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A cascaded system of two acousto-optical cells is proposed and experimentally demonstrated for optical
notch rejection filtering in the spectral range from 1400 nm to 1600 nm. Two similar paratellurite
acousto-optical devices for unpolarized light are used in a free-space gap of a fiber line. Compensation for
birefringence in aniso-tropic paratellurite devices provides a diffraction regime that is insensitive to polarization

of light. High extinction ratios up to 40 dB are measured.

OCIS codes: (230.1040) Acousto-optical devices; (230.7408) Wavelength filtering devices; (260.1440) Birefringence; (130.5440)

Polarization-selective devices.

1. INTRODUCTION

Acousto-optic tunable filters (AOTFs) are well known for spec-
tral and spatial filtering of light [1,2]. Tangential paratellurite-
based acousto-optic cells (AOCs) provide performing tunable
devices, and a number of commercially efficient AOTFs are
available [3]. However, the light diffraction by ultrasound in
birefringent media is strongly dependent on the polarization
of incident light, with the main consequence of reducing
the optical transmission. Also well known is the possibility
of AO anisotropic interaction of unpolarized light with the
use of a special geometry of diffraction, which is based on a
simultaneous diffraction of ordinary and extraordinary beams
into opposite diffraction orders [4—6]. Independent filtering of
the two orthogonal polarizations of the optical beam can be
obtained by cascaded similar AOCs [7-9]. Each cell of the tan-
dem controls one of the eigen polarizations of light in the crys-
tal. The transmitted beam is also split into two orthogonal
polarization modes because of birefringence of the material.
At the output of the cell, the transmitted beam remains split
into two orthogonally polarized beams, which is not suitable for
a notch rejection optical filter. This kind of filtering is largely
applied in the field of telecommunications and instrumentation
[10-14].

In this paper, we consider a notch filtering configuration
of anisotropic diffraction with polarization splitting in a tandem
of similar AOC:s for unpolarized light. This “double filtering”
configuration is obtained when the same RF frequency is
applied to both cells providing higher contrast and rejection
rate [15].

The optical architecture was extensively described in a
previously published paper [16] for application in optical
communication networks [17] with the use of wavelength-
division multiplexing (WDM) technology for control and
equalization of multichannel light beams.

We propose a quite different use of this cascaded AO system
for a tunable optical notch rejection filter with a high
extinction ratio.

First, we summarize the operation principle of this
multi-purpose system and its main design parameters. Then,
we focus on a single frequency operation mode for optical
notch filtering. Experimental results are presented with
near-infrared (NIR) input light in the optical band from
1400 nm to 1600 nm. Two configurations are studied, consid-
ering the incident light a discrete or continuous optical spec-
trum. A high extinction ratio up to 40 dB was measured for the
optical notch filter in a wide optical bandwidth.

2. PRINCIPLE OF OPERATION

Based on our previous paper [16], the general scheme of
beam traces and orientation of the cells is presented in
Fig. 1, assuming a polychromatic unpolarized input light beam
(wavelengths 4, 4,...4,). All the optical facets of the devices are
perpendicular to the direction of the input light beam.
In the first AOC 1, due to the optical anisotropy of the
TeO, crystal, the multi-wavelength arbitrary polarized incident
beam is split into two propagation modes orthogonally polar-
ized: the extraordinary “¢” mode and the ordinary “0” mode.
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Fig. 1. Optical scheme of cascaded attenuator of unpolarized light.

At the output of AOC 1, these beams are then separated and
parallel. The second AOC 2 compensates for the birefringence
effect in the first crystal because it is placed symmetrically to the
first one. Thus, the extraordinarily polarized beam is shifted by
the second crystal to the same distance as by the first crystal but
in the opposite direction. The “¢” and “0” optical modes are
then recombined “o+¢” at the output of AOC 2.

Moreover, the two devices have the same AO characteristics,
in particular the tuning relation. As, e.g., tuning the ultrasonic
frequency f; on AOC 1 leads to the simultaneous diffraction
of the two optical modes of the wavelength 4. More precisely,
as the interaction takes place with a shear ultrasonic wave, the
input “e” mode is up-diffracted and becomes an “0” mode, and
the input “0” mode is down-diffracted as an “¢” mode. These
two diffracted beams are then stopped. By a proper modulation
of the ultrasonic driving power, the optical power of the trans-
mitted beam at wavelength 4, can be reduced in a range from 0
to 20 dB compared to the input optical power at the same
wavelength. The same configuration is obviously obtained
for all the optical wavelengths by tuning the ultrasonic fre-
quency: [ for A, f, for A,...f, for A;. This operating mode
for AOC 1 is also valid for AOC 2, except that the polarizations
of the diffracted modes are permuted because the second crystal
is placed symmetrically to the first one. The two AOCs operate
independently.

This optical AO system is mainly used in a multichannel
configuration as a tunable optical attenuator, depicted in Fig. 2.

Assuming several wavelengths with different optical powers
at the input, the ultrasonic frequency carriers are applied to the
AOC:s in order to equalize the optical powers of all the wave-
lengths at the output. Tuning the ultrasonic frequency and the
driving powers results in adjusting the wavelength and the op-
tical power of the corresponding transmitted light. All the
extraordinary and ordinary diffracted beams are stopped. As,
e.g., Fig. 2 shows four wavelengths at the input of AOC 1.

AOC 1
Incident light
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Optical RF carriers RF carriers
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Fig. 2. Multichannel operation mode.
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In order to reduce the inter-channel crosstalks, the operating
frequencies are distributed among the two cells instead of a sin-
gle one. RF carriers f| and f'5 are applied to AOC 1, as well as
RF carriers f, and f are applied to AOC 2. The correspond-
ing driving powers are adjusted in order to equalize the optical
powers at the output. All the wavelengths can be independently
attenuated with an extinction ratio up to 16 dB in practice.

In the present paper, we consider a specific single ultrasonic
frequency operating mode as depicted in Fig. 3. The same
ultrasonic frequency, as, e.g., f, for the wavelength 4,, is ap-
plied simultaneously to the piezo-transducers of AOC 1 and
AOC 2. This cascaded system, AO tunable notch filter
(AOTNE), of two AO attenuators allows to achieve high
extinction of the selected wavelength up to 40 dB.

3. DESIGN OF THE ACOUSTO-OPTIC CELLS

We summarize the main characteristics of the AOCs, which
were extensively presented in our previous paper, especially
concerning the configurations of anisotropic interaction. In or-
der to obtain both a high diffraction efficiency and good spec-
tral resolution, we designed paratellurite-based AO cells with
the cut angle @ = 10°. Numerical calculations of the ultrasonic
frequencies for the two extraordinary to ordinary modes and
ordinary to extraordinary modes anisotropic interactions are
given in Fig. 4. A large optical bandwidth from 1200 nm to
1700 nm is considered. For each wavelength, the angle of in-
tersection of the curves corresponding to the double diffraction
is identical and equal to 22° from the optical axis of the crystal.
As the device operates in the wavelength range 12001700 nm,
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Fig. 4. Determination of the point of operation of the AONTF.
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the dispersion of the refractive indices is negligibly small, and it
does not influence the operating point in the AONTEF. As a
consequence, additional adjustment of the crystal when tuning
the device becomes not so necessary. Then, Fig. 5 shows the
tuning relation for the double interaction operating mode.
Generation of ultrasound with the efficiency 50% and higher
is provided in the range of RF signals from 40 MHz
to 60 MHz.

