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Abstract
Acousto-optic tunable filter (AOTF) is an electro-optical device 
that works in similar way as an electronically tunable filter. They 
are generally fabricated from anisotrophic TeO2 crystal and onto it 
an array of LiNbO3 piezoelectric transducers are bonded. A radio 
frequency signal is applied to a transducer and the wavelength 
can be varied by changing the applied frequency.This paper 
reviews the theory, principle of operation and applications of 
acousto optic tunable filters (AOTFs).  Collinear and  non collinear 
configurations of AOTF and mathematical description of AOTF 
phenomenon  are summarized. Characteristics of currently used  
materials are described. The important operating parameters of 
AOTF described include scanning speed, spectral resolution, range 
of transmitted wavelength, wavelength switching capabilities , 
acceptance angle and aperture. Atomic, molecular spectrometry 
as well as use of AOTF for imaging applications are highlighted 
and comparison of AOTF with liquid crystal tunable filters and 
fixed wavelength filters is also discussed.
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I. Introduction
The interaction between sound waves and light waves results in 
the formation of acousto- optic effect.Light transmitted through 
crystal is diffracted at a particular wavelength when a sound wave 
is  excited through a suitable crystal medium. The radio frequency 
signal applied to a piezoelectric transducer results in the formation 
of acoustic wave.Acoustic wavelength is dependent on the 
frequency of radio frequency signal, thus change in frequency will  
change of wavelength of diffracted light [1]Periodic modulation of 
index of refraction takes place when the acoustic wave propogates 
through the crystal. This refractive index variation will creates 
a moving grating which diffracts a portion of incident light. 
AOTF can diffract only one specific wavelength band of light 
in contrast with classical diffraction grating..They are solid state 
electronic dispersive devices [2] and have a number of distinctive 
attributes, which lend them to a wide  range of applications such 
as wavelength selection and optical imaging

II. Principle of Operation
The principle of AOTF is based on acoustic diffractions of light 
in an anistrophic  medium.The device consists of a piezoelectric 
transducer array bonded to a birefringent crystal.Due to birefringent 
property of the  crystal, unpolarized white light is divided into 
ordinary (o-rays) and extraordinary(e-rays) polarized light within 
the crystal as shown in figure 1.The refractive indices for o-rays 
and e-rays are different so they diverge within the crystal in 
accordance with snell’s law, adapted for the situation as [3]

nisinθi= nosinθo= nesinθe                                   (1)                                                                                                                              
Where ni,no,ne are the refractive indices of unpolarized white 
light,o-rays and e-rays  
θi is the angle of incidence of unpolarized white light
θo and θe are the angle of refraction of o-rays and e-rays

Incident light interacts with acoustic waves generated by the 
piezoelectric transducer array attached to the crystal.This array 
creates a variation within the refractive index  of the crystal and 
operates in tens to hundred megahertz range to launch acoustic 
waves.Light is  diffracted in the narrow spectral band centered 
on the chosen wavelength ℷ.The filtered wavelength is changed 
by tuning the frequency of the acoustic waves.Diffracted light 
can change  it’s polarization by means of acousto-optic (AO) 
interaction.Because  the polarization of each diffracted light from 
the AOTF is orthogonal, the wavelength differ slightly for a given 
acoustic frequency.This acoustic wave is generated by applying 
the radio frequency (RF) signal to the transducer.A change in 
the applied RF signal produces a variations in the acoustic wave 
frequency.

 
Fig. 1: Noncollinear Acousto Optic Tunable Filter With Incident 
Unpolarized Light

III. Configuration of AOTF
AOTF devices are classified into two categories in terms of 
configuration

A. Collinear AOTF
In this incident light and the acoustic wave travel at the same angle 
through the crystal.The diffracted light is  also collinear with the 
input beam and acoustic wave[4].The collinear configuration is as 
shown in figure 2 where the white o-rays as an incident beam is 
directed to crystal.The acoustic wave is launched as a longitudional 
compression wave .Then there is reflection from the face of the 
crystal.So this compression wave is converted to shear wave and 
is  directed collinearly with the optical radiation. Diffraction takes 
place  and radiation of wavelength ℷ is converted to an e-rays.
The incident light and diffracted beam are collinear and their 
polarization are orthogonal to each other , so a polarizer is used 
to separate the beams.

