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The performance of an acousto-optical tunable filter (AOTF) depends on several key parameters, such as the
diffraction efficiency and the applied RF signal at the external network of the transducer. The latter has a specific
bandwidth in which its efficiency is high. The goal of this paper is to experimentally investigate the relationship
between the electrically matched RF bandwidth and the achieved diffraction efficiency, especially at the edges of
the RF frequency band. The experiment revealed that the impedance matching is not completely correlated to the
diffraction efficiency. Temperature measurements on the AOTF under test show that, at one edge of the tuning
range, the RF signal is converted into a noninteracting acoustic mode. © 2019 Optical Society of America

https://doi.org/10.1364/JOSAA.36.001361

1. INTRODUCTION

The use of acousto-optical tunable filters (AOTFs) is wide-
spread. Several applications exist in which this optical device
is used as a filter to detect optical wavelengths at a high tem-
poral and spatial resolution [1]. One of the possibilities is
applying an AOTF in a spectrometer [2], but also other appli-
cations are feasible, such as space-based imaging systems, using
an AOTF in different spectral ranges [3,4]. Understanding the
practical maximum range of these devices is important to
estimate their applicability.

The working principle of an AOTF is based on the inter-
action between sound and light inside a birefringent optical
cell, in which the Bragg matching condition is valid [5], to se-
lect the first-order diffracted light beam at the output (Fig. 1).
The sound inside the optical device is generated by means of a
transducer, consisting of a piezoelectric layer, responsible for the
generation of mechanical vibrations and, consequently, sound
waves. This piezoelectric layer is activated by the use of an RF
chain, consisting of an RF generator, mutually coupled to an
RF amplifier and the AOTF (Fig. 2). To have an efficient
conversion of RF energy into sound, the transducer needs to
be doubly matched: mechanical impedance matching on the
optical cell on one hand, and electrical impedance matching
on the RF side on the other hand.

The electrical bandwidth of the transducer is generally used
to estimate the optical bandwidth of the AOTF, but in practice,
the latter is narrower than expected. The idea of this

experiment is to (1) investigate the transducer from an electrical
point of view by measuring the voltage standing wave ratio
(VSWR) and calculate the bandwidth in which the device is
optimally matched from an electrical point of view, (2) investi-
gate the diffraction efficiency (DE) of the optical cell, and
(3) compare both results to see if the transducer, especially
at the edges of the RF tuning curve, is still capable of generating
sound waves. To investigate if applied power is not only trans-
ferred into sound, but also into heat, temperature monitoring
of the optical cell is done as well.

2. THEORETICAL BACKGROUND

The AOTF analyzed in this work fulfills the so-called parallel
tangent condition [6]: a particular acousto-optic interaction
geometry in which the momentum-matching condition is more
loosely constrained by the angle between the incident light and
the acoustic wave phase velocity than in other designs. This
tolerance enables a significant acceptance angle, typical of non-
collinear devices and attractive for any imaging application.
This geometry is illustrated by Fig. 3, where the momentum
vectors ki , kd , and K correspond to the incident light, the dif-
fracted light, and the acoustic wave phase velocity, respectively.
In the configuration depicted in Fig. 3, the incident light is
extraordinary polarized. As a consequence, only 1 order of
diffraction is generated (the diffracted beam).

Solving the momentum vector-matching problem yields the
relationship between the diffracted optical wavelength and the
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acoustic frequency. This relationship is called the tuning curve
of the AOTF, and an approximate expression is

f ≅
ΔnV sin2�θi � α�

λ sin θi
, (1)

where f is the acoustic frequency, λ the optical wavelength,
Δn � jne − noj, θi the Bragg angle, V the velocity of the

acoustic wave, and α is the acoustic wave propagation angle
with respect to the [110] axis [7]. Figure 4 shows the tuning
curve between 600 and 1600 nm when the light incidence an-
gle is chosen such that the parallel tangent condition is fulfilled.