Diffraction efficiencies in the AO cells and spectral resolu-
tions were measured separately at the frequencies
fy =454 MHz, f, =448 MHz, f; =44.2 MHz, and
f4 = 43.6 MHz, which corresponded to the wavelengths of
the diode lasers used for experimental validation of the tunable
notch filter presented in the next section. The obtained spectro-
grams are presented in Fig. 6 with solid curves for AOC 1 and
dashed curves for AOC 2. The driving power necessary for pro-
viding diffraction efficiency of 95% is less than approximately
2.0 W for the longest wavelength of the tuning range. For a
shorter wavelength, the optimal driving power is lower due
to a wavelength squared dependence. In the same way, the
two devices had a piezo-transducer length equal to 12 mm,

100
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Diffraction efficiency, T (%)

20- L .

15160
Optical wavelength, 2 (nm)
Fig. 6. Diffraction efficiency in both cells (solid curves for AOC 1
and dashed curves or AOC 2) at four independent channels:
1—f, =454 MHz, 2—f, = 44.8 MHz, 3—f; = 44.2 MHz,
and 4—f, = 43.6 MHz.
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Fig. 7. Optical characteristics of SLD and 4-1 multiplex.

and the measured full width at half-maximum (FWHM)
spectral bandwidths are in the range 10-12 nm.

Usage of the filter as an attenuator of light in the zeroth
diffraction order determines configuration of the cells: both
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Fig. 8. Maximal attenuation for A = 1450 nm.
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input and output optical facets are cut orthogonally to the
beam with antireflection coatings. Maximum reflectivity per
surface in the cells is less than 0.3% in the range of wavelength

AOC 1 off - AOC 2 on from 1250 nm to 1550 nm. A requirement of precise compen-
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4. EXPERIMENTAL VALIDATION

The main goal of the experiment was to test the setup in
the NIR spectral range for two types of sources: the first
with a continuous light spectrum and the second with multi-
plexed single wavelengths. For this purpose, we used an optical
spectrum analyzer (OSA Anritsu MS9710C), including a super
luminescent laser diode (SLD) source emitting from 1440 nm
to 1640 nm with a maximum (-43 dBm) at 1540 nm,
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Fig. 13. Demonstration of 40 dB extinction for all the carriers of
4-2 multiplex.

as shown in Fig. 7. We also used a discrete light spectrum issued
from four 20 nm spaced laser diodes passing through a multi-
plexer (4-A multiplex, AFOP 4-channels CWDM) as can be
seen in Fig. 7.

In a first phase, we checked the wavelength tunability and
measured the attenuation efficiencies of the zeroth order for
either AOC 1 or for AOC 2. Figures 8-11 show that whatever
the wavelength of the SLD source or the AOC, attenuation up
to 20 dB is obtained. In all cases, the driving power is less
than 2 W.

Then, the single ultrasonic frequency was applied simulta-
neously to the two AOGCs. Figure 12 shows a maximum
attenuation of 40 dB for the wavelength 1550 nm.

As the optical level of power of the SLD is relatively low (less
than -43 dBm), we encountered some difficulties to measure
precisely the maximum attenuation possible for other wave-
lengths due to the minimum of the level range (-90 dBm)
of OSA. This is why we present these results considering
the discrete optical spectrum presented above. The optical
powers of the four optical carriers were adjusted with a fixed
value: almost -13 dBm. A maximum attenuation of 40 dB
is then clearly demonstrated (Fig. 13) for all these wavelengths:
1510 nm, 1530 nm, 1550 nm, and 1570 nm.

5. CONCLUSION

In this paper, we presented a specific operating mode of a
cascaded system of two AO devices. As a single ultrasonic fre-
quency is applied simultaneously to the two cells, a double-
filtering configuration is achieved. Moreover, as the interaction
takes place in a double diffraction mode, high diffraction is
obtained, whatever the polarization of the input light. We con-
sider the transmitted beam of the system in order to realize a
tunable notch rejection filter. Experimental results were pre-
sented with NIR input light from optical sources available
in the optical band from 1400 nm to 1600 nm. A high
extinction ratio up to 40 dB was measured.
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