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Abstract. According to the magneto-optic coupling characteristics of
magneto-optic fiber Bragg gratings (MFBGs), we present a nonmagnetic
equivalent model of a uniformly magnetized MFBG to analyze the optical
polarization states output from the MFBG for incident linearly polarized
light. The Faraday rotation of transmitted light is enhanced at the edges
of a grating bandgap, and then can be applied to the measurement of
a magnetic field by employing the wavelength speeding method. The
use of apodized MFBGs helps to simultaneously achieve a good linear
magnetic field response and extremely small fluctuation of transmittivity.
For a typical paramagnetic terbium-doped and apodized MFBG, the
temperature coefficient of the Faraday rotation is calculated to be
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1 Introduction

Magneto-optic fiber Bragg gratings (MFBGs) are a class of
special fiber Bragg gratings (FBGs) associated with
magneto-optical (MO) effects, and can be regarded as 1-D
photonic crystals with magnetically tunable photonic band-
gaps (PBGs)."? Conventional FBGs used in optical com-
munications and fiber sensing can be regarded as MFBGs
to a certain extent if the weak MO effects in the fibers are
taken into account. However, to utilize the intrinsic MO
effects in silica FBGs, one has to recur to some high-
resolution detection technologies such as unbalanced
Mach- Zehnder interferometers’ and polarization-dependent
loss (PDL).* On the other hand, some rare-earth- doped
FBGs with large MO coefficients are expected to become
the desirable MFBGs. For example, the 65-wt % terbium-
doped silicate fiber possesses an effective Verdet constant
of =32.1 rad/(T.m), which is 27 times larger than that of
silica fibers.” For the photosensitization of terbium-doped
alumino- silicate fibers, refractive index modulations as
high as 6 X 1074 through high pressure H, loading can be
achieved.® The promising MFBGs have some potential ap-
plications in novel current or magnetic field sensors, ’ non-
linear MO switches,” and tunable dispersion compensation
modules.’

For the uniform MFBG, the analytic expression for
transmittivity or reﬁect1v1ty has been deduced from the MO
coupled-mode theory and then is used to explain magnetlc
field dependency of polarization-dependent loss (PDL) in
the experiments.” In contrast, it is difficult to obtain the
analytical solution of optical field in nonuniform MFBGs.
In this case, one has to adopt the transfer matrix method to
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numerlcally deal with the nonumform MFBGs by using the
piecewise-uniform MFBG model.” In this work, we take
advantage of some commercially avaliable simulation soft-
wares, such as the Optisystem (OptiWave, Ottawa, Ontario,
Canada), to conveniently simulate the nonuniform MFBGs
by means of their nonmagnetic equivalent model, in which
a nonuniform MFBG at homogeneous magnetization is
equivalent to the nonmagnetic FBG with a modified effec-
tive refractive index dependent on the applied magnetic
field. Instead, the refractive index modulation of the non-
magnetic equivalent FBG stays the same as the nonuniform
MEFBG. As an example, the nonmagnetic equivalent model
is used to analyze the magnetic field dependency of polar-
ization states of transmitted and reflected light output from
the MFBGs. The enhancement of the Faraday rotation and
ellipticity angles in the vicinity of the photonic bandgap
(PBG) edges is investigated in detail. The measurement of
magnetic field can be implemented effectively by sweeping
the peak value of the transmitted Faraday rotation, just like
the measurement of peak PDL. In addition, the optimiza-
tion of the MFBG’s apodization function helps to improve
the linear response of magnetic field and reduce the fluc-
tuation of output power. Finally, we make a computation
with the temperature coefficient of the Faraday rotation in
the terbium-doped and apodized MFBG.

2 Nonmagnetic Equivalent Model of the
Magneto-Optic Fiber Bragg Gratings

Generally speaking, the unhomogeneity of a so-called non-
uniform MFBG can be attributed to the change of refractive
index modulation or/and magnetizati0n9’10 within the fiber
core. In this work, we only take into account the former,
namely, uniformly magnetized MFBG, also called nonuni-
form MFBG, for convenience.
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In a single-mode MO fiber with neglectable linear bire-
fringence, there always exist two orthogonal eigenmodes,
left- and right-handed circularly polarized (LCP and RCP)
light. When an isotropic perturbation of refractive grating
independent of the eigenmodes is added to the MO fiber,
the identically polarized guided waves propagating forward
and backward are coupled with each other. According to the
coupled-mode analysis used in Ref. 2, grating perturbation
does not change the polarization state of the eigenmodes,
but has a great influence on the amplitude distribution of
the optical field. For the nonuniform MFBG, one can al-
ways divide the whole MFBG into many uniform gratinﬁr
segments, similar to the piecewise-uniform FBG model,
and in each segment the grating period and magnetization
are fixed. Thus, the steady-state propagation characteristics
of the eigen LCP and RCP light in the whole MFBG can be
well known by orderly multiplying the transfer matrices of
the uniform grating segments.

1 cos(g,h) +id, sin(q,h
Ty r(8h) =~ qp (q.p ) 9% (g,h)
’ — ik, sin(g,h)

P

in which ¢,=(8-x)"", 8,=B,(w)~Bs. B,=iky, and By
=m/A; n,=ny=* k,,/k, are the effective refractive indices
of the MFBG for the RCP and LCP eigenmodes, and n, is
the intrinsic average refractive index of the nonuniform
MFBG; k,=koAn, is the grating coupling coefficient, «,,
=V3B is the MO coupling coefficient associated with the
Verdet constant Vg and magnetic induction B; and k is the
lightwave number in vacuum. From Eq. (2), each uniform
MFBG segment can be equivalent to the nonmagnetic uni-
form FBG, whose modal index is equal to the effective
refractive index 71,=n * k,,/kj, and then the whole nonuni-
form MFBG at homogeneous magnetization has the same
modal index, independent of the refractive index distribu-
tion of the MFBG. Thus, the nonmagnetic equivalