
�����������	
��
��	�������	
��
�������		��
�������������
��������
��
��������	��
�����
��������	

L. JOD£OWSKI*

Institute of Optoelectronics, Military University of Technology

2 Kaliskiego Str., 00-908 Warsaw, Poland

Two-channel acousto-optic modulator (AOM) makes simultaneous assignment of the frequency and phase of radio-signals

possible. AOM is a fundamental element of a spectrum analyser based on acousto-optic receiver. In the paper, an analysis of

influence of structural elements on characteristics of a two-channel modulator was shown and the procedure of optimisation

of its construction described. Basing on this procedure the modulator for spectrum analysis at GSM band was designed, per-

formed and investigated. The two-channel acousto-optic modulators give the possibility of detection and defining direction

of radiation with accuracy of 0.5�.

Keywords: acousto-optics, modulator, phase detection.
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Acousto-optic modulators (AOM) are based on elasto-optic

effect which allows transfer of information from acoustic

wave to light beam. AOM are commonly applied in RF sig-

nal analysers. The possibility of performing Fourier analy-

sis of high frequency radio signal in real time is their major

advantage. Practical implementation of AOM is possible

since high sensitivity CCD linear arrays have been built.

Elaboration of CCD cameras enabled one to carry out

two-dimensional analysis of an image in a focus of analys-

ing system. Thus, simultaneous analysis of frequency and

phase of radio signal became possible.

Two-channel acousto-optic modulator is an upgraded

version of acousto-optic deflector and was not described in

available literature [1,2]. Acousto-optic deflectors are used

in signal analysers [3,4] and broadband and fast signal

analyses [5] are their major advantages. Spectral analysis is

carried out in real time without any time delay. Acousto-

-optic modulator designed for measuring radio signal phase

contains, compared to deflector, a second channel (refer-

ence one) and signal is analysed in XY image plane. Like

for deflector, optimisation of construction consists in elab-

oration of main structural elements:

• active material and its orientation,

• optical aperture of modulator,

• material and orientation of piezoelectric transducer,

• central frequency and bandwidth of transducer,

• configuration and size of electrodes,

• matching circuits.

The problem of cross-talk signals is difficult to predict

and is presented elsewhere [6]. Analysis of properties of

the two-channel modulator for structural optimisation is the

main goal of the paper.
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An arrangement scheme for analysis of radio-signal phase

is shown in Fig. 1. Separated blocks represent: light source

(laser), beam forming optics, two-channel acousto-optic

modulator, analysing optics and elements of image regis-

tration and analysis (CCD camera, PC computer with

frame-grabber card). Collimating optics is used to obtain

uniform intensity distribution of laser beam in the area of

acousto-optic modulator’s part overtaken by acoustic

beam. As a result of acousto-optic effect part of laser

beam is deflected with an angle proportional to frequency

of electric signal. Analysing optics (lens) separates and

focuses deflected and main beams in different places, so

in an image plane of CCD camera only deflected beam is

visible.

A structural scheme of the two-channel acousto-optic

modulator is presented in Fig. 2(a). Interaction between

light beam and ultrasonic wave takes place in an acoustic

buffer region (1). Ultrasonic beam is generated and

formed by the piezoelectric transducer (2) with the elec-

trodes (5) of dimensions d�l. The length of ultra-
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sound-light interaction equals A (the width of optical win-

dow (4)). A distance between parallel electrodes is H. The

absorber (3) is intended for attenuation of acoustic wave

after having passed the whole buffer. An interference pic-

ture recorded by CCD camera is shown in Fig. 2(b). Pro-

jection of interference picture on x axis gives information

about frequency of signal utilised in a spectrum analyser.

Distribution of light intensity at y direction depends on

differences between phases of analysed and reference sig-

nals.
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Bragg diffraction is used to describe phenomena in

acousto-optic deflectors [5]. A diffraction mode depends

on light and sound wave frequencies as well as on length of

interaction. The Cook parameter is a criterion for estimat-

ing a diffraction mode [1]

Q
lF

nV
�
�0 0

2

2
, (1)

where is �0 is the wavelength of light beam, l is the length

of ultrasound interaction (length of transducer), n is the in-

dex of refraction, F0 and V are the frequency and the veloc-

ity of ultrasound wave, respectively.

