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ABSTRACT: - This paper deals with simulation using (MATLAB) of optical fiber strain
sensor employing the phase modulated technique in order to design a model for the
Michelson interferometer, this paper also deals with the implementation of interferometer
technique is considered and simplified because it has the ability to convert phase modulation
to intensity modulation, in addition it has the ability to perform modulation frequency of
interest signal which is equal to the optical frequency of the source.

Thus by using this technique the detection of the signals of interests is achieved. The obtained
results of sensor are done by varying the applied forces of sensing element, having various
core diameters and calculating the strain. Also the result shows that the fiber optic Michelson
Sensor is very sensitive to measure the structural strain.
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1- INTRODUCTION

The practical applicability of fiber optic sensors was widely recognized over 20 years
ago. Since then, the further development and implementation of these sensors has been driven
by the versatility and properties inherent to optical fiber, as well as by the maturation of the
fiber and device technologies associated with the telecommunications industry. (1) Attractive
qualities of optical fiber include a dielectric composition which results in immunity to
electromagnetic interference and ground loop networking problems. @

The ability to support high bandwidth signals required for multiplexing numerous
high-performance sensors, and the possession of a small size and a sturdy composition which
allows them to be integrated directly into materials. ¢

The flexibility and sensitivity of sensors fabricated from optical fiber permits the
measurement of a variety of phenomena, including temperature, pressure, strain, and degree

of cure, chemical content, viscosity, acoustic waves, magnetic fields, and degree of rotation.
2.3
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The design of the sensor system determines whether the external perturbation

modulates the amplitude, phase, differential phase, or spectral distribution, of the optical
carrier. Amplitude modulation directly affects the signal intensity, phase modulation is
converted to intensity modulation through interferometer, differential phase modulation is
converted to intensity through the determination of polarization, and modification of spectral
distribution may be determined through spectroscopic analysis.

Fiber optic sensors are commonly constructed from silica-based glass optical fibers
When standard telecommunications fiber is used, sensor systems benefit from low optical
signal transmission loss of the optical fiber, an optical signal well confined to the waveguide,
and the low cost and wide availability of the optical fibers. )

Optical fibers frequently have a protective coating of acrylate, but they may also be
encased in polyimide, metal, carbon, or some other protective jacket. This outer coating
preserves the physical strength of the optical fiber by providing protection from the
environment. Without the coating, the glass waveguides are exposed to moisture which

causes significant weakening of the fiber. ©)

1.1 FIBER OPTICS SENSORS

The fiber sensor is illustrated diagrammatically in Figure (1). The basic components
are simple. Light is taken to a modulation region using an optical fiber and modulated there
in by physical, chemical, or biological phenomena, and the modulated light is transmitted
back to a receiver (detected, and demodulated). Hopefully, there is a one-to-one correlation
between the phenomenon of interest and the demodulated signal. There are two substantial
issues in realizing a viable optical fiber sensor technology. ©
1- To ensure the one-to-one relationship between the parameters to be measured and the
demodulated signal.

2- To match the technology to the application in terms of both performance and cost.

The first of these is the simpler one despite the fact that the impact of the fibers to
words from the modulation region, variations in source and detector characteristics with
temperature and time and the influence of temperature on the modulation process are all
important. The second of these must recognize the presence of established techniques and in
particular must identify otherwise insoluble problems which are important but for technical
reasons Have not been satisfactorily resolved. ©
1.1.1 FIBER OPTIC SENSOR CONFIGUARTIONS

Fiber optic sensors (FOS) can be generally classified in two large groups:

1) Extrinsic FOS
2) Intrinsic FOS
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Extrinsic FOS is basically optical sensor where the lights signal is delivered by optical

