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ABSTRACT

This research presents a mathematical model that established for evaluating the effect of the
radial strain on the performance of an electrooptic modulator using MATLAB simulations.
It can be used the variable values for the forces applied with in specific area for the crystal's
arm for an electro optic modulator and this is under the condition to the value of visibility
factor can be improved and using this technique it will evaluate the effect of radial strain.
So, this model leads to enhancement the performance an electro optic modulator using
MATLAB simulations. Finally, visibility factor of an electro optic modulator versus radial
strain can be evaluated for different values of force and which considers important factor on
the performance of an electro optic modulator for the modern communication system.

Key words :-Electro-Optic Modulator (EOM), radial strain sensor.
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LIST OF SYMBOLS

Ve Bias voltage

V Ref Reference voltage

Pout Output power

Pin I nput power

Vn Bias voltage

Eout Output electric field

Ein Input electric field

A Free space wavelength of the laser
Ao Areaof crystal arm

1. INTRODUCTION :-

Electro optic effect is an effect when an electric field is applied to a crystal, the ionic
constituents move to new locations determined by the field strength and the restoring force.
A field applied to an anisotropic electro optic material modifies its refractive indices and
thereby its effect on polarized light as shown in Fig. (1). Anisotropy in the optical properties
therefore can be due to the unequal restoring force along three mutually perpendicular axesin
the crystal. These changes can be described in terms of the modification of the index
ellipsoid. The linear electrooptic effect or pockel effect is the change in the indices of the
ordinary and extraordinary rays is proportiona to an applied electric field. This effect exists
only in crystals that do not possess inversion symmetry [E.Foutekouv 2005,Jose Antonio
Ibarra Fuste2013]. There is a very large variety of useful electro optic materials, covering a
wide range values for the electro optic tensors, refractive indices, response time and etc.
However, most commercial devices use crystals for example, Potassium Dihydrogen
Phosphate (KH2PO4) also known as (KDP), Barium Tantalate (BaTiO3), Lithium Tantalate
(LiTaO3), Lithium Niobate (LiINbO3) and some liquid crystals [L.Thylen 1998, M. Suzuki
2011]. .In this research electro optic effect of a particular crystal, Lithium Niobate will be
studied.

The phase shift induced by the electro-optic modulator is anayzed by anoptical
interferometer. The interferometer is an optical device which utilizes the effect of two beam
interference; hence it is a sensitive tool to measure any phase shift between the two beams.
By monitoring the intensity of the interference, the half wave voltage can be determined
since the phase shift from 0 to m, the constructive interference undergoes to destructive
interference or vice versa. The phase change, in the case, is due to the voltage applied to
each arm [I. P. Kaminow 1966, J. Cartledge 2009] .The scheme is presented in Fig. (2a
and2 b). In electro-opticmodulator(EOM), the incoming light is split into two waveguide
under the influence of conducting electrodes. The electro — optic effect induces a change in
the refractive index of eachinterferometer arm andphase— modulates the light propagating
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into that arm according to the electric voltage applied to each electrode . Mathematically
[G. Pecere 2011]:

- =V
E,,= E,|(1—cx)e V"1 +ae "V (1)
Where again, (a) isthe interferometry splitting ratio, 1/2 in the ideal case.The photo
detected power (Pq) will be, with the substitution8, = ﬁ—": and 6, = :—";
1
Pd = ElEn-ut |2
1
= EE?"{[(:L_ a)cos @, + acosb,]?
+ [-(1— a@)sin®, — asinB,]*} (2)

This device has been reported in the literature as an electro-optic modulator(EOM) for high
digital bit-rate and RF transmission over optical fiber communication systems. The main
operation of electro-optic modulators (EOM) is based on the linear electro-optical effect
(pockels effect) where the refractive index of a medium is modified on proportion to the
strength of the applied electric field. The electro-opticmodulator divided into two types as
follows [G. Pecere 2011,Jose Antonio |barra Fuste2013 ].

a. SymmetricConfiguration

In this section the modulating signal and the bias voltage are applied to only one of the
interferometry branches, either to the same or to different branches.In this type using the
above condition in Eq. (2), the transfer function (3)is as shown in Fig. (3).