So, for Q < 1 Ramman-Nath mode of diffraction occurs

and for Q > 1 Bragg diffraction takes place. Bragg diffrac-

tion occurs when angles of incidence of both light and

acoustic beams fulfil Bragg condition

sin�
�B �
�0

2
, (2)

where L is the wavelength of acoustic wave, and �B is the

Bragg angle.

Deflected beams appear in +1 or –1 diffraction orders

and they change their frequencies according to the follow-

ing dependence

�1 = � + �0 (for +1 order).

In linear regime (up to 60–70% of modulation) diffrac-

tion efficiency depends on energy of acoustic wave and

acousto-optical quality factor
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where l and d are the length and the width of transducer, re-

spectively, M2 is the relative quality factor of buffer (com-

pared with quality factor for fused quartz), � and �	 are the

wavelengths of applied and He-Ne lasers, respectively, � is

the diffraction efficiency and 
0 is the efficiency of electric

energy conversion into acoustic wave energy.

In Table 1, data of materials chosen for acousto-optic

media are presented. The most important parameters are
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Fig. 1. Scheme of a system for analysis of radio-signal phase with use of two-channel A-O modulator. In1 and In2 are the signal and

reference inputs, respectively.

Fig. 2. Details of construction of A-O modulator (a) and a CCD picture (b) taken in a laboratory setup.



the following: the quality factor M2, the attenuation of

acoustic wave 
, and the range of optical transparency T.

For isotropic materials diffraction efficiency depends on

incidence angle of light beam and is the largest for Bragg

angle, so this condition occurs for one frequency only. For

higher and lower frequencies decrease in diffraction effi-

ciency is observed and this can be compensated using ex-

ternal matching circuit (matching filter) [7].

Attenuation of acoustic wave in material decreases its

intensity with a increasing distance from transducer surface

and causes decrease in diffraction efficiency via limitation

of effective aperture. This phenomenon is strictly con-

nected with deflector resolving power. As it was shown in

Ref. 1, a 25 dB attenuation at aperture region causes 30%

worsening of resolving power.

For acoustic powers less than optimal ones diffraction

efficiency meets twofold decrease if attenuation equals

8 dB at aperture region. Increasing acoustic power can im-

prove it. So, after having attenuation compensated, a seri-

ous 40–50% improvement in diffraction efficiency can be

obtained for 10–20 dB attenuation at aperture region. As a

result, intensity of light decreases not more than 40–50%.

Piezoelectric crystals are commonly used for transduc-

ers converting electrical energy to mechanical one. Numer-

ous investigations showed [8,9] that transducers based on

LiNbO3 crystals or on deposited TeO2 layers are the best

for longitudinal wave generation.
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Scanning angle of the deflector ��d depends on acoustic

frequency band and is described as follows

�� �d

p

nV
F�
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�
, (4)

where � is the length of optic wave, p is the number of dif-

fracted order, �F is the frequency band of acoustic wave, n

is the refractive index, and V is the acoustic wave speed.

The number N of resolved positions of deflected beam

depends on angular width d of a light beam

N
d

d

�
��


. (5)

If d angle depends only on diffracted effect connected

with a finite size of light beam, then


��

d
nA

� (6)

where µ is the parameter depending on a light beam struc-

ture and a criterion of resolving power, A is the size of the

light beam (aperture).

For instance, according to Rayleigh’s criterion the two

beams are considered as resolved if maximum of the first

beam overlaps with a minimum of the second one. Then

the parameter µ equals 1 for homogeneous rectangular

beam, while µ equals 1.22 for homogeneous circular beam

and µ equals 1.34 for Gaussian beam.

This criterion is very strict, so other criteria of resolu-

tion are also used. For rectangular light beam of homoge-

neous intensity distribution (µ = 1) we have

N
FA

V
F� �

�
� � (7)

where � is the time-of-flight of acoustic wave passing aper-

ture of deflector (� additionally defines switching rate).
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Table 1. Characteristics of acusto-optic materials suitable for longitudinal wave propagation.