Fiber, while the modulation of the light signal occurs outside optical fiber. Till now, sensors
present most successfully commercial FOS. Typical examples are fiber versions of Doppler
anemometers and non-contact vibration measurements systems. ® These sensors tend to be
rather expensive and are used in industries such as aerospace and automotive. Their major
advantage is that the flexible and dielectric link provided by the fiber allows the instruments
to be used where access is difficult or prohibitive by means of electrical signals. Intrinsic
FOS is (true) fiber optic sensors, meaning that the modulation of light takes place inside fiber
in accordance to measured parameter. According to principle of operation both sensor groups
can be further divided in two large categories. ©

1- Intensity modulated FOS

2- Phase modulated FOS (fiber interferometers)

1.1.2 PHASE MODULATED FOS

The most sensitive fiber—optic sensors are based on optical phase modulation. They
generally require single—mode fiber and other single— mode optical components such as
coherent sources (Lasers). The source optical frequency is approximately 1014Hz. The
frequency response of photo detectors is significantly less, and therefore they cannot be used
to directly measure phase modulation. However, the modulation frequency associated with
signal of interests is many orders of magnitude lower than the optical frequency. Thus by
using optical interferometer which converts phase modulation to intensity modulation, the
detection of the signals of interest is accomplished. A variety of interferometers is shown in
Figure (2). "

As an example, consider the case of the Mach-Zehnder interferometer shown in
Figure (2.a) the output of a single-mode laser is coupled into the optical-fiber lead. The light
coupled into lead fiber is split by a 3-dB coupler/splitter(C/S) into two arms of the
interferometer. In the case of the Michelson and Sagnac interferometers shown in Figure
(2.b) and (2.d) single C/S serves identically as the input and output C/S. In the case of the
Fabry-Perot interferometer, a partially reflecting mirror is used to split and recombine the
light. @

2 OPTO-MECHANICAL EFFECTS:

The transduction mechanism by which a fiber — optic axial strain produces a phase

change in the optical path length. The phase ¢ of the light can be expressed by Equation (1).®
¢ = KnL
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where ¢ is in radians, K is the wave number 27/A , A is the free — space wavelength of
the light and n is the fiber core refractive index and L is the length of fiber in the sensor A
mechanical force applied to the fiber results in changing in n and L, and, therefore, in ¢ the

corresponding expression relating these changes is. ©

A¢ = KA(NL) = Kn L[ﬂ + A—Lj ............ @)
n L
AL
T = &34 e (3)
Where €11 is the axial strain, and
An _ 0*[(pu + Pro)ery + P& @)
n 2

In equation (3), p11 and p12 are pocket coefficient and €12 is the radial strain due to an axial

stress. In fused silica p11 = 0.12, p12 = 0.72, n = 1.46, and the strains €11 and €12 are related by.

Ep =—MEY (5)
where p is Poisson’s Ratio: Substituting equation (4) and (5) into equation (2) yields
1+n?|(L- u)py, -
A¢:KnL{ [ ‘;)plz ”p“]}gu e (6)

Thus, a strain in the sensing fiber caused by the physical parameter of interest induces
a proportional phase change in the optical fiber. Equation (6) is the fundamental design
equation for many interferometeric fiber-optic sensors.

The elastic properties of the fused silica can be described using elastic moduli that
derived from the tensors of the material. Usually, the elastic properties of materials are
expressed in terms of engineering moduli: Young’s modulus E, shear modulus G, bulk

Modulus B and Poisson’s ratio . The Young’s modulus and Poisson’s ratio are defined as :®

_stress % -
h CTALS e
strain A
_ _lateralstrain &,
# longitudiral strain £, e (8)

where F is the force applied, A the cross-sectional area over which the force is applied, and ¢
is strain. The Young’s modulus and Poisson’s ratio are 95GPa and 0.17 respectively for fused

silica
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1.2.1 DEFINITIONS OF STRIAN