The efficiency of the acousto-optic interaction is generally
measured by the DE, i.e., the relative amount of incident pho-
tons eligible to Bragg diffraction, which is actually diffracted
over the length of the acousto-optic interaction. The easiest
way to measure it is by using a laser and to compute
Eq. (2), in which I 1 is the intensity of the diffracted beam
and I 0 is the incident one,

DE � I 1
I0 � I 1

: (2)

Theoretically, the DE is approximated by

DE ≅ sin2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
π2M 2LP
2Hλ2

r
, (3)

in which H is the height, L is the length of the transducer, λ is
the optical wavelength, P is the applied acoustic power, andM 2

is the figure of merit [1]. The latter depends on the used
material of the acousto-optic device and is calculated as

M 2 �
n3i n

3
d p

2

ρV 3 , (4)

in which ni is the refractive index of the incident light, nd the
refractive index of the diffracted light, ρ the mass density of the
used crystal, V the velocity of the acoustic wave inside the crys-
tal, and p the photoelastic coefficient. The optimal RF power
level for maximum DE can be calculated as follows:

Psat ≅
λ2H
2LM 2

: (5)

This RF power is applied, via an external impedance network,
to the transducer. The transducer can be electrically represented
by an RLC − C0 network, known as the Butterworth–Van
Dyke (BVD) model [1]. The RF power applied to the trans-
ducer has to be converted into sound in the most efficient way.

Fig. 1. AOTF concept.

Fig. 2. RF chain concept.

Fig. 3. Wave vector diagram for the acousto-optic interaction in the
studied TeO2 AOTF (reproduced from [3]).

Fig. 4. Tuning curve of the AOTF used in this experiment (parallel
tangent configuration). The two diamonds indicate the laser lines that
have been used for the experiments carried out in this study.
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To ensure the transducer is seen as mainly a resistive network
by the RF chain, an external impedance-matching network is
connected to the device (Fig. 5).

The way this network is built and integrated into the AOTF
housing depends on the fabrication process. A possible ap-
proach to calculate the electrical components of this four-port
matching network is based on the theory of Youla [8], Chen
and Satyanarayana [9], Zha and Chen [10], and Belikov et al.
[11] for a third-order Butterworth approach. This consists of an
inductor (L 0) shunted across C0, combined with a series L 0 0C 0 0-
network. Based on the coefficients of the third-order
Butterworth polynomial (αm3) and the values of the compo-
nents R, L, C , and C0, this theory allows us to calculate
the maximum bandwidth (BW) of the transducer in which
the electrical matching of the device is done in a proper way:

BW � 2πf
R
α13

ffiffiffiffi
C
L

r
� 2πf

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c
c0
jx3j −

R2C
L

�1 − α−213�
s

: (6)

In this formula, f represents the fundamental resonant
frequency of the RLC-C0 network and

x3 �
3α33
α13

− α23, (7)

in which αmn represents the mth coefficient of the n-order
Butterworth filter polynomial.

Once this four-port network is built, the impedance at the
input of this network is purely resistive. The values of this net-
work, in case of a TeO2 optical cell, combined with a LiNbO3

piezoelectric transducer, are in the range of a few ohms [9]. In
case an RF chain with an output impedance of 50 Ohm is used,
a direct connection to the four-port network, although resistive,
is not desirable. An additional external network of inductor (L)
and capacitor (C) combinations, called the impedance trans-
former (Fig. 5) and based on the Chebyshev approach, is man-
datory [12]. Practically, these LC combinations are limited to a
set of two to four, due to the imposed parasitic capacitance.

3. EXPERIMENTAL APPROACH

The first part of the experiment, referred to as the electrical
part, consists of measuring the maximum possible RF band-
width by comparing the forward-standing wave generated

towards the transducer, to the reflected wave coming back from
the transducer. This comparison leads to the electrical VSWR
parameter. The latter is additionally transformed into a power
transfer curve (P∕P0). The higher this value, the more efficient
the electrical impedance matching at the transducer performs.

The second part of the experiment is the optical measure-
ment of the DE. The goal is to compare the optical spectrum
bandwidth to the electrical one. It is expected that at the edges
of the RF bandwidth, the power transfer ratio is high, but the
DE is low. If so, electrical matching is still valid, but the
mechanical matching is not. In order to drive the AOTF at
the edges of its transducer electrical bandwidth, the AOTF
has to be used in the deflector configuration. As shown in
Fig. 6, it allows us to rely on only two laser lines to explore
the entire electrical bandwidth of the transducer [13], when
the incident angle is set close to 4–5 deg. The angle between
the light incident direction and the [001] axis is equal
to θi � α ≈ 12°.

