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The concept of magnetically-induced circular-polarization-dependent loss (MCDL) for magneto-optic
fiber Bragg gratings (MFBGs) is introduced. The magnetic field dependency of MCDL for linearly birefrin-
gent MFBGs is simulated by use of the equivalent theoretical model given in the paper. This model is
mainly composed of an elliptical polarization extractor and a couple of isotropic fiber Bragg gratings
(FBGs) with different effective refractive indices. It is shown by simulation that, (1) when the magneto-
optic-to-grating coupling coefficient ratio is less than 0.1, the peak MCDL is proportional to applied
magnetic induction; (2) the MCDL method is more suitable for the magnetic field measurement than
the conventional polarization dependent loss (PDL) for the linearly birefringent MFBGs. As an example,
the MCDL of an erbium-doped MFBG (Er-MFBG) is measured and the experimental data are in agreement
with the theoretical results. The effective Verdet constant for the Er-MFBG is about —11 rad/(T-m) and the

Elliptical birefringence

peak MCDL is up to 1dB at 1.15T.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

By means of magnetostrictive or magneto-optic (MO) Faraday
effects, fiber Bragg gratings (FBGs) can be used for magnetic con-
trol and measurement, with applications to optical fiber communi-
cation and fiber sensing [1-5]. The alternating current (AC) and
direct current (DC) magnetic field responses of conventional FBGs
have been measured by a high sensitive interferometer [3] and the
polarization depended loss (PDL) method [5,6], respectively. In
fact, only the low linearly birefringent FBGs can be applied to the
PDL-based magnetic field measurement [7]. Recently, we investi-
gated the spectrum shift of an erbium-doped FBG resulting from
the magnetic tunability of photonic band-gap by the so-called
direct edge detection [8].

The MO-based FBGs are also named as magneto-optic fiber
Bragg gratings (MFBGs) [8,9], which may be fabricated by utilizing
the permanent photoinduced high index changes of terbium (or
other rare earth ions) doped alumino-silicate optical fibers [10].
Just like the conventional FBGs, MFBGs may be classified as uni-
form and nonuniform gratings. A non-uniformly magnetized MFBG
is also named magnetically-induced nonuniform FBG (MnFBG). It is
shown that, a chirped MnFBG may be equivalent to a non-magnetic
chirped FBG, whose chirp phase is the sum of the initial phase of
the MnFBG and the integral of magneto-optical coupling coeffi-
cient along the whole grating [11]. In general, the coupled-mode
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theory is applied to the case of uniform MFBGs [9]; for nonuniform
MFBGs, the numerical calculation is usually implemented by the
piecewise uniform method [12], especially for the cases with linear
birefringence [7].

In this paper, an equivalent theoretical model of nonuniform
MFBGs with linear birefringence is proposed by the eigenmode anal-
ysis and used to build up the OptiSystem simulation system of
Gaussian apodized MFBGs with linear birefringence. On the other
hand, for further improving the magnetic field response of MFBGs,
the concept of magnetically-induced circular-polarization-depen-
dent loss (MCDL) is defined, which is related to the left- and right-
handed circularly polarized (LCP and RCP) light. It is shown by sim-
ulation that, the peak MCDL is proportional to applied magnetic field
and insensitive to linear birefringence. The MCDL method can be re-
garded as a promising alternate of the conventional PDL method for
the MFBG-based magnetic field measurement. As an example, the
MCDL of an erbium-doped MFBG (Er-MFBG) is measured and the
experimental data are in agreement with the theoretical results.

2. The equivalent theoretical model of linearly birefringent
MFBGs

For isotropic MFBGs (without linear birefringence), the eigen-
modes are LCP and RCP light. The Faraday rotation of transmitted
light is enhanced at the edges of an isotropic MFBG bandgap and
can be applied to the magnetic field measurement.

In the presence of linear birefringence inside uniform MFBGs,
with the grating perturbation An(z) = 2An, cos (2nz/ A), the slowly
varying envelop A;S) (z,t) can be expressed as follows [9]:


http://dx.doi.org/10.1016/j.yofte.2013.01.005
mailto:bjwu@uestc.edu.cn
http://dx.doi.org/10.1016/j.yofte.2013.01.005
http://www.sciencedirect.com/science/journal/10685200
http://www.elsevier.com/locate/yofte

220 B. Wu et al./Optical Fiber Technology 19 (2013) 219-222

oAY (z,t) . ) A
oAy @0 _ is0pAY (2, ) + iskppAY (2, t)eiS For=Fop)2

+isigAL (2, t)e 2l i)z (1)

where s = +1 correspond to the +z and —z propagating light respec-
tively, the subscript p and p represent the x and y polarization com-
ponents, fop = KoNefrp, Neffx =MNer+ Anp, and  Negry = Negg — Anlp, in
which ngy and An, are, respectively, the average effective refractive
index and linear birefringence of fiber; 6, = (o) — Bz = (wo — wg)
Nesr/c With wg = Bpc/ner and fp =7/ A, in which c is the velocity of
light in vacuum and A is the grating period; the magneto-optic cou-
pling coefficient rcy, = koAely),/(2ngy) With Agfy) = [Agi]” = ifi Mo,
in which f; and My, are respectively the first-order magneto-optical
coefficient and the z-component of magnetization; and xg = koAn, is
the grating coupling coefficient, in which An, is the amplitude of
refractive index perturbation for the grating, and kg is the propaga-
tion constant in vacuum.