Material
	
103

(kg/m3)
V
103

(m/s)
M2
1015

(c3/kg)
�

(dB/GHzcm)
�

(µm)

T
Transparency

(µm)
n

Fused quartz 2.20 5.96 1.56 12 0.63 0.2–4.5 1.457

GaP 4.13 6.32 44.6 6 0.63 0.6–10 3.31

PbMoO4 6.95 3.63 36.3 15 0.63 0.42–5.5 0.42–5

TeO2 5.87 3.40 34.5 10 0.63 0.35–5 2.26

Ge 5.38 5.50 260 30 10.6 2.0–20 4

Te 5.25 2.29 5860 420 10.6 4.0–20 2.29

LiNbO3 4.63 6.57 7 0.15 0.63 0.4–4.5 2.29

SF41(CF 755-28) 4.79 3.76 7.2 110 0.63 0.4–4 1.75

SF81(CF 689-31) 4.21 3.89 6.3 50 0.63 0.4–4 1.685

SF141(CF 762-27) 4.51 14.059 5.6 35 0.63 0.4–4 1.756

BK 7 2.53 5.53 0.63 0.34–4 1.517

1 measurements of attenuation [13] were made for 50–250 MHz band



Equation (7) relates two fundamental characteristics of

deflector: resolution and switching rate. Analysis of solu-

tion of the equation shows two ways for resolution im-

provement: increase in acoustic band or increase in light

beam size. However, the second way simultaneously de-

creases switching rate.
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If the lens aperture and focus are D and f, respectively, (see

Fig. 3(a), the light intensity distribution in a focus can be

described as follows

I y c x( ) [sin ( )]� 2 , (8)

where function sinc(x) is the standard function:

sinc(x) = sinx/x.

The first minimum of intensity distribution occurs for

the angle � as

�
�

�
122.

A
. (9)

For small angles, � can be expressed as � � x f ; so the

function sinc has its first zero value for the argument

Py = �. If so, then

P
d

f
�

�

��
, (10)

where d is the height of transducer, µ is the parameter of

distribution (described in previous section), � is the wave-

length of light beam, and f is the lens focus. Both light

beams carrying information about acoustic signal phase in-

terfere in a focus.

The distance between interference maxima depends on

heights H of beams and focal length of the analysing lens

[see Fig. 3(b)]. So, the function sinc is “modulated” by the

harmonic function (eg., cos) with an argument
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where H is the distance between the transducers and  is

the phase of acoustic signal.

Final formula for distribution of light intensity in a fo-

cus of analysing lens is the following

I y

d

f
y

d

f
y

H

f
y( )

sin

cos�

�
�
�

�
�
�

�

�

�
�
�
�

�

�

�
�
�
�

�

�

��

�

��

�
�

2

1 2 �
�
�
�

�
�
�

�

�
�

�

�
� , (12)

where d is the height of transducer, µ is the parameter of

distribution (described in previous section), � is the wave-

length of light beam, f is the lens focus, H is the distance

between transducers, and  is the phase of the acoustic sig-

nal.
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From generator side, piezoelectric transducer has complex

impedance [10]. Electric matching between transmitter

(generator) and receiver (transducer) is necessary to ensure

optimal propagation of electric energy. Since input imped-

ance of the transducer is a complex function of structural

parameters (including also acoustic and mechanical proper-

ties of layers connecting piezoelectric transducer and a

buffer) the analysis of the system is not simple [11,12]. In

general, surface of the transducer and a difference in acous-

tic impedances between the transducer and the buffer have

major influence on band narrowing. Even using matching

� type circuits, different electric bandwidths can be ob-

tained for the same transducer. Details are presented in

Ref. 12.

An equivalent circuit described by Mason [10] was ap-

plied to carry out an analysis of transducer’s electric im-

pedance. Figure 4(a) shows a scheme of transducer for

analysis of electric impedance. Transducer plate of thick-

ness d and of acoustic impedance Z0 is placed between the

waveguide and absorber of impedances Zb and Za, respec-

tively. The voltage e3 is connected to terminals 3–3 and the

current i3 is flowing through the transducer. Equivalent

scheme of the transducer is shown in Fig. 4(b). According

to equivalent scheme quantities characterising the trans-

ducer and adjacent media are transformed into the electric

impedance.