Pl‘.‘l'l.l!:
F= (3)

in

b.Push-PullConfiguration

This configuration is obtained by anapplying data and bias voltage in one arm (V1) and
inverted bias voltage in the other arm (V3), i.e.

vV, = -V, (4)

This increases the relative phase shift in one arm and decreases it in the other arm .Since
phase changes are equal in magnitude but opposite in sign in each arm a chirp free intensity
modulation is obtained, as shown in Fig.(4).Following from Eq.(2), using a = 1 and the
condition in the Eq.(4), the transfer function is shown in Fig.(4).

2. CONDITION FOR HIGH VISIBILITY FACTOR INTERFERENCE
Superposition principle is a basic property of al kinds of waves and is a key element to

understand the condition for interference. When two waves are superimposed, the resulting
amplitude distribution is the addition of the instantaneous amplitude of these two waves.
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Consider an incident light beam with an electric field (E) which oscillates at a frequency
(o) and hastravelled the path(r ) [N. Tien 2007, S.K. Saha, 2011].

E= Ejeitkred (5)

Where (Eo) is the amplitude and (k) is the wave number equals to 2a/A. If the two beams
from path A and B interfere with each other, the intensity is

T |[E,+ Egl? (6)

Constructive interference corresponds to the cosine term equals to (1) whereas destructive
interferenceis equalsto (-1). Hence,

Lo =1pa + Igg + 24/1541 ppForconstructiveinter ference

Loiw = Iga + Igg — 24/ IgalggFordestructiveinterference

The visibility factor f is defined as follows[1]:

—
f= 2 1oalog 7
Ioa + Iog

A full visibility factorf of (1) happens when Imin = 0. In general, the following conditions
must be met for two waves to be interfered:

(a) Same polarization. Two waves with orthogonal polarization cannot interfere
witheachother.

(b) Same frequency. The two waves must oscillate at the same frequency to cancel
thefrequency dependent term in Eq. (6) as derived.

(c)Constant phase relationship. The phase difference must be constant at any given point in
the superposition region. Otherwise, no stable interference pattern can be observed.

3. MATHMATICAL MODULE

If an electric field is applied during a certain length to one arm, a phase difference A¢
between the light propagation through the two waveguides will be introduced see
Figs.(5aand5b).This result an intensity modulation at the electro-optic modulator output,
which can be written as equation (8) [J. S. Wilkinson 1998]:

I
Al =2 =
1

2

B | =

[(1—E,)*+ E}+ 2E,(1— E,)cosA¢] (8)

If alaser diode sourceis used, the visibility factor (f) is:

308



Sadeq A. The Iragi Journal For Mechanical And Material Engineering, Vol.14, No3, 2014

E:1.EZ
f=5= (9)
2EZ4+2E,+1
f(2EZ + 2E, +1)
2 = E (10)
1

Where:l; = The intensity of the interfered light wave, I, = The intensity of the initial light

wave, |,-Theintensity of theinitial light wave, f = visibility factor , E1 = The electric field
of firstarmfor EOM (V), and E; = The electric field of second arm for EOM (V)

=Ei+(1—-E)(1-Ey)+ [251 — EEf)cnsﬁq{}
=E?+E}—2E,+1+ (2E,—2E%)cosA¢

=2E7—2E,+ 1+ (2E, — 2E})cos A¢

Zflr; Z = 2E,[(E;— 1)+ (1—E,)cosA¢] v E, = (1 —E,;)
] z.fi— Iz
i

= 2E4[(E; — 1) + E5 cos AD] (11)

