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a b s t r a c t

A study of the spectral characterization of polarization properties of locally pressed fiber Bragg grating
(FBG) is presented. The evolutions of the first Stokes (s1) parameter of a FBG as function of the incident
angle, the load magnitude, the loaded position and the loaded length of the grating are investigated. The
numerical simulation based on the modified transfer matrix method is used to calculate the s1 response
and the state of polarization (SOP) of the FBG. The theoretical analysis and numerical simulation demon-
strate that the evolutions of polarization dependent parameters contain the information about the trans-
verse load and have potential applications for distributed diametric load sensor.

� 2015 Elsevier Inc. All rights reserved.

1. Introduction

The sensor based on a fiber Bragg grating (FBG) can satisfy the
requirement in sensing a number of physical parameters such as
strain or temperature, which changes the center wavelength of
the reflected spectrum when the sensing parameters cause grating
effective index or grating period variation [1–3]. They provide sig-
nificant advantages such as small size, geometric flexibility and
distributed sensing possibilities [4–6]. Up to now, for most applica-
tions of FBGs, the research efforts have concentrated on the fea-
tures of the spectral behavior of the gratings.

In the case of transverse load, stress-induced birefringence
effects will cause the unique Bragg grating condition to break
down and even produce two distinct Bragg wavelengths [7].
Actually this stress induced birefringence is hardly perceived in
the amplitude spectral response of the grating due to its low sen-
sitivity. Wagreich et al. [8] studied the effect of transverse load
on FBG fabricated in low birefringent fiber. The result showed that
in the reflected spectrum evolution, the peaks cannot be distin-
guished until �40 N of load was applied, since they overlap.
However, it will lead to significant polarization parameters such
as polarization dependent loss (PDL), differential group delay
(DGD) and the first Stokes parameters (s1) values within the grat-
ing, which can provide more effective information and therefore
lead to the potential development of new types of FBG-based opti-
cal sensors [9,10]. We have presented a new method for real-time

transverse force sensor based on the measurement of the polariza-
tion properties of a uniform fiber Bragg grating (FBG) written into
standard single mode fiber [11].

However, to the best of our knowledge, no work has been
reported concerning the s1 parameters and SOP of locally pressed
FBG in the literature up to now. Since the FBG is always under local
transverse load in some practical applications, establishing the
polarization response of the FBG under local pressure is thus ben-
eficial in distributed FBG transverse load sensing, with the aim of
developing a sensor that tracks the polarization variation as a func-
tion of the applied local load [12]. And it will helpful in getting
accurate information about the transverse stress in some
multi-dimensional sensor application such as inline health moni-
toring and damage detection of smart structure. Therefore the
polarization characterization of locally pressed FBG needs addi-
tional investigation.

In this paper, the relationship of local transverse load to FBG’s
polarization properties especially for s1 response are completely
analyzed and presented. The wavelength dependency of s1 evolu-
tion on the local transverse load is then numerically simulated
by utilizing a modified transfer matrix method. Through numerical
simulations, it is shown that the s1 curves can be strongly affected
by the incident angle, the load magnitude, the load position and
the loaded length of the grating.

2. Theoretical model

A transverse and uniform distributed forces applied on FBG
induces deformations of the dielectric waveguide and refractive

http://dx.doi.org/10.1016/j.yofte.2015.07.003
1068-5200/� 2015 Elsevier Inc. All rights reserved.

⇑ Corresponding author.
E-mail address: qieziyangyang@163.com (Y. Su).

Optical Fiber Technology 25 (2015) 15–19

Contents lists available at ScienceDirect

Optical Fiber Technology

www.elsevier .com/locate /yof te

http://crossmark.crossref.org/dialog/?doi=10.1016/j.yofte.2015.07.003&domain=pdf
http://dx.doi.org/10.1016/j.yofte.2015.07.003
mailto:qieziyangyang@163.com
http://dx.doi.org/10.1016/j.yofte.2015.07.003
http://www.sciencedirect.com/science/journal/10685200
http://www.elsevier.com/locate/yofte


index changes and by consequence a birefringence. For simplicity
the direction of the transverse load is assumed as y (fast axis),
another direction perpendicular to y-axis is x direction (slow axis),
z is along the fiber axial direction, as shown in Fig. 1 To simulate a
locally pressed FBG with this formalism, we consider the affected
length l as a grating where the changes in refractive index are
translated into a shift in the Bragg wavelength.

