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Abstract— This paper has presented the important transmission
characteristics of AOM for high speed device and improved
performance efficiency such as transmission efficiency, 3-dB
bandwidth, modulation frequency, rise time, diffraction
efficiency, switching time, transient time response, switching
speed, power width product, total pulse broadening, transmission
bit rates and modulation bandwidth with using maximum time
division multiplexing (MTDM) and non return to zero (NRZ)
coding under wide range of the affecting parameters.

Index Terms— Transmission efficiency, modulation depth,
switching time, rise time, and figure of merit.

[. INTRODUCTION

Acousto-optic components are typically used internal
or external to laser equipment for the electronic control of
the intensity (modulation) and or position (deflection) of the
laser beam [1-3]. Interaction of acoustic waves and light
occur in optical materials when the acoustic wave generates
a refractive index wave, which acts as a sinusoidal grating in
the optical material. An incident laser beam passing through
this grating will be diffracted into several orders. With
appropriate design of the modulator or deflector and proper
adjustment of the incident angle between the laser light and
the axis of acoustic propagation in the optical material
(Bragg angle), the first order beam can be made to have the
highest efficiency By virtue of having no moving parts our
acousto-optic modulators (AOMs) are able to amplitude
modulate a laser beam at very high speed. For example
modulation bandwidths in excess of 50 MHz are readily
achievable [4-6]. In an AOM a laser beam is caused to
interact with a high frequency ultrasonic sound wave inside
an optically polished block of crystal or glass (the
interaction medium). By carefully orientating the laser with
respect to the sound waves the beam can be made to reflect
off the acoustic wavefronts (Bragg diffraction). Therefore,
when the sound field is present the beam is deflected and
when it is absent the beam passes through undeviated. By
switching the sound field on and off very rapidly the
deflected beam appears and disappears in response (digital
modulation). By varying the amplitude of the acoustic
waves the intensity of the deflected beam can similarly be
modulated (analogue modulation). It is usual to choose the
deflected beam as the one that is used in the optical system
because it can be switched on and off with high extinction
ratio (typically > 40dB) and intensity can be varied from
zero to more that 85% of the incident beam. The rate at
which the beam can be modulated is governed by the time it
takes the acoustic wavefronts to traverse the laser beam [7],
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which depends on the beam diameter and the acoustic
velocity in the interaction medium. The sound waves are
generated by a transducer, usually a thin wafer of lithium
niobate, that is bonded onto the interaction medium using a
highly efficient cold-weld metallic bonding process. When a
high frequency electrical signal is applied to the transducer
it vibrates, generating the acoustic wave. The signal is
derived from an RF driver, which generates a high
frequency carrier that is itself modulated by an analogue or
digital input signal.

Once the acousto-optic material is selected, it is
optically polished [8]. The surfaces of the material that are
to be the optical windows are optically antireflection coated
to reduce optical reflections, which uses multi-layer
dielectric broadband or antireflection coatings on the
acousto-optic modulator optical windows. Typical losses are
from a few percent for external cavity devices to 0.2 percent
for intra-cavity devices. The side of the material that the
acoustic energy is to originate from has a Lithium Niobate
transducer metal vacuum bonded to the modulator medium.
The transducer converts RF energy applied to it into
acoustic energy. Metal bonding provides very good acoustic
coupling and uses only high quality metal bonds. Then the
transducer is lapped to the fundamental resonant frequency
such as 80 MHz. The top surface of the transducer is then
metalized with the transducer shape and size defined in this
process. The modulator is then tuned to match the electrical
impedance of the RF driver, which will supply the RF
energy at the frequency of the transducer’s resonant
frequency [9].

