions. Based
on theoretical calculation of the phase matching relationship, we have shown that two
resonance wavelengths originating from the mode coupling between LP,; core mode
and the same higher order mode may simultaneously turn up for certain applied
acoustic frequency. Further analysis proves that the non-monotonic dependence of
grating period on resonance wavelength is the major factor that leads to the untypical
frequency response behavior for different wavelength regions.

2. Experimental setup and mode coupling principle

Figurel shows a schematic diagram of our SMF-based AOTF test system.
A PCF-based supercontinuum light source is employed to provide broadband input
light covering a wavelength range of about 600 nm to 1700 nm. A segment of
SMF with ~10 cm coating stripped is tightly stretched and then fixed by two fiber
holders. To effectively apply acoustic wave onto the SMF, an aluminum (Al) hornis
attached on the top surface of around piezoelectric transducer (PZT) plate, and thetip
of Al horn is pasted at one end of the bare fiber. Thus, when driven with aradiation
frequency (RF) signal through a signal generator, the PZT produces an acoustic wave,
which will be amplified and transmitted to the SMF via the Al horn. An optical
spectrum analyzer is employed to monitor the transmission spectrum evolution of
the AOTF as applied acoustic frequency changes.

When flexural acoustic wave is applied onto the SMF, the refractive index along
fiber axiswill be periodically perturbed, leading to theformation of an acoustic grating.

Fiber holders
Supercontinuum light source “n_‘

Stripped SMF

SN N OSA

Al horn ]

Signal generator

Fig. 1. Schematic diagram of the SMF-based AOTF test system.
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As is well known, for LPGs the resonance wavelength originating from the mode
coupling between core mode and certain cladding mode is determined by [11]:

ﬂres = (nco_ncl)/1 (l)

where 4, is resonance wavelength, n., and n represent effective refractive indexes
of the fundamental core mode and certain cladding mode, respectively, and A repre-
sentsgrating period. Using the above equation, it is possible to acquire the dependence
of grating period on resonance wavelength based on the effective refractive index
difference between core mode and cladding mode when phase matching condition
is maintained. Since the LPG is produced by flexural acoustic wave modulation,
the grating period could be acquired by calculating the applied flexural mode acoustic
period according to the following dispersion relation [12]:

2 2
w _ akE
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where w and S areround frequency and propagation constant of flexural acoustic wave,
respectively; E and p represent Y oung’'s modulus and density of rod-shaped acoustic
medium, respectively; and arefersto rod radius. Considering w = 2nf, and S = 2rn/A,,
where f, and A, are frequency and wavelength of applied acoustic wave, acoustic
wavelength could be expressed in terms of frequency as:

2 2E 1/4
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As A = A,, by adjusting acoustic frequency, the resonance wavelength of AOTF

will change accordingly. And by analyzing the phase matching curve based on

acoustic period corresponding to experimental applied acoustic frequency range, we

could acquire the information on mode coupling corresponding to the experimentally
observed resonance peaks.

)

3. Experimental results and discussion

We have experimentally observed the evolution of transmission spectrum of
the SMF-based AOTF as RF signal frequency changes. Throughout a wavelength
range of 600—1700 nm, we found 4 resonance wavel ength regions when the RF signal
isdriven around 3.2 MHz, 3.6 MHz, and 4.05 MHz, and the transmission spectrawith
largest transmission loss are shown in Figs. 2a—2d, respectively. As has been
analyzed in Section 2, each of the resonance peaks originates from the mode coupling
between fundamental core mode and certain higher mode. One interesting matter
that should be addressed is that when acoustic frequency is adjusted to 4.05 MHz,
two resonance wavel engths simultaneously turn up in the transmission spectrum. This
indicates that the phase matching condition should be satisfied at these two wave-
lengths at the same time.
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Fig. 2. Transmission spectra of the SMF-based AOTF as RF signal isdriven at 3.2 MHz (region A) —a,
3.6 MHz (region B) — b, 4.05 MHz (region C) — ¢, and 4.05 MHz (region D) —d.