The concepts of stress and strain are introduced in the context of a long homogeneous

isotropic bar subjected to a tensile load. The stress o is the applied force F, divided by the
cross-sectional area A. The resulting strain ¢ is the length change AL, divided by the initial
length L. The bar elongates in the direction the force is pulling (longitudinal strain ) and
contracts in the direction perpendicular to the force (transverse strain &t ) .
Stress: Force per unit area arising from applied load. (Tension, compression, shear, torsion)
Strain: physical deformation response of a material to stress, elongation. ©
F

Stress ° 7 A Units: 6 [MPa] (9)
Where F is the applied force, A the cross-sectional area
Modulus of Elasticity (E) Units: E [GPa] or [psi]: (Also known as Young's modulus)
Hook's Law or =Es (10)

AL
Strain &= e Units: € [micro strain] ~ ............. (11)

where AL length change (elongation), L the initial length

When the strain is not too large, many solid materials behave like linear springs; that
is, the displacement is proportional to the applied force. If the same force is applied to a
thicker piece of material, the spring is stiffer and the displacement is smaller. This leads to a
relation between force and displacement that depends on the dimensions of the material.
Material properties, such as the density and specific heat, must be defined in a manner that is
independent of the shape and size of the specimen. Elastic material properties are defined in
terms of stress and strain. In the linear range of material response, the stress is proportional to
the strain. The ratio of stress to strain for the bar under tension is an elastic constant called the
Young’s modulus E. The negative ratio of the transverse strain to longitudinal strain is the

Poisson’s ratio p See Figure (3, 4). ©

3 MICHELSON INTERFEROMETER SENSORS

The fiber optic Michelson interferometer consists of a single-mode fiber directional
coupler with reflection mirrors formed on the cleaved ends of both fibers on the same side of
the coupler as one of the fibers is used as a reference fiber and the other is used to sense
structural parameter. Any deformation in a transportation infrastructure will result in a
change in the length difference of the two fibers .that very small changes of length produce
large phase differences. Similarly, very small changes of refractive index at longer sections of

fiber L produce large phase differences. Is called optical path difference (OPD). 19
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The Optical phase change cannot be directly detected in order to detect phase

difference it necessary to convert phase difference to optical intensity change. This is
achieved by combing (mixing) two optical signals. The whole system is called interferometer
and the most straightforward configuration, called Michelson interferometer, is shown in
Figure (5).

In this configuration light wave is split and recombined in the same splitter. Fiber
mirrors are used to reflect light at the fiber ends. One fiber is exposed to measured field, and
is called sensing fiber. Another fiber is isolated from the surrounding and is called reference
fiber. If the sensing fiber is unperturbed, then two fibers have exactly the same length L If the
sensing fiber experiences a mechanically or thermally applied strain, the optical length of
sensing fiber increases and the optical path difference changes. The intensity output decreases
due to destructive interference. 9

A typical output of a conventional fiber optic interferometry system is plotted in
Figure. (6). the sensor has a maximum sensitivity at the points where A¢= (2n-1)/m (n is an
integer). These points of maximum sensitivity are known as quadrature points. However, the
peaks and valleys of the sine curve show very little sensitivity, as a change in phase
difference hardly affects the intensity of interference. Thus, the operations of sensors in these
regions should be avoided if possible. In fact, these sensors are typically operated within a(
linear )range in the vicinity of a quadrature point, and hence, they have limited dynamic
range (<A/4). In addition, the sensor operating point may suffer from drift due to
environmental perturbations and light source wavelength fluctuations. ¢V

The Michelson output intensity can be expressed as *?