II. SCHEMATIC VIEW OF ACOUSTO-OPTIC MODULATOR

Interaction of acoustic waves and light occur in optical
materials when the acoustic wave generates a refractive
index wave, which acts as a sinusoidal grating in the optical
material. An incident laser beam passing through this
grating will be diffracted into several orders. With
appropriate design of the modulator or deflector and proper
adjustment of the incident angle between the laser light and
the axis of acoustic propagation in the optical material
(Bragg angle), the first order beam can be made to have the
highest efficiency [7]. With acousto optics, both deflection
as well as modulation of the amplitude of the beam are A
variety of different acousto optic materials are used
depending on the laser parameters such as laser wavelength
(optical transmission range), polarization, and power density
[10]. As shown in Fig. 1, this device operates by Bragg
diffraction of an incident light beam from a moving acoustic
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wavefront. The intensity of light diffracted into the output
beam is dependent on the power of the acoustic beam which
is in turn dependent on the modulation signal input to the
driver. The modulation signal to optical output transfer
function is monotonic but non linear. For proper modulator
operation, the optical beam and sound beam must interact
with the proper relationship. This requires that several

b F

conditions be met simultaneously. First, the acoustic beam
(modulator housing) must be slightly rotated off
perpendicular to the optical beam so that the Bragg angle
condition is met as shown in Fig. 1. This can be accom-
plished either side of perpendicular with only a slight
difference in performance as described later.
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Fig. 1. Schematic view of acousto-optic modulator.

Once the acousto optic material is selected, it is optically
polished. The surfaces of the material that are to be the
optical windows are optically coated to reduce optical
reflections. Typical losses are from a few percent for
external cavity devices to 0.2 percent for intra cavity
devices. The side of the material that the acoustic energy is
to originate from has a Lithium Niobate transducer metal
vacuum bonded to the modulator medium. The transducer
converts RF energy applied to it into acoustic energy. Metal
bonding provides very good acoustic coupling. Then the
transducer is lapped to the fundamental resonant frequency
such as 80 MHz. The top surface of the transducer is then
metalized with the transducer shape and size defined in this
process. The modulator is then tuned to match the electrical
impedance of the RF driver, which will supply the RF
energy at the frequency of the transducer’s resonant
frequency [8, 9]. The RF driver is typically a fixed
frequency oscillator and usually consists of a crystal
oscillator, an amplitude modulator with an interface, which
accepts input modulation, digital and/or analog, and a RF
amplifier, which supplies the acousto optic modulator with
the level of radio frequency power needed to achieve the
highest diffraction efficiency.

III. MODEL ANALYSIS

When an acoustic wave is launched into the optical
medium, it generates a refractive index wave that behaves
like a sinusoidal grating. An incident laser beam passing
through this granting will diffract the laser beam into
several orders. With appropriate design, the first order
beam has the highest efficiency [8-10]. Its angular
position is linearly proportional to the acoustic frequency,
so that the higher the frequency, the larger the diffracted

angle.
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Where 0 is the angle between the incident laser beam and
the diffracted laser beam, with the acoustic wave
direction propagating at the base of the triangle formed
by the three vectors and unity, is the optical wavelength
in f, is the acoustic frequency, and V, is the acoustic
velocity. The intensity of light diffracted (deflected) is
proportional to the acoustic power (P,), the material
figure of merit (M;), geometric factors (W/H), W is the
acousto optic modultor width, H is the acousto optic
modultor height and inversely proportional to the square
of the wavelength. This is seen in the following equation
[11,12]:

_z [MyB W 5
== ()

A large AO figure of merit is desired for device
applications. There are several AO figures of merit that have
been used for judging the usefulness of an AO material .
The relevant one to be used depends on the specific
applications which is given by the following formula:
6 2
M, ="L (3)
oV,
With acousto optics, both deflection as well as
modulation of the amplitude of the beam are A variety of
different acousto optic materials are used depending on
the laser parameters such as laser wavelength (optical
transmission range), polarization, and power density [13,
14]. If the beam waist location is determined in air before
the modulator is introduced, then the lens should be
moved away from the modulator location to account for
the increased optical path length inside the modulator
crystal. To obtain the proper optical beam waist diameter
(d) stipulated in the device data sheets requires the
following relationship [15, 16]:
1.27F A
D’

d= 4)
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Where D is the input laser beam diameter, F is the focal

length of input focusing lens, and A is the light

wavelength of laser diode. Under optimum conditions,

the modulator rise time (t,) is given by:
_0.66d

7, ,

" 5)