Fig. 2: Collinear acousto-optic tunable filter with incident polarized 
light
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B. Non Collinear AOTF
In this mode  incident light and acoustic waves propogates at quite 
different angles through the crystal and  diffracted and undiffracted 
rays are physically separated from each other . So AOTF operates 
without polarizers while working in this configuration. The non 
collinear configuration is as shown in fig. 3.

Fig. 3: Non Collinear Acousto-Optic Tunable Filter With Incident 
Polarized Light

In order to avoid unwanted radiation effects,polarized light is 
directed to AOTF such as laser radiation or light which has passed 
through polarizing filter or prism.

IV. AOTF Materials
Depending on the spectral region,different birefringent crystals 
are used to fabricate AOTF.Three most widely used crystals are 
as shown in Table 1 [5]:

Table 1: Properties of Selected AOTF Crystals

CRYSTAL TRANSPARENCY 
RANGE(micrometers)

FIGURE OF 
MERIT

Quartz 0.2-4.5 1
TeO2 0.35-5.0 795

TI3AsSe3 1.0-16 900

AOTF devices operating in ultraviolet and visible regions are 
fabricated using quartz because of it’s relatively good transparency 
for these regions.But it has relatively low acoustic figure of 
merit(ability to couple acoustic wave to the crystal), constructed 
using collinear configuration and requires relatively high power of 
the applied RF signal.So these parameters limits the applications of 
quartz based AOTF devices. TeO2 is preferred AOTF material for 
visible and near infrared region upto 5 micrometers transmission 
range where it becomes opaque. Thallium arsenic selenide can 
be used for AOTF from 1 to 16 micrometers transmission range.
Because these two crystals have relatively higher acoustic figure of 
merit (795-fold and 900-fold higher than quartz),AOTF based on 
these crystals require relatively low power of the applied RF signal.
They can be constructed using non collinear configuration.As a 
consequence TeO2 and TI3AsSe3 are suited for use in multispectral 
imaging instruments.

V. Mathemtical Description of AOTF Phenomenon
AOTF behavior can be explained in terms of vector based particle 
interactions. The diffraction process is considered as a transfer 
of energy and momentum.So the conservation of energy and 
momentum must be maintained.The equation for the conservation 
of momentum is as follows:
Mi ± Ma = Md     (2)                                              
Where Mi, Ma, Md are the momentum of incident light,acoustic 

wave and diffracted light
The vector representation of this relationship can be expressed 
as 
hKi ± hKa = hKd                                                (3)
where h is the planck’s constant and K is the directional vector
Expressing the equations in terms of energy as
hwi ± hwa = hwd     (4)
where w is the assosciated frequencies
simplifying equation 4 will yield
wi ± wa = wd                                                          (5)
In an anistropic medium, a polarization rotation during AOTF 
interaction is accompanied by a change in the refractive index 
experienced by the diffracted photon.If one assumes that the 
incident radiation is an o-ray,w for the optical and acoustic vectors 
can be expressed as :

    (6)

Where π has usual mathematical value, ℷ is the optical wavelength 
, f is the frequency of applied acoustic signal and v is the acoustic 
velocity The velocity and direction of the diffracted photons in 
some AOTF configurations are shifted in accordance with the 
differences in the refractive indices(Δn). Rearranging equation 
and incorporation of incident angle (θi), momentum consideration 
yield as [6]

    (7) 

VI. Operating parameters of AOTF  
There are various operating parameters of AOTF which affects 
its performance.They are as listed below [7]: 

A. Scanning Speed
The most important parameter in multispectral imaging technique 
is the scanning speed of AOTF. It is defined by the speed of the 
acoustic wave in the crystal,and  is on the order of microseconds.It 
depends on various parameters such as aperture size, characteristics 
of transducer and it’s placement on the crystal.

B. Spectral Resolution
Spectral resolution(bandpass Δℷ) of the filter is defined as the full 
width at half maximum intensity of the diffracted light.It depends 
on wavelength and device configuration and is  described by the 
equation as

    (8)                                                                                              

If all other terms are assumed to be constant ,bandpass is directly 
proportional to square of wavelength and inversely proportional 
to interaction length.Then,a device that operates  ultraviolet 
spectral region will have a smaller bandpass,than  that operates 
in the infrared region.Also a device with  longer light path within 
the crystal will yield a smaller bandpass.The collinear devices 
yields a greater interaction length as compared to non collinear 
devices. For visible and near infrared regions it’s value varies from 
several nanometers to tens of nanometers and is approximately 
one-thirtieth the value for ordinary bragg’s diffraction.