For one-sided load (buffer loaded by Zl impedance), in-

put impedance can be described as follows

Z R j X
C

� � �
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0
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�
, (13)

where

R R
f
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X R
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� , (15)
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Fig. 3. Light intensity distribution in a focus (a) and interference

pattern (b) from sources positioned at a distance H.
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and kd
f

f
f

V

d
C

S

d
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0
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2
, , .

In Eqs. 13–18, influence of the connecting layers on

electric impedance of the transducer was neglected. The in-

fluence of connecting layers can be neglected up to the fre-

quencies 100–150 MHz for metallic layers of 1-µm thick-

ness. For higher frequencies an influence of the layers must

be taken into consideration [11].
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Parallel or series inductive coil can be used as a matching

circuit for some cases. Although transducer operation with-

out matching circuit is possible such solution is used for

acoustic measuring heads rather than for acousto-optic

modulators [12]. Since full impedance matching for the

transducer occurs for chosen frequencies only, a suitable

criterion for evaluation of matching is based on, so called,

standing wave ratio (SWR). This parameter is measured in

a typical operational mode of network analysers. Reflection

coefficient r of incident wave depends on load impedance

r
R

Z

g
� , (19)

where Rg is the resistance of generator (usually 50 �) and

Z is the load impedance.

Standing wave ratio (SWR) is defined as follows

SWR �
�
�

1

1

�

�
, (20)

where � � � �( ) ( )1 1r r .

Expressing load impedance in a normalised form as Z =

R + jX, the quantity � can be expressed by real and imagi-

nary parts of the impedance

� �
� � �

� �

( )

( )

R X X

R X

2 2 2 2

2 2

1 4

1
(21)

A criterion for sufficient matching for the transducer is

SWR < 1.5. When receiver impedance and circuit imped-

ance are fully matched SWR equals 1, while for short and

open circuits it reaches infinity. For example, for 3dB elec-

tric band attenuation SWR amounts 6.

On the other hand, insufficient impedance matching

leads to reflection of electric power at impedance drop and

as a result significantly lower electric power is delivered to

the circuit. Moreover, time of oscillations fading increases

and a deformation of pulse shape is observed. It is particu-

larly undesirable for short pulses when the period of oscil-

lations fading and pulse duration at impedance discontinu-

ity are comparable

t
g

V
i � , (22)

where g is the thickness of transducer and V is the speed of

sound in transducer.
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Fig. 4. Piezoelectric transducer. Transducer scheme (a) and equivalent scheme (b).



A frequency shift for maximum radiation towards lower

frequencies is another effect observed for loaded trans-

ducer, so the optimal thickness of transducer g is smaller

than that calculated for free oscillations (�/2)

g
V

F
�

2 0

. (23)

Example: for 20 MHz frequency pulse deformation is ob-

served for 25 ns pulses, while for higher frequencies defor-

mation occurs for shorter pulses.

In many cases the single-element � filters can be used

as matching circuits. A bandwidth of matched transducer

depends on its impedance and filter configuration. More

detailed analysis showed that larger bandwidth of electrical

matching can be obtained when real part of transducer im-

pedance is close to impedance of generator (transmitting

line) [12]. In calculations, both parallel and series equiva-

lent circuits must be taken into account. Generally, four ba-

sic configurations of � type matching circuits must be ana-

lysed to make a proper choice of optimal configuration

[11].

The use of multi-element filters is a brand new quality

in matching technique. Theory of calculation of these cir-

cuits is well known but it has not been used in transducers

matching for years [14]. The calculations of filters were as

sophisticated and difficult, as their manufacturing and mea-

surements were complex. An improvement in computing

and measuring techniques allows for application of

multi-element matching circuits in optimisation of piezo-

electric transducers. For acousto-optic devices this method

compensates angular dependence of diffraction efficiency

and acousto-optic characteristics are more flat [7].