I=1],+],+2J1,1.,7(K,OPD)cosA¢ ... .. (12)

where liand I is the intensities of the two light beams and OPD is the optical path
difference of the two beams. 7y is the interferometer visibility, and A¢ is the Michelson bias
phase offset, varying slowly and randomly with environmental conditions . The visibility

function is defined as:

» =exp[—[oszT ............... (13)

where 1 is the coherence length of the light source (the maximum achievable

Visibility value is 1). The coherence length, an inherent property of a light source, is a

function of the wavelength A and the spectrum width A) of the source, as shown below 12)

Aa=
A
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Subsequently, the visibility of the interference can be determined as

I1|2
The better the visibility, the higher the amplitudes of the interference fringe will be. From

Equations (13) and (15), it can be seen that the OPD is critical in determining the visibility of
the interference. Thus, in order for an interferometer to function properly with high visibility,
it is generally necessary for the OPD to be much shorter than the coherence length of the light
source. If this condition is met, the general output of a two beam interferometer can be

simplified to the form

|:|l+|2+2/lllzcosA¢ ..................... (16)
4 RESULTS

By applying a force on the fiber sensing (SMF) having a length of (500mm), a stress
is formed in which it could be calculate by the use of equation (9) .the resulting elongation
from the generated strain leads to a change in the phase, the elongation may be calculate by
equation (11), so by substituting the strain value in the resulted elongation equation (11), so
the change in phase is obtained by using equation (6). The results of Stress (o), strain (¢) and
clongation (AL) are listed in Table (1, 2, and 3), (SMF) Single-Mode Optical Fiber,
Wavelength (nm): 1310, Length sensor: 500 mm.

The results of Intensity variation with respect to the optical phase difference (SMF)
Single-Mode Optical Fiber, Wavelength (nm): 1310, Length sensor: 500mm are listed in
figure (10, 11, and 12).

5 CONCLUSIONS AND DISCUSSION

To study the sensor performance, selecting three different value for the fiber core
diameter which h is (7.5, 9.4, 10.5) um is preferable, concluding that whenever core diameter
decreases, the Strain increases, as a result, so a clear phase change, as shown in figure (10,
11, 12). From the results of this work, the conclusions can be obtained. The Guided-wave
optics, particularly fiber systems continue to offer unique possibilities in a measurement
context the general drawback of FOS is the velocity ratio of cost/preference, however rapid
development of telecommunication systems have important impacts on the lowering of the
cost of the fiber optic components, which will eventually bring FOS to more diverse range of

applications.
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Figure (1): Basic function of the optical fiber sensors
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Young's Modulus, E
Graphite -
:EHB Ceramica Polymers Go:;izztea
¥ Semicond
4200
Aip00 —] "
22 foranans Eceramics
Bl carblde
400 — =T i #Carbon Abars aniy
s S > Emetals
E(GPa) 2002kl | o e
2=t tw D amtal SAramid Azars o >> E
100 — (7] :I?}s I o pﬂlyme rs
a0 TR —— SATREN foorzy
40— +jizanasium *GFRE(|| Nibara)”
+Concrate
109 Pa 2
40 —] sGraphtta -E=i§ L fiers
g: CFREL] fibars}”
sasagr— THELLIEErE) | Based on data in Table B2, Caister O
4— =T Composie data based on
L relnforced epaxy wih 60 vol%
2— = it of aligned Carban (CFRE)
. *FRre aramid [AFRE), or glass (SFRE]) fbere
0.8 —] . )
g— e #Wood|_| grain (
0z +LDPE

Figure (3): Young's Modulus for Material (E)

Diyala Journal of Engineering Sciences, Vol. 08, No. 01, March 2015
35



STRAIN MEASUREMENT BY USING PHASE MODULATED FIBER OPTIC SENSORS TECHNOLOGY

Compare Tensile Strength, o¢
| Graphites . . -
:ﬁ:}:rlz Cerap.!'nbs.' Polymers =8 I_SIE
5000 Semicond - CW Room T values
= Aramid fib
3000 = E-glass fib
E 2000 »Stesl 4140 Ts{ceram)
E 1000 === =¥V (pure) sDiamond "‘TS{met]
— .E_ :?' IE&-H‘?%E? I nitrise ~TS
O’J m——-g cé:;" I.n.j oxide EGDmp}
==&y 5051 25
I~ 200 —{SHiEee >>TS(poly)
E‘ IDD%-.&. {sos1) 8
2 w5
E —
W 2
O 10 =] Based on data in Table B4,
—] — Catisfer & Rettmizch 3e.
w =
S ] -y 1 e
° (

Figure (4) : Tensile strength for material (o7).