C. Range of Transmitted Wavelength
Range of transmitted wavelength is another parameter of 
AOTF. The wavelength selected for diffraction is provided by 
momentum(and phase) matching and  is determined by the drive 
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frequency applied to the acoustic transducer and the resultant 
acoustic wave frequency as shown in equation 7.Increase in 
acoustic frequency will leads to decrease in centre transmission 
wavelength.The frequency and tuned wavelength are varying 
in inverse fashion but this relation is not exact because the 
ratio of refractive indices for o-rays and e-rays also varies with 
wavelength.Electro-acoustic bandwidth of the piezoelectric 
transducer limits the wavelength tuning range of these filters.
In order to increase the tunable wavelength range commercially 
available AOTFs uses multiple transducers designed to handle 
different bandwidths.The wavelength switching capabilities of 
AOTF is used to provide a rapid tunable light source.It is possible 
to output multiple wavelengths from the filter simultaneously as 
well single wavelengths can be randomnly accessed or sequentially 
tuned.These randomnly accessed wavelengths are electronically 
switched to their corresponding RF drive frequency and directed to 
the device output. Multiple optical wavelengths can be diffracted  
simultaneously by applying more than one RF drive frequency to 
the piezoelectric transducer. In order to control the intensity and 
wavelength of the  emitted light beams the number and relative 
power of the radio frequencies driving the transducer can be 
varied rapidly. Power handling capability of the piezoelectric  
transducer determines the number of frequencies that can be 
applied simultaneously. This is being done by finding the minimum 
requirement necessary for each diffracted wavelength,when the 
total drive power is partitioned among the radio frequencies 
being employed.Polarization rotation is one of the basic working 
principles of these filters and separation of diffracted light and  
undiffracted light is very important in their working. Larger 
acceptance angles and larger apertures are desirable in these filters.
Common aperture of commercially available AOTFs ranges from 
1 to 10 mm.

VI. Applications of AOTF
Following are the applications of AOTF:

A. Molecular Fluorescence Spectrometry
Fluorescence technique is a very powerful method for trace 
characterization.In this radiation of wavelength ℷ, is directed 
to analyte.The analyte absorbs the radiation and emits light 
of different, higher wavelength. AOTF is used as wavelength 
selection device for either excitation or emission.Two AOTFs are 
used to construct spectrofluorometers and they can be operated 
in two different modes. In first mode, one AOTF was used for 
excitation and second to direct the emission wavelength to the 
detector. A speed of 4.8Åµs-1 was the fastest speed with which the 
AOTF can be scanned. With this speed, a spectra of 150nm can be 
measured in 312µs. In second mode, both AOTFs were used as a 
polychromator. By applying multiple acoustic frequencies to an 
AOTF simultaneous multiple wavelength excitation or emission 
could be examined. Multicomponent samples were analyzed in 
this fashion For example – mixtures of rhodamine-B, fluoescein, 
eosin can be simultaneously analyzed at a limit of detection of 
10-10 M [8].

B. Atomic Spectrometry
It is a technique in which a sample containing an element usually a 
metal,is directed to flame or plasma.Then the sample is decomposed 
to atoms and the elements is monitored utilizing light absorption 
or emission characteristics.
Fulton and Horlick examined the use of paratellurite AOTF with 
inductively coupled plasma atomic emission spectrometry(ICP-

AES).They uses two AOTF devices,each optimized at a higher 
and lower wavelengths of (350-660)nm spectral region.They 
characterized the analytical performance of elements such as 
calcium,magnesium,sodium etc.The bandpasses ranged from 
0.22 nm at 361nm to 1.6nm at 660nm.Gillespie and Carnahan 
uses collinear AOTF to extend the usefulness of the technique to 
UV spectral region.The wavelength region monitored was 205 to 
405nm.The bandpass of  0.06nm was acceptable.This technique is 
widely used for trace-metal analysis.In this hyperspectral imaging 
system is constructed with the combination of a visible AOTF,a 
monochrome charge coupled device camera and additional 
appropriate optics.

C. Spectral Imaging
AOTFs are used for imaging applications because of it’s large 
field of view angle and high spatial resolution.Moreover there is 
no moving parts in these devices and they can be spectrally tuned 
over a wide spectral range with much faster speeds.