Basing on structural and material data of elements used

(transducer, connecting layers, buffer, electrodes and load),

one can calculate electrical characteristics of transducer

(electric impedance) and next, optimal single- or multi-

element matching circuits of � type and theoretical charac-

teristics of electrical impedance of transducer. This task is

presented in the next section.
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The procedure is performed through a few steps in which

the following parameters are defined: aperture of detector,

central frequency of deflector, transducer length and high,

electric power, and distance between electrodes.
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Aperture (A) of the deflector is limited by attenuation of

acoustic wave in buffer, so

A
F

d�




 0 0
2

, (24)

where 
d is the acceptable attenuation in aperture region

(ordinary 3 dB), 
 is the coefficient of attenuation of

acoustic wave, and F0 is the approximated central fre-

quency of transducer.

Aperture calculated here is of rather theoretical mean-

ing, since deflector can operate with attenuation even up to

20 dB. This was discussed in a more detailed way in Sec-

tion 2.2.
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Central frequency can be calculated assuming larger band-

width (60%). Since deflectors operate at transitive mode of

diffraction, acoustic beam has some angular divergence

and the largest bandwidth of interaction occurs for Cook’s

parameter Q = 3.7 (see Section 2.2) and equals 0.6 f0 [1].

This frequency band can be obtained using LiNbO3 piezo-

electric transducers. Transforming Eq. (7) we have

F
NV

A
0

06
�

.
, (25)

where N is the number of resolved points (determining re-

solving power of the deflector), V is the speed of acoustic

wave, and A is the size of light beam (aperture) calculated

in previous step.

Three parameters which describe deflector are coupled:

resolution (N), switching rate or aperture (�� A) and a band-

width (central frequency f0 and parameter Q). So, the pro-

cedure of defining central frequency and aperture (steps 1

and 2) must be repeated until they satisfactorily fulfil the

requirements.
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The optimal length (l) of the transducer can be calculated

from the defined parameter Q (Q = 3.7)

l
nV

F
� 37

2

0
2

.
�

(26)

where � is the wavelength of light beam, n is the index of

refraction, F0, V are the frequency and the velocity of ultra-

sound wave.
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Height of the transducer (d) can be calculated from the con-

dition of divergence of acoustic beam. The height of trans-

ducer must assure that the whole aperture should be located

within near field of the transducer

d A
V

F
�

0

, (27)

where the symbols are the same as in Section 3.3.
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Electric power depends on efficiency of energy conversion

from electric energy into acoustic one (
) and on depth of

diffraction (�). The following formula describes electric

power

P P
M

d

l
A E� �

�
�
�

�
�
�


� �

�
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2

, (28)

where 
 is the efficiency of energy conversion, PE is the

delivered electric power, l, d are the length and the width

of transducer, respectively, M2 is the relative acousto-

-optical quality factor of medium (compared to fused

quartz), � is the diffraction depth, �, �1 are the wave-

lengths of applied light beam and reference laser

(He-Ne), respectively.
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Intensity distribution of light resulting from phase differ-

ence of electric signals in the two paths should assure the

best measurement conditions. This means that in an inter-

ference pattern two interference maxima must be apparent.

As a result of theoretical analysis (Eq. 12 and Ref. 15) this

condition is fulfilled when

H = 2.25d, (29)

where d is the width of the transducer.

Generally, all these optimisation calculations are

difficult, however can be solved with use of our soft-

ware.
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Results of calculations are presented in Table 2. The calcu-

lations of electric matching were carried out for the trans-

ducer attached to a buffer with metallic Cr-Au-In layer

[16]. Optimum radiation of the transducer was calculated

for 220 MHz (central frequency) while maximum of real

part of impedance was found for intermediate frequency of

140 MHz.

Matching was performed with simple single-element

circuits of � type. For matching with circuit a [Fig. 5(a)] it

gave a 3 dB electric band in the range of 124–157 MHz,

while for circuit b [Fig. 5(b)] matching occurred at

117–181 MHz. Although the latter gave larger bandwidth

yet a proper operation of the transducer was not achieved.