The relationship between stress and the induced changes in the
effective refractive index is given by [13] as,

ðDneff Þx ¼ �
n3

eff

2E
fðp11 � 2vp12Þrx þ ½ð1� vÞp12 � vp11�ðry þ rzÞg
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where E and v are the Young’s modulus and Poisson’s coefficient of
the optical fiber respectively, (for typical optical fiber E = 74.52 GPa,
v = 0.17, p11 = 0.121, and p12 = 0.270), and rx and ry are the stress
components in the grating in the x, y principal directions, respec-
tively. When the stress region is longer than the diameter of the
fiber, the stresses in the axial direction rz will be canceled, leaving
only rx w and ry [14]. For a given compressive force, these stresses
are expressed as [15]

rx ¼
2F
pDl

; ry ¼ �
6F
pDl

; rz ¼ 0 ð2Þ

where D is the fiber diameter, F is the applied force, and l is the
length of the region under stress.

The refractive index in the x and y-directions is then given by
neff,x = neff + (Dneff)x w and neff,y = neff + (Dneff)y, with birefringence

Dn ¼ ðDneff Þx � ðDneff Þy ð3Þ

Due to Dn, the x and y modes undergo different couplings through
the grating. The total transmitted signal is, therefore, the combina-
tion of the x and y mode signals. In a Cartesian coordinate system
whose reference axes match the FBG eigenmodes, the Jones matrix
of the grating is diagonal and the Jones vector of the transmitted
signal is then,
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Eo;y

� �
¼
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0 ty

� �
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Ei;y

� �
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txEi;x

tyEi;y

� �
ð4Þ

(Eix, Eiy)T is the Jones vector associated with the input signal and
it is given by,

Ei;x

Ei;y

� �
¼

cos u
sinu

� �
ð5Þ

where u is the incident angle of the input light.
The transmitted spectrum is thus the combination of the

transmitted signals defined by Eq. (4), that is

T ¼ ðtxEi;xÞ2 þ ðtyEi;yÞ2

ðEi;xÞ2 þ ðEi;yÞ2
¼ Txðcos uÞ2 þ Tyðsin uÞ2 ð6Þ

In Eq. (4), tx(y) denotes the transmission coefficient of the FBG cor-
responding to the x(y) mode which can be derived from the modi-
fied transfer matrix method [16,17]. According to this method, the
grating is divided into m uniform subgratings and the load applied
on each subgrating can be treated as uniform. Based on the transfer
matrix method, a 2 � 2 matrix is identified for each subgrating, and
then the product of all these result in a single 2 � 2 matrix that
describes the whole grating.

The Stokes parameters represent the state of polarization. They
can be deduced from the Jones vector by means of the follows
equations:

S0 ¼ jEoxj2 þ jEoyj2; S1 ¼ jEoxj2 � jEoyj2;
S2 ¼ 2Re½E�oxEoy�; S3 ¼ 2Im½E�oxEoy�

The normalized Stokes parameters (s1, s2 and s3) can then be com-
puted using the relationship:

si ¼ Si=S0 ði ¼ 1;2;3Þ ð8Þ

For s1,

s1 ¼
S1

S0
¼ jEoxj2 � jEoyj2

jEoxj2 þ jEoyj2
¼ jtx cos uj2 � jty sin uj2

jtx cos uj2 þ jty sin uj2

¼ Txj cos uj2 � Tyj sinuj2

Tyj cos uj2 þ Tyj sin uj2

So the relationship between transverse load and the normalized
Stokes parameters are founded using Eqs. (1)-(8)

3. Numerical simulation and discussion

In our simulations, the major parameters for all the simulations
in this section are as follows: the central wavelength of the FBG
without perturbation is 1546.15 nm, the FBG length L is 2 cm,
n0 = 1.445, the amplitude of refractive index modulation is
2:5� 10�5. A numerical simulation based on the modified transfer
matrix method described in Section 2 was adopted to simulate the
s1 spectrum of a FBG under the local transverse load. The simulated
results are then analyzed to determine the relationship between
the evolution of the s1 response and the load magnitude, the loaded
position and the loaded length of the grating.

3.1. Effect of incident angle

As we all known, When FBG is subjected to a local transverse
load, the difference between the effective refractive indices of the
two orthogonal modes of the fiber within the loaded region will
be produced, the effect of which is equivalent to creating a phase
shift and thus introduce a spectral hole within the bandwidth of
the FBG [16]. When the applied strain is not isotropic, the effects
in the spectral response on the grating will depend on the light
polarization. Firstly, the effect of the incident angle on the trans-
mission spectrum and s1 evolution of the FBG is investigated using
the above mentioned method. We consider the case when the cen-
ter of the FBG is loaded transversely in a very small region
(0.2 mm) and the load magnitude is assumed to be 5 N.
Fig. 1(a) and (b) shows the simulated transmission and s1 spectra
for several incident angles.

We can see that the incident angle has important effect on the
transmission and s1 response of the FBG. As we all known, when
the direction of the transverse load is assumed as y axis, the
changes of refractive index of x axis will be larger than that of y
axis. So when the light is partially polarized, the more the weightFig. 1. Schematic diagram of a FBG subjected to local transverse load.
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