Substituting Eq.(10), into Eq. (11) is result:

f(2E? + 2E, + 1)
Ei

21, — I,

= 2E
I, 1

(E,—1)+

Ccos ﬁ@l

E:—E,+f(2E2+2E, +1)
Ei

=2E,

cos ﬂcﬁ]

2E} —2E2+ 2E,f(2E2 + 2E, + 1)
Ei

cos ﬁql’)]

1,[2E? — 2E2 + 2E,f(2E? + 2E, + 1) cos 40| = (21, — I,)E,

f(4E31, + 4E1, + 2E,I,) cos AQ = (21, — 1,)E, — 2E3I, + 2EI,

(21, - 1,)E, — 2E3I, +2E1I,  2L,E,—E,I,—2E;I, + 2E3I,

f= (4E31, + 4E21, + 2E,I,)cosAD  (4E3L, + 4E2I, + 2E,I,) cos AQ

The mathematical expression of visibility factor (f) for electro-optic modulator (EOM) is
shown in Eq.(12).
_ 2E.5,-2EILL, -1, +2I,
(421, +4E I, +21,) cos AD

(12)
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Equation (12) explains the relationship between thevisibility factor(f)and the phase
differenceA®. The phase difference A isrelated by equation (13), [D. D. Johnson 2010].

AGAT = $AT l(i} (Z)ar + €, [1/n- (%) (o +0) + ‘;—’]]] (13)

"
=

Where:@ = ETL rad K = f K= wave number, 4 =Free space wavelength of the laser in

( nm) L= The length of the crystal arm in the modulator in ( um), n= Refractive index (unit
less), AT = Temperature difference in (k), (unit less), €,= radia strain (unit less), and
o= and p,. = pocket coefficient.The final mathematical expression of phase difference with
respect radial strainforelectro-optic modulator (EOM) is shown in Eqg. (14).

a$ =o|(-) (%) AT+, [1/n— (";) G0z 400 + %] (14)
F
e =g (15)
4= (%) xm
g, = %d' (16)

Where: F = Force (Newton), G=Y oung's module (100GPa), d = thediameter of thecrystal
arm(62.5 um), and Ad= the change in diameterof the arm.This change results from radial

strain in (um).Addition Eq. (14) ,intoA@ for the Eq. (12) is result:
2E,I, — 2E{I, — I, + 21,

G GF)ar +& [”‘“ - (?;_z] [(oz + pe) + %]” v

f:

(4E3I; + 4EI, + 2I;) cos ©

The equation (17) is the fundamental equation for measurement the efficiencyof visibility
factor whichconsiders the necessary factor in work the optical modulatorin the optical
communication systems .Also; this equation shows the relationship between
thevisibilityfactor(f) , and theradial strain.

4. SIMULTION AND RESULTS
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If aforce in the form tensile stress is applied on an arm of the EOM, the radial strain
will be produce as shown in Fig. (6), and table (1) . It can be noticed from the table
below that the radial strainand the change of the diameter (Ad)have gradually increased

from (-5.5 *10"-2) and (3.45um) until it reaches its maximum value -1 and 62.5 pm
respectively.

The mark of minus sign for the radial strain due to the tensile stress which itapplies on
an arm of crystal for EOM. Also, when (Ad)reaches its maximum value 62.5 um, then

abranch of EOM will be an inactiveMeaning that, the interference signal of EOM is
removedand this it results from adamaged the arm of EOM.From all of this,it can be
suggested a mathematical model and an equation (16), as shown in a previous section, to
analysis these results and the damaged can be remove by using this technique, as shown in
these Figs (7, 8, and 9).

In theFig. (7), when the effect of radia strain is below 0.2 (i.e. The effect of radia strain
neglects), theEOM operates with ahigh of efficiencyand this leads to constructive
interference .Otherwise, if a radial strain increases until reaching to its value between 0.5
and 0.6, and above of these values (i.e., 0.8, 1, etc) the visibility factor (f) of the EOM is
equal 0%, and this means an interference signal removesand this results from destructive
interference.