Based on the curves of Fig. 6, one can see that by working in
the region of small Bragg angles (around 4 deg), a single laser
wavelength allows us to explore acousto-optic diffraction over a

Fig. 5. Transducer setup, external impedance-matching network, and transformer.

Fig. 6. RF frequency as a function of Bragg angle for the AOTF
under test in case of the extraordinary polarized light.
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broad acoustic frequency range with minor active readjustment
of the position of the AOTF. For each applied electrical fre-
quency, the incidence angle was checked and, if necessary, op-
timized with respect to DE. In this case, optical beams
propagate approximately along one and the same direction
in the crystal. Moreover, the optical beams intersect the acous-
tic column in one and the same place situated at approximately
fixed distance from the transducer.

For the investigation of the upper RF frequency range (from
115 to 165 MHz) of the transducer, the 632.8 nm wavelength
is used, while for the lower edge (from 57 to 75 MHz), the
1523 nm wavelength is applicable.

4. EXPERIMENTAL SETUP

The used AOTF for this experiment is a device of Gooch and
Housego [3] made of TeO2, and a cut-angle of about 7.6 deg.
The applicable RF bandwidth at the transducer is 60–150 MHz
based on the information of Gooch and Housego. The authors
want to stress that the buildup of the external matching network
is unknown. Nevertheless, testing the performance of the exter-
nal matching network is possible by measuring the VSWR, and
transferring this to the power transfer ratio.

The experimental setup (Fig. 7) consists of a 632.8 and
1523 nm laser, a polarizer, the AOTF, and two photodiodes.
The latter detect the intensity level of the first- and zero-order
light beams. For the 632.8 nm laser, the Thorlabs PM320E
energy meter is combined with two SV120 photodiodes.
For the 1523 nm laser, a Keithley 6512 electrometer and
two Newport 71653 photodiodes are used. The measured
intensities yield the DE, based on Eq. (2). The applied laser
beam is kept at a physical constant position related to the aper-
ture of the crystal. The AOTF is mounted on a rotation stage to
allow for adjustment of the Bragg angle.

The activation of the piezoelectric transducer is done by ap-
plying an RF signal at a certain frequency and power. As an RF
generator, the R&S SMT-03 is used, mutually connected to the
TVA-82-213A+ amplifier of Mini-Circuits. The RF power
level is kept at 500 mW for the complete frequency range.
This is the power at the input of the electrical network in front
of the transducer. A calibration sequence was carried out to
make sure the output power is kept constant at the input of
the electrical network, taking into account the attenuation
and deviation due to the used lab material.

Because temperature monitoring can give an insight into the
conversion of RF energy into heat instead of into sound, two
temperature probes are mounted on top of the optical cell. An
extra probe is used to monitor the room temperature. All probes
are connected to a data logger (HP 34970A). Additionally, a
high-sensitivity infrared (IR) camera (FLIR ETS320) is placed
above the AOTF to monitor the temperature distribution more
closely and from a redundant point of view. Due to the
mechanical encapsulation of the crystal, the IR camera monitors
the heat distribution on this metal enclosure. The purpose of
this additional measurement equipment is to check, by imaging,
if any excessive temperature increase can be seen on the housing.
By this, the location of the temperature probes can be selected in
a proper way. Especially on the edges of the RF bandwidth, the
monitoring of the temperature is important. To make sure the
heat is not drained into the metal support holding the AOTF, a
thermal insulation layer (PEI 1000, polyetherimide) having a
low thermal conductivity coefficient, is placed between the
AOTF and the metal socket (Fig. 8).

5. EXPERIMENTAL RESULTS

First the VSWR of the transducer is measured and transformed
to the power transfer ratio curve (Fig. 9).

Additionally, measurements are carried out by applying an
RF frequency starting at 57 MHz, in steps of 1 MHz, up to
75 MHz by using the 1523 nm laser. Each time, the DE is
calculated [Eq. (2)] based on the intensity measurements of
the zero- and first-order beam. Subsequently, the same mea-
surements are carried out by using the 632.8 nm laser for
the upper frequency range of the transducer (115–165 MHz).Fig. 7. Optical and RF chain setup.

Fig. 8. Position of temperature probes and IR camera.
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A combined graph (Fig. 9) is made, showing on one hand
the power transfer curve of the transducer (full curve) and on
the other hand the DE of the AOTF as a function of the
frequency (dotted curves).