According to Eq. (1), there exist two orthogonal eigen states of
polarization (SOP) in uniform MFBGs as follows [7]:

) ()

where the ellipticity #=(—kp*K)Kn Wwith K,=koAn,,

K =,/Kk?+ K% and ikm=KkoAn, = VB, in which the MO coupling
coefficient x,, is equal to the product of the Verdet constant Vp
and magnetic induction B, also related to the magnetically induced
circular birefringence Anp, = fiMo,/(2n.g). For a typical Tb-doped
MFBG with V=32 rad/(T-m) [13] and Ang= 1074, the magnetoop-
tic-to-grating coupling coefficient ratio (MGR) is Tmg = Anp/Ang -
~ 0.1 under the applied magnetic field of 1.5T.

From Eq. (2), the principle axes of the two eigen SOPs are,
respectively, parallel to the slow and fast axes of linear birefrin-
gence, corresponding to the propagation constants f. = negko * K.
In other words, a linear birefringent MFBG under uniform magnetic

field has an elliptical birefringence of An, = (An,,)2 + (Anm)z. For

the two eigen SOPs, the equivalent refractive indices and Bragg
wavelengths are different, that is, neijf = Ney £An. and

Iy = 2ng;A. According to the piecewise-uniform grating model
[12], the two eigen SOPs of any nonuniform MFBG are fixed along
the whole grating only if its elliptical birefringence is constant, i.e.
independent of the refractive index changes of grating. Thus, a uni-
formly magnetized MFBG can be analyzed by means of the eigen
SOPs and then an equivalent theoretical model of linearly birefrin-
gent MFBGs is put forward, as illustrated in Fig. 1. The elliptical
eigen SOP components are firstly extracted from the input light
(note that any polarized light can be regarded as the combination
of two orthogonal eigenmodes), and then pass through the two iso-
tropic nonuniform FBGs (FBG; and FBG;) with the equivalent

refractive indices ny; = ngs + (Any)? + (An,,)? respectively. The
length L and the refractive index distribution An(z) of FBG; and
FBG, are the same as those of the original MFBG. Finally, the trans-
mitted or reflected eigen SOP components from FBG, and FBG; are
recombined into the output of the MFBG.

3. OptiSystem simulation system of linearly birefringent MFBGs

In what follows, the above-mentioned theoretical model will be
performed by the OptiSystem simulation software. Unfortunately,
the elliptical polarizer mentioned in the theoretical model is
unavailable in the software. Here, we present a scheme capable
of simultaneously extracting two eigen SOP components. The ellip-
tical polarization extractor consists of a polarization splitter, a
polarization rotator, a coupler, a phase shift, and a couple of

polarization controllers, as shown in Fig. 2. The optical field output
from this extractor can be deduced from the Jones matrices of the
optical devices as follows:

<1 0) VI=C ipVC (Efnx>:m B +1p\/1CcEin
0 —i ip\/E V1—C ) \Einy p«/&Einx—iEiny
(3)

Clearly, two output ports of this extractor respectively correspond
to right- and left-handed elliptically polarized light with the ellip-
ticity #n = +/C/(1 — C) (C is the coupling coefficient). For the optical
coupler, p=1 and C=#n?/(1+7n3).

In the OptiSystem simulation system of linearly birefringent
MFBGs, as illustrated in Fig. 2, a couple of optical adders are,
respectively, used to synthesize the transmitted or reflected light
at the outputs of the MFBG. The transmission and reflection spectra
are monitored by the optical spectrum analyzer (OSA), and an opti-
cal filter analyzer is also useful for the phase spectrum. In addition,
the parameters of FBG; and FBG, used in simulation include the
equivalent refractive indices n,;, the central wavelengths 13, the
grating’s length L, and the DC and AC coupling coefficients Ang.
and Ang.

4. Magnetically-induced circular-polarization-dependent loss

Firstly, the magnetically-induced circular-polarization-
dependent loss is defined in unit of dB as follows:

Trep(4)

MCDL(?) = 10 x logio " >

(4)

where Trep(4) and Tycp(4) are the transmission spectra of a MFBG for
the input RCP and LCP light, respectively. By use of the OptiSystem
simulation system in Fig. 2, Trcp(4) and Tyicp(/) for linearly birefrin-
gent MFBGs is easily obtained and then the MCDL spectrum can be
calculated from Eq. (4), as plotted in the insert of Fig. 3. The MFBG'’s
parameters used in the OptiSystem simulation are listed in Table 1.
The OSA’s resolution is 0.1 nm. From Fig. 3, the peak MCDL is
3.29dB at the wavelengths of 1549.935 nm and 1550.079 nm. It
should be pointed out that, by using the piecewise uniform method,
we also calculated the transmission spectra of the Gaussian apod-
ized MFBG, and the numerical results are in agreement with the
simulation data obtained from the OptiSystem simulation system.
The MFBG’s OptiSystem simulation system is also applied to the
bi-directional transmission, such as the MFBG-based Sagnac inter-
ferometer [14].

Fig. 3 shows the magnetic field dependencies of the peak MCDL
and PDL for the cases with An, =0 and An,=10>. It can be seen
from Fig. 3 that, the peak MCDL and peak PDL are equal only for
isotropic MFBGs and the existence of linear birefringence is
responsible for an intrinsic PDL of 3.3 dB at e = 0; by comparison,
the peak MCDL is extremely close to zero in this case. On the other
hand, when rpy, < 0.1, the influence of linear birefringence on the
peak MCDL is almost negligible and the maximum error is less than
0.12 dB relative to the case of An, = 0. In this case, the peak MCDL,
corresponding to a fixed wavelength, is proportional to applied
magnetic field, just as in the isotropic MFBG. In a word, the MCDL
has the advantage of being insensitive to linear birefringence over
the conventional PDL and is more suitable for magnetic field mea-
surement and sensing.

5. Experimental results and discussion

In the experiment, the magnetically-induced circular-polariza-
tion-dependent loss (MCDL) is measured for an erbium-doped
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