Also, from Fig. (8), the performance of EOM can be improved by reducing the change of
diameter (Ad< 10um), which it results from effect of a radial strain. Therefore, the change
of diameter (Ad) is limited by decreasing the radial strain.Thus, the Fig.(9), gives details of
view on an effecting the load of force on the factor which measures a performance of EOM,
and this means the radial strain is limited by decreasing the load of force (F < 200 N) .
Finally, the performance of EOM can be enhanced by controlling on the effect a radial
strain and this achieves by using the mathematical model.

5. CONCLUSIONS

In this research, we introduced a mathematical model is an effective way to improve the
electro-optic modulator sensitivity when the visibility factor ( f) isrelatively high and it can
improve EOM performance by reducing an effect of the radial strain. We discussed the
impact of increasing radial strain effect on the performance of EOM therefore it can be
concluded when the radial strain increasespending reaching to its value (-1), this leads to
decreasing a performance of EOM and thus it results a damage the armof EOM.We
concluded the performance of EOM can be improved by decreasing the change of the
diameter (Ad), (i.e. Ad < 10um), which results from increasing the radial strain therefore it
is limited by controlling on the radial strain. Finally, this presented a mathematical model it
has ability to suppress the effect of radial strain by evaluating its effects (i.e. F< 200 N).

Table 1
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Force (N) tensile stress axial strain radial strain(&;) Ad (um)
(oax=F/Ao (Ez=06x/G)

100 3.25*10™M 0.325 -5.52 * 10"-2 3.45
200 6.5189 * 10™M 0.65189 -1.108 * 10™-1 6.925
300 9.778 * 10™M 0.9778 -1.662 * 10™-1 10.38
400 1.3037 * 1075 1.3037 -2.216 *10™-1 13.85
500 1.6297 * 1015 1.6297 -2.770 * 10n-1 17.3
600 1.9556 * 1015 1.9556 -3.323 * 10™-1 20.7
700 2.2816 * 105 2.2816 - 3.877 * 10n-1 24.23
800 2.6075 * 105 2.6075 -4.432 *10M-1 21.7
900 2.933 * 1015 2.933 -4.981 * 10™-1 31.13
1000 3.259 * 1015 3.259 - 5.540 * 10™-1 34.6
1200 3.911 *10M5 3.911 - 6.648 * 10"-1 41.5
1400 4.563 * 105 4.563 - 7.757 * 10™-1 48.48
1600 5.215* 10M5 5.215 - 8.865 * 10"-1 55.4
1850 6.030 * 1015 6.030 -1 62.5

—

~

' Electric field

$

Light

Fig.1. an electric field applied to an electro opticmaterial modifies its refractive indices.

Light
g.2b. The

Light

Vg
iR LightOUtPUt
— D™




Sadeq A. The Iragi Journal For Mechanical And Material Engineering, Vol.14, No3, 2014

)(Mpa)
\s

Fig .2a. Electro-optic modulator with two voltages on the deferent arms

Fig .2b. The electrodes are placed in both ends of crystal

Quadrature

> VBias
Vr/2 Vn

Fig. 3. Transfer function of EOM in the symmetric
Configuration [G. Pecere 2011]
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-
Light input Light

Fig .5a. EOM with two voltages on the one arm

B

Radial StrainSensor

) Optical
Laserdiode Optical EO connector
fiber

Fig.5b.lllustration visibility factor of EOM with radial
strain sensor

Force — dummm = Force
[

Radial strain

Fig.6.1llustration applying force on an arm of the EOM
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Wisibility Factor (%)

Ad (jym)
Fig. 7. lllustration the effect of radial strain on the Fig. (8). lllustration the effect ofchange of
performanceof EOM diameter (Ad) on the performanceof EOM

100 T T T

Visibility Factor(%)

150 i i i i i \ i
0 200 400 600 800 1000 1200 1400 1600 1800 2000
Force (Newton)

Fig. 9. Hlustration the effect offorce on the performanceof EOM
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