They are widely used in fluorescent probes,space and terrestrial 
observation and for imaging scanning for acquiring spatial,spectral 
and polarization information.But these devices may exhibits image 
degradation due to imperfectly collimated incoming light and 
image shift with changing wavelengths.It effects imaging and can 
be compensated by masking and mathematical data processing. 
A CCD(charge coupled device)AOTF was used to image  in VIS 
and NIR spectral region.Their configuration is simple and involves 
collimating the radiation from a luminescent object,directing the 
radiation to an AOTF tuned  to a frequency corresponding to 
the wavelength of interest and refocusisng the single wavelength 
image upon a camera type array detector such as charge coupled 
device.

Near infrared spectroscopy (NIR) is a powerful diagnostic for 
identifying and analyzing the concentration of components 
of samples. For example –the starch,protein,liquid and fibre 
concentration of grains can be analyzed using this technique.
Industrial online monitoring of samples is also done using this 
technique.AOTF selects wavelengths for NIR spectrometer and 
sampling is done via fibre bundles.Beverage monitoring is also one 
of the application of AOTF spectrometer and is used for quality 
insurance in beverage industry.

VII. Comparison Between LCTFs and AOTFs
New wavelength selection devices have being developed with 
the help of liquid crystal technology. Liquid crystal tunable 
filter(LCTF) is basically a notch filter whose spectral transmission 
can be controlled by varying the voltage applied  onto the filter.
It is based on lyot filter.In this, a birefringent crystal is placed 
between two polarizers with their axes parallel to each other. As 
shown in fig. 4, LCTF cell consists of an initial linear polarizer 
followed by a birefringent quartz element of fixed retardance, 
then a liquid crystal waveplate which permits to obtain a variable 
retardance with the help of two transparent electrodes placed on 
each side of the plate. These electrodes creates a variable electrical 
field depending on the wavelength chosen. Then at last there is 
an analyzer oriented with its axis parallel to initial polarizer. The 
superposition of several of these layers allows the filter to obtain a 
monochromatic light. These structures relies on constructive and 
destructive interference effects in a multilayer stack of quaterwave 
reflective layers and half wave spacer to obtain a monochromatic 
light.
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Fig. 4: Schematic Representation of LCTF Cell

These are high quality filters but the wavelengths they transmit  
are electronically controllable, providing rapid selection of any 
wavelength in the visible and near infrared spectra. They are not 
available in UV spectral region because of their limited signal 
coverage. The bandpass of lyot filter assembly depends upon the 
thickness of smallest waveplate. Common bandpasses are in the 
range of (7-20)nm. Their apertures are in the range of( 20-35)
nm.AOTFs offers better performance in areas of transmission 
efficiency, bandpass and tuning speed as compared to LCTF. AOTF 
tune in the range of microseconds as compared to milliseconds of 
LCTF. In terms of transmission efficiency AOTF efficiency ranges 
upto 40% as compared to 15% of LCTF. But both of these filters 
have wide tuning range i.e.they can tune over many hundreds of 
nanometers of wavelength. Both of these filters are widely used 
in spectral imaging applications.

VIII. Comparison Between Fixed Wavelength Filters and 
AOTF
Fixed wavelength filters transmit light in particular range of 
wavelengths while blocking all the other wavelengts.Two types 
of fixed wavelength filters are compared with AOTF i.e. absorption 
filters and interference filters.
Absorption filters are manufactured from dyed glass or pigmented 
gelatin resins.They operate by attenuation of light through 
absorption of specific wavelengths so that spectral performance 
is a function of the physical thickness of the filter and the amount 
of dye present in the glass and gelatin matrix.They are commonly 
used in the visible region of the spectrum and have bandwidth of 
(1-200)nm.Transmission efficiencies ranges from (10-90)%.
Interference filters are manufactured by depositing thin layers 
of dielectric material having different refractive indices onto 
a substrate.They uses interference effects to obtain spectral 
transmission and are available for UV,visible and IR regions.
They have effective efficiencies of 10%,effective bandwidths of 
few nanometers and are highly inexpensive.
Fixed wavelength filters have bandwidth larger than AOTF and 
their transmission efficiencies are similar to AOTF.They can also 
be used for obtaining wavelength selective spectral images.

IX. Conclusion
AOTF is basically a notch filter.They are known as new generation 
monochromators because of their unique solid state characteristics 
and high speed spectral access.It is a used as a wavelength selective 
device for wide variety of applications
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