Where d is the optical beam waist diameter, and Va is the
acoustic wave velocity. The signal content is essentially
the fundamental of the square wave drive which is down
to 50% modulation (3 dB) at:

1

S =5 ©)

If a particular application permits operation at less than
100% signal modulation, a relationship from [16], the
modulation frequency can be utilized:

029 Jar
fm = @ 5

Ty

(7

Where f,, is the Signal modulation frequency, and « is the
attenuation in dB/mm, which that modulation will suffer.
For different selected acousto optic materials based
AOMs, the investigation of both the thermal and spectral
variations of the effective refractive index require
empirical equation. The set of parameters required to
completely characterize the temperature dependence of
the refractive index is given below, Sellmeier equation is
under the form [17, 18]:
2 AA?

A4 07
"= ot 2t o2
Where the Sellemeier coefficients and acousto-optic

parameters for TiO,, PbMoO,, BGO, TeO,, and GaP, are
listed in the following Table 1.

: ®)

Table 1: Sellemeier coefficients for acousto-optic materials based AOMs [3, 5, 9, 12].

Acousto-optic materials based AOMs
Coefficients Titanium dioxide Lead Molybdate Bismuth Germanate Tellurium dioxide Gallium Phosphide
(Ti0,) (PbMo0O,) (BGO) (TeOy) (GaP)
A 7.654 0.0143 6.654 3.765 9.76
Ay 0.345 (T/Ty) 1.231 (T/To) 0.0345 (T/T,) 0.4245 (T /Ty) 1.876 (T /Ty)
As 43.54 3.654 23.546 56.23 0.765
Ay 0.0376 (T/To) 0.00543 (T/To)’ 0.0032 (T/T,) 0.0213 (T/T) 0.0543 (T/Ty)
As 0.0 0.5376 0.08453 0.0 0.0
Asg 0.0 213.54 (T/T,) 316.65 (T/Ty) 0.0 0.0

Where T is the ambient temperature, and Ty is the room
temperature respectively. The signal quality factor Q
determines the interaction regime between the acoustic
signal and optical signal, which Q is given by [19]:
2 AL

0= ©)
Where L is the distance the laser beam travels through the
acoustic wave (acoustic beam length) as shown in Fig. 1,
and n is the refractive index of the materials based
AOMSs. The Q value can be expressed in dB units as the
following formula:

Oap =101log O (10)
The bit error rate (BER) can be estimated that gives the
upper limit for the signal transmission because some
degradation occurs at the AOM system [20].

0or .
For AOMs the principal performance parameter is the
modulation speed which is primarily determined by the
transit time, T, The transit time, T, and the pulse
broadening due to rise time are given by [21, 22]:

d
=5 (12)
T,
AT =—L 13
7085 (13)

To obtain a high modulation speed, T;, should be as small as
possible. In practice, the illuminating optical wave front is
usually brought to a focus within the interaction region of
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the AOM. Therefore the switching speed (SS) can be given
by [23, 24]:

SS = RS

T, t

The relation between power width product, PWP, and
switching speed, SS, for acousto-optic modulators can be
estimated numerically based on MATLAB curve fitting
program [25]:

PWP=2.5455—1.6555% +1.06545S> (15)

To obtain a high modulation speed, the transit time
should be as small as possible. In practice, the
illuminating optical wavefront is usually brought to a
focus within the interaction region of the AOM.
Therefore the transmission bit rate based on non return to
zero (NRZ) code is given by [23]:

0.7
Br(NRZ) = A

(14)

(16)