As can be seen in Fig. 9, the DE obtained with the 1523 nm
laser is quite low (less than 10%). This is due to the fact that the
RF chain was fully calibrated for a forward RF power of
500 mW, an almost optimal value for the 633 nm light,
but not for longer wavelengths, which require more acoustic
power, as can be seen from Eq. (5).

Figure 9 indicates that the DE decreases faster at the edges of
the tuning range, compared to the power transfer ratio curve.
Especially at the upper edge of the frequency range, this effect is
clear. This means that the electrical matching is broader than
the optical matching of the transducer. The layers between the
piezoelectric element and the acoustic cell match less compared
to the electrical impedance matching by the external circuit.

In an attempt to identify where the RF energy goes, the tem-
perature variation of the AOTF was monitored by using three
probes and an IR camera. Two temperature probes were
mounted on top of the AOTF (above the crystal), and a third
one was monitoring the room temperature. The experiment
consisted in observing the change of the temperature of the
device for different signal frequencies (Fig. 10).

We first applied a 90 MHz signal, which corresponds to a
nominal working point of the AOTF: good DE and a good
power transfer ratio. The temperature of the crystal rose by al-
most 2 deg compared to the room temperature. After an hour,
we switched to 57 MHz, where low DE and poor impedance
matching have been observed. The crystal temperature dropped
by a few hundreds of mK, indicating that less acoustic energy is
present in the crystal. After that, we switched back to 90 MHz
and observed a re-increase of the temperature. After stabiliza-
tion, we switched to 160 MHz and observed a big drop in tem-
perature, in line with the bad impedance matching, although
the drop is larger than for 57 MHz, which shows a similar
P∕P0 value. Finally, we switched to 153 MHz, the frequency
corresponding to the isolated peak in impedance matching,
but where poor DE was observed. Surprisingly, the crystal

temperature jumped to its highest value, indicating that a sig-
nificant amount of acoustic energy was present in the crystal.
The temperature in Fig. 10 shows a small variation over time.
This is due to the slow heating of the complete AOTF package
over time. The TeO2 crystal itself is encapsulated into a small
metal cage, which impedes the heat to diffuse easily and causes
an equal spreading of the heat. This can be a reason why the
variation in temperature is limited. An image of the IR camera
measuring 160 MHz is shown in Fig. 11.

6. CONCLUSION

We have tested a commercial TeO2 AOTF in order to verify
the correlation between efficient electrical impedance matching
and the optical DE. Our results show that this correlation can

Fig. 9. Combined power transfer ratio curve and DE.
Fig. 10. Temperature anomaly (with respect to room temperature)
of the AOTF as a function of time. Annotations show when the
electrical signal was changed from a frequency to another. The two
temperature probes give almost identical results.

Fig. 11. Temperature variation at the upper edge of the RF fre-
quency band at 160 MHz using the IR camera.
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fail at the boundaries of the impedance-matching range, indi-
cating that the DE can become small while the impedance
matching remains acceptable.

We investigated the relationship between the applied fre-
quency and the heating of the AOTF crystal. We could observe
that, in general, a good impedance matching (a good conver-
sion of electrical energy to sound) yields an increase of temper-
ature of the crystal, likely caused by acoustic wave propagation
losses. On the contrary, a poor impedance matching obviously
yields less acoustic energy in the crystal, and hence a lower
crystal temperature.

A notable feature of the AOTF under testing is a peak in
impedance matching that does not correspond to a peak in
DE. The temperature experiment allowed us to confirm that
for this frequency, the transducer is indeed converting a large
part of the electrical energy into sound. The fact that this does
not correspond to a peak in DE is puzzling. Our main hypoth-
esis is that for this frequency, the transducer vibrates in a regime
which not only creates the nominal slow shear wave enabling
the acousto-optic interaction, but also another mode of
unknown type.

The acoustic beam inside the crystal is absolutely not uni-
form. Consequently, even if the incidence angle is not changed
and the position of the laser beam is kept constant, variations of
the frequency result in changes of the acoustic power. This is
equivalent to changes in local distribution of power over the
volume of the acoustic column.

In general, the experiment carried out confirms that a sig-
nificant mismatch is possible between the bandwidth of the
transducer (defined by the range of good electrical impedance
matching) and the bandwidth of the AOTF (defined by the
domain of good DE). Users are advised to carry out a similar
experiment in order to define the latter.
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