Lght Source
Reflection
Reference NMirror
Optical Fiber
Coupler
Sensing Reflection
Mirror
Photo-detector Fiber

Figure (5): Fiber optic Michelson interferometer.

A
I
Quadrature pont
Intensity
% - ot 3m 4t St 6m
Phase difference Ad

Figure (6): Intensity variation with respect to the optical phase difference.

Diyala Journal of Engineering Sciences, Vol. 08, No. 01, March 2015
36



STRAIN MEASUREMENT BY USING PHASE MODULATED FIBER OPTIC SENSORS TECHNOLOGY

0.05 /ﬁ

0.04
€
£ 0.03 :
k<l
o
®
g’ 0.02 /{
T { —k— simulation Data

0.01

*
0
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

strain(u)

Figure (7): Elongation vs. Strain

0.05 /\%
0.04
’E\ /
£ 0.03 ;
b1
S
&
g’o.oz
T { —%— simulation Data
0.01
*
0
0 001 002 003 004 005 006 007 0.08 009 0.1

strain(y)

Figure (8): Elongation vs. Strain

0.04 /

0.035

0.03

m
o
o
R
a

0.02

0.015 /

0.01

Elongation(Lmm

{ —+——theoretical data

0.005

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
strain (W)

Figure (9): Elongation vs. Strain

Diyala Journal of Engineering Sciences, Vol. 08, No. 01, March 2015
37



STRAIN MEASUREMENT BY USING PHASE MODULATED FIBER OPTIC SENSORS TECHNOLOGY

T
1

09

08

T
1

07

T
1

T
4y

0.6

intensity
=1
=Eal
T

T

04

03

T

02

T

T

0.1

phase difference

Figure (10): Intensity variation with respect to the optical phase difference When the core
diameter (7.5um)

intensity
= = = = = =
o -~ o > = =
T T 7 T T 7
1 1 1 1 1 1

=
r~
T

01F 1

phase difference

Figure (11): Intensity variation with respect to the optical phase difference
When the core diameter (9.4um)

Diyala Journal of Engineering Sciences, Vol. 08, No. 01, March 2015
38



STRAIN MEASUREMENT BY USING PHASE MODULATED FIBER OPTIC SENSORS TECHNOLOGY

09

T
1

7
1

08

T
1

07

T
1

06

intensity
=
o
7

04

T

03

7

02

T
1

01

7
1

phase difference

Figure (12): Intensity variation with respect to the optical phase difference
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Table (1): Stress (o), strain (g) and elongation (AL) core diameter (7.5um)

0.1 1.1318e+009 0.0119 0.0060
0.3

3.3953e+009 0.0357 0.0179
0.5

5.6588e+009 0.0596 0.0298
0.8

9.0541e+009 0.0953 0.0477
1.0

1.1318e+010 0.1191 0.0596
1.3

1.4713e+010 0.1549 0.0774
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Table (2): Stress (o), strain (¢) and elongation (AL) core diameter (9.4um).

011 7 .2048e+008 0.0076 0.0038
0.3

2.1615e+009 0.0228 0.0114
05

3.60246+009 0.0379 0.0190
0.8

5.7639e+009 0.0607 0.0303
L0 1 7 2048e+009 0.0758 0.0379
13 1 9.3663¢+009 0.0986 0.0493

Table (3): Stress (o), strain (g) and elongation (AL) core diameter (10.5pum).

01 5.7743+008 0.0061 0.0030
0.3

1.7323e+009 0.0182 0.0091
0.5

2.8872e+009 0.03304 0.0152
0.8

4.6195e+009 0.0486 0.0243
1.0

5,7743e+009 0.0608 0.0304
1.3

7.5066e+009 0.0790 0.0395
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