The material dispersion based AOM, D, which is given by
the following equation [15-17]:

b __(LarA) (dn
mat — c W P

Where AL is the spectral linewidth of the optical source in
nm, and c is the speed of light (3x10® m/sec) and L is the
interaction length between acoustic and optical signals. The
effective index of the mode obtained from the optical
simulation is used to calculate the transmittance of an
optical signal through the modulator or modulation
efficiency n,, using the following equations:

(17)

(18)
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The modal dispersion delay, D4, for a multi mode step-
index modulator with interaction length L is given by:
Dogar =L An /c (19)

Where An is relative refractive index difference which is
given by the following formula [18, 19]:

Pa
An=[05M,
HW

The total dispersion coefficient, D=Dyt.+Dpoqar. In addition
to providing sufficient power to the receiver, the system
must also satisfy the bandwidth requirements imposed by
the rate at which data are transmitted. Then the total pulse
broadening, and maximum transmission bit rate using
Maximum time division multiplexing can be expressed as
the following formulas [21, 24, 25]:
t=D,AAL ,

0.25
BrMmrDM) = -

(20)

ey
(22)

IV. PERFORMANCE ANALYSIS
The model has been investigated the acousto optic
modulator devices for high speed transmission performance,
wide modulation bandwidth and ultra high speed transient
time response over wide range of the affecting parameters as
listed in Table 2. transmission bit rates can be estimated
based on maximum time division multiplexing techniques.
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Table 2. List of the parameters used in
the simulation [1, 5, 8, 12, 17].

Operating parameter

Value and unit

Ambient temperature, T 300K<T<340K
Room temperature, Ty 300 K
Acoustic frequency, f, 10 MHz

Operating signal laser wavelength, A

085um<A<155 um

Focal length, F

3 mm

Acoustic power, P,

0.5 Watt <P, <5 Watt

Laser beam diameter, D

0.1mm-0.6 mm

Spectral line width of laser diode, AL AX=0.1 nm
Modulator height, H 5 mm
Modulator width, W 5 mm

Interaction length, L

0.05mm<L<0.1 mm

Material density, p 423 g/lem®
TiO, based Acoustic velocity, v, 7.93 mm/psec
AOM device Attenuation, o 1 dB/mm
Photoelastic 0.05
coefficient, p
Acoustic velocity, v, 3.63 mm/psec
PbMoO, based Attenuation, o 5.5 dB/mm
AOM device Photoelastic 0.28
coefficient, p
Material density, p 6.95 g/em’
Acoustic velocity, v, 3.42 mm/psec
BGO based Attenuation, o 1.6 dB/mm
AOM device Photoelastic 0.25
coefficient, p
Material density, p 922 g/em’
Acoustic velocity, v, 4.2 mm/usec
TeO, based Attenuation, o 6.3 dB/mm
AOM device Photoelastic 0.09
coefficient, p
Material density, p 6 g/cm’
Acoustic velocity, v, 4.13 mm/psec
GaP based Attenuation, o 2 dB/mm
AOM device Photoelastic 0.082
coefficient, p
Material density, p 4.13 g/em’
773
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Based on the clarified figures from Figs. (2-28), and based
on the basic mathematical relations model with the assistant
of operating parameters, the following facts are assured:

i)

iii)

ISSN: 2278 — 909X

Figs. (2-5) have assured that diffraction angle and
figure of merit increase with increasing operating
optical signal wavelength for different acousto-
optic modulators under the same operating
conditions considerations. It is indicated that GaP
AOM has presented the highest diffraction angle in
comparison with other AOMs. Figure of merit of
AOMs degraded with increasing ambient
temperature. As well as it is observed that PbMoO,
AOM has presented the highest figure of merit in
comparison with other AOMs under study
considerations.

Figs. (6-8) have indicated that diffraction efficiency
increases with increasing acoustic signal power and
decreasing with increasing ambient temperatures
for different AOMs under study. It is observed that
PbMoO; AOM has presented the highest
diffraction efficiency in comparison with other
AOMs under study considerations.