Only the use of two-branch LC circuit shown in Fig. 5(c)

resulted in a symmetric electric band larger than necessary

for properly optimised deflector. In table c, attached to

Fig. 5(c), the values of LC elements of the filter are shown.

It was the optimal configuration.
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Investigations of modulators were carried on laboratory

stand described in Ref. 17. A PC controlled generator could

precisely change phase of electric signal delivered to the

modulator. The system of recording interference pattern

enabled both on-line operation as well as operation on data

stored earlier in the system memory.

Construction data and experimental errors of phase mea-

surements are shown in Table 3 for preliminary model (de-

scribed as a model 0) and for models optimised according to

the procedure presented in the paper. The modulators were
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Fig. 5. Comparison of transducers matching with use of: single element � type filters (a and b), and two-element filter (c). For the filter c

full matching occurs at band borders (100 and 180 MHz, respectively). Matching with a and b filters is not satisfactory, the use of

four-element filter is much better.
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Table 2. Results of calculations for the two-channel deflector based on SF 4 glass.

Calculation of aperture Units used Values SI units

Acceptable attenuation in aperture region dB 5

Attenuation coefficient dB/GHz
cm 110

Central frequency GHz 0.14

Calculated admissible aperture cm 2.32

Calculation of F0

Aperture cm 2.1 0.01

Velocity of acoustic wave km/s 3.89 1.00E+03

N (number of points) 500

Calculated F0 MHz 139.26

Optimised length of transducer

Accepted frequency MHz: 140 1.00E+06

Refraction index n 1.685

Wavelength of light beam µm 0.63 1.00E-06

Maximum bandwidth (60% for Q = 3.7) MHz: 84

Calculated length of transducer mm: 6.78

Accepted length of transducer mm 6.8

Acceptable height of transducer mm 0.77

Accepted height of transducer mm: 0.8

Required acoustic power

Modulation depth n(10%) 0.1

Relative acoustic quality quartz –1.56 4.2

Required acoustic power (eff.: 10 %) W: 0.3131

Distance between electrodes mm: 1.8

Q checking: Q = 3.70778

Bandwidth: �F (MHz) 84

Calculations were carried out for LiNbO3 transducer (Y 36� cutting – longitudinal wave).

Table 3. Construction data and experimental errors of the phase measurements for four modulators.

Parameters Model 0 Optimised models

1 2 3

Material of buffer BK 7 SF 4 BK 7 BK 7

Transducer LiNbO3 (Y 36�)

Central frequency (MHz) 140

Dimensions of electrode (length 
 height) (mm) 10
1 6.8
0.8*

Distance between electrodes** (mm) 3 1.8

Theoretical coefficient 6 4.5

Measurement coefficient 3.78 2.95 3.15 3.65

Amplitude of correction function (�) 15.5 1.4 5.3 9.74

Error of phase measurement (�) 3 <0,5 <0,5 2

* value calculated theoretically, precision of electrodes performance was not high.

** measured between electrodes centres.



manufactured at the Department of Acousto-optic Modula-

tors in Institute of Optoelectronics. LiNbO3 crystal plates at-

tached to SF4 and BK7 glass buffers were used as piezoelec-

tric transducers.

Compared to preliminary model, optimised modulators

are characterised by considerably lower level of cross-talk

energy and significant increase in phase resolution. In two

cases experimental errors in phase measurements at fre-

quency 140 MHz were lower than 0.5�.

(� ��	������	�

Presented method for calculation of two-channel acousto-

-optic deflectors completes existing literature devoted to

acousto-optic deflectors. A two-channel modulator is a key

element in any acousto-optical receiver used in spectrum

analysers. The paper shows construction of a device for

spectrum and signal phase measurements at frequency

bandwidth of 80 MHz with resolution of 0.2 MHz. Such

device can be based on a cheap acousto-optic deflector

made of SF4 glass.

Research on modulators performed in Institute of Opto-

electronics confirms high accuracy of the phase measure-

ment of radio-signals. Those modulators can be used for

analysis and recognition of signals in mobile phones net-

works (digital GSM, analogue NMT) or UHF band.
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