Toanalyzethemode coupling that may contributeto theformation of experimentally
observed resonance peaks, we have calculated the dependence of grating period on
resonance wavelength. According to typical parameters of SMF, such as Corning
SMF-28 fiber (fiber radius: 62.5 um; refractive index of the fiber core: 1.4681;
refractive index difference: 0.36%), we could calculate the effective refractive index
difference between L Py mode and LP;; mode. And based on Eq. (1), grating period
asafunction of resonance wavelength for L Py, —L P;; mode coupling could be acquired,
as depicted in Fig. 3. It is apparent that the grating period decreases as resonance
wavelength increases from 575 nm to ~1160 nm, whileit is proportional to resonance
wavelength for higher wavelength region, i.e., the grating period has a non-monotonic
dependence on resonance wavel ength. Based on Eq. (3) and considering E = 75.42 GPa
and p = 2.2x10° kg/m® for silica-based fibers, within an acoustic frequency range of
3.14 MHz to 4.1 MHz the period of acoustic grating is located between about 605 nm
and 529.5 nm, corresponding to a resonance wavelength range of about 615 nm to
778 nm, whichisbasically in accordance with the experimental resultsin Figs. 2a—2c.
It can al'so be seen that for 4.1 MHz RF signal another resonance region exists around
1480 nm, which correspondsto the resonance wavelength regionin Fig. 2d. However,
the inaccurate parameter settings adopted in our simulation cause some deviation from
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Fig. 3. Calculated grating period as a function of resonance wavelength for LPy;—L P;; mode coupling.

the experimental results. From Fig. 3, we can see that due to the non-monotonic
dependence of grating period on resonance wavelength, two resonance wavelength
regions may coexist when the RF signal frequency is high enough, which is in
agreement with the experimental result in Figs. 2c and 2d.

To further confirm whether the mode coupling between LP,; core mode and
other modes besides L P;; mode also contributes to the formation of resonance peaks,
we have calculated the grating period as functions of resonance wavelength for
mode coupling between L P,;; mode and some low order modes, including L P,; mode,
LPy, mode and LP5;; mode, asillustrated in Fig. 4. It is clear that the grating periods
corresponding to each of the three phase matching curves are below 300 nm.
Considering that the acoustic grating period for our experiment is larger than about
530 nm, these 3 modes should not participate in the mode coupling process.
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Fig. 4. Calculated grating period as functions of resonance wavelength for LPy—LP,;, LPy—LPg,,
L Py;—L P3; mode couplings.
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Fig. 5. RF signal frequency dependence of resonance wavelength for region A (@), region B (b),
region C (c), and region D (d).

Figure 5 shows the resonance wavelength as functions of RF signal frequency for
wavelength regions A-D, corresponding to those in Fig. 2. It can be seen that for
the first three wavelength regions resonance wavelength linearly increases with
the RF signal frequency while there exists an inverse proportion relationship between
them for wavelength region D. The untypical frequency response behavior of
resonance wavel ength could be explained by the non-monotonic dependence of grating
period on resonance wavelength as shown in Fig. 3. Since the acoustic wave period
decreases with the increase of acoustic frequency, the dependence of resonance
wavel ength on acoustic grating period should present atrend inverseto the dependence
of resonance wavelength on acoustic frequency. And therefore, the acoustic frequency
response of resonance wavelength is different for wavelength regions beyond and
below about 1160 nm.

4. Conclusions

In summary, we have investigated the dependence of transmission characteristics of
an SMF-based AOTF on applied acoustic frequency. Experimental results show
that multi-resonance may be excited when RF signal frequency is high enough and
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the resonance peaks may have different acoustic frequency response behavior for
different wavelength regions. Theoretical simulation indicates that the resonance
wavelength dependence of grating period is non-monotonic, which leads to the untyp-
ical acoustic frequency responses of resonance peaks for the wavelength regions
located on both sides of the yielding point of the phase matching curve. The work
presented in this paper would be helpful for proper understanding of the unusual
transmission properties of acoustic gratings, which is of fair importance to related
research and applications of fiber-based AOTF devices.
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