Fig. (9, 10) have indicated that modulator rise time
decreases and 3-dB frequency bandwidth increases
with increasing laser beam diameter for different

vi)

AOMs under study considerations. It is observed
that TiO, AOM has presented the lowest rise time
that means to be considered the highest
transmission bit rate and modulation speed in
comparison with other different AOMs.

Fig. 11 has proved that modulation frequency
increases with increasing laser beam diameter for
different AOMs under study considerations. It is
observed that TeO, AOM has presented the highest
modulation frequency in comparison with other
different AOMs.

Figs. (12-17) have indicated that signal quality
increases and bit error rate decreases with
increasing both interaction length between acoustic
signal and optical signal and operating optical
signal wavelength for different AOMs under study
considerations. It is theoretically that PbMoO,
AOM has presented the highest signal quality and
the lowest bit error rate in comparison with other
different AOMs.

Figs. (18, 19) have demonstrated that switching
transient time increases and switching speed
decreases with increasing operating optical signal
wavelength for different AOMs under study
considerations. It is observed that TiO, AOM has
presented the lowest switching transient time that
means to be considered the highest switching speed
in comparison with other different AOMs.
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Operating optical signal wavelength, A, um
Fig. 2. Diffraction angle in relation to operating optical signal wavelength for different acousto-optic modulators at the

assumed set of the operating parameters.

All Rights Reserved © 2014 IJARECE 774



International Journal of Advanced Research in Electronics and Communication Engineering (IJARECE)
Volume 3, Issue 8, August 2014

Fig. 3.

Figure of merit, M,, cm?/Watt

Figure of merit, M,, cm?/Watt

40 4
TiO2 based AOM o
35 F | = = = -PbMoO4 based AOM Lo
@ B GO based AOM PRI
30 = =A= =TeO2 based AOM ..
=——fll— GaP based AOM

25

20

15

10

5

0
0.85

0.95 1.05 1.15 1.25 1.35 1.45 1.55

Operating optical signal wavelength, A, um

Figure of merit in relation to operating optical signal wavelength and room temperature (T (=300 K) for different
acousto-optic modulators at the assumed set of the operating parameters.
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Fig. 4. Figure of merit in relation to operating optical signal wavelength and ambient temperature (T=320 K) for different
acousto-optic modulators at the assumed set of the operating parameters.
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Fig. 6.
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window (A=1.55 um) for different acousto-optic modulators at the assumed set of the operating parameters.
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Fig. 7. Diffraction efficiency in relation to acoustic power and ambient temperature (T=320 K) with third optical
transmission window (A=1.55 pm) for different acousto-optic modulators at the assumed set of the operating
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Fig. 8

Fig. 9.

. Diffraction efficiency in relation to acoustic power and ambient temperature (T=340 K) with third optical
transmission window (A=1.55 pm) for different acousto-optic modulators at the assumed set of the operating
parameters.
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Fig. 10. Modulator 3-dB frequency in relation to laser beam diameter for different acousto-optic modulators at the assumed
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set of the operating parameters.
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Laser beam diameter, D, mm

Fig. 11. Required modulation frequency in relation to laser beam diameter for different acousto-optic modulators at the
assumed set of the operating parameters.
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Fig. 12. Signal quality factor in relation to interaction length with first optical transmission window (A=0.85 pm) for different
acousto-optic modulators at the assumed set of the operating parameters.
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Fig. 13. Signal quality factor in relation to interaction length with second optical transmission window (A=1.30 pm) for
different acousto-optic modulators at the assumed set of the operating parameters.
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Fig. 14. Signal quality factor in relation to interaction length with third optical transmission window (A=1.55 pum) for
different acousto-optic modulators at the assumed set of the operating parameters.
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Fig. 15. Bit error rate in relation to interaction length with first optical transmission window (A=0.85 pm) for different
acousto-optic modulators at the assumed set of the operating parameters.
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Fig. 16. Bit error rate in relation to interaction length with second optical transmission window (A=1.30 um) for different
acousto-optic modulators at the assumed set of the operating parameters.
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Fig. 19. Switching speed in relation to operating optical signal for different acousto-optic modulators at the assumed set of
the operating parameters.
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Fig. 22. Modulation efficiency in relation to interaction length for different acousto-optic modulators at the assumed set of

the operating parameters.
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Fig. 25. Total pulse broadening in relation to acoustic power with ambient temperature (T=340 K) and operating optical signal wavelength
(A=1.55 um) for different acousto-optic modulators at the assumed set of the operating parameters.
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vii) Fig. 20 has indicated that power width product
decreases with increasing operating optical signal
wavelength for different AOMs under study
considerations. It is theoretically that BGO AOM
has presented the lowest power width product in
comparison with other different AOMs.

viii) Fig. 21 has indicated that transmission bit rate
increases with increasing laser beam diameter for
different AOMs under study considerations. It is
theoretically that TiO, AOM presented the highest
transmission bit rates with using NRZ coding
technique in comparison with other different
AOMs.

ix) Fig. 22 has demonstrated that modulation
efficiency decreases with increasing interaction
length between acoustic signal and optical signal
for different AOMs under study considerations. It
is  that TiO, AOM presented the highest
modulation efficiency in comparison with other
different AOMs.

x)  Figs. (23-28) have indicated that total pulse
broadening increases and MTDM transmission bit

rates decrease with increasing acoustic signal
power for different AOMs under study. As well as
it is observed that TiO, AOM presented the highest
transmission bit rates and the lowest total pulse
broadening in comparison with other different
AOMs.

IV. CONCLUSIONS

In a summary, appearance of infrared (IR) diode lasers
which are especially attractive for fiber optic applications
and spectrometers because of small size and high efficiency
in the spectral range where most of industrial gases have
characteristic absorption bands resulted in the interest of the
efficiency light control devices, which can be coupled with
the above sources. We have deeply investigated the best
candidate materials based acousto-optic modulators and we
have compared our theoretical results with their
experimental results [22] as listed in Table 3 below. It is
theoretically found that TiO, AOM has presented the highest
switching speed, modulation efficiency and transmission bit
rate in comparison with other different AOMs under study
considerations.

Table 3. comparison our theoretical results with their experimental results under the same operating conditions.

Our theoretical results for different AOMs Their experimental
Design parameters [Same conditions of operation: T¢=300 K, P,=2.5 Watt, W=H=5 mm, A=1.55 um, results [22]

L~=0.05 mm, D=3mm and F=3 mm and AA=0.1 nm]

TiO, AOM PbMoO, AOM BGO AOM TeO, AOM GaP AOM Si-Te AOM
Diffraction angle, 0, degree 15 18 19 20 21 16
Figure of merit, M, cm*/W 15x10™" 35x10™" 16x10™"" 32x10™" 30x10™" 17x10™"
Diffraction efficiency, 1 (%) 45 % 70 % 50 % 60 % 55 % 47 %
3-dB Frequency, f3.45, GHz 32 72 82 52 62 31
Modulation frequency, fn, GHz 8 15 10 18 11 7.5
Signal quality, Q (dB) 7.5 dB 12 dB 10 dB 8.5 dB 8 dB 7dB
Bit error rate, BERx10™ 0.04 0.0032 0.0045 0.023 0.045 0.0425
Switching time, T, psec 0.033 0.0277 0.027 0.03 0.0294 0.035
Switching speed, SS, GHz 36 19 16 25 21 35
Power width product, PWP, W.mm 0.03 0.0154 0.015 0.054 0.02 0.0365
Bit rate with NRZ, Brarz), Gbit/sec 40 23 20 30 25 38.65
Modulation efficiency, (%) 92 % 75 % 88 % 72 % 85 % 90 %
Pulse broadening, T, nsec 15 22 16 20 18 16.5
MTDM bit rate, BR(MTDM), Gbit/sec 75 60 71 65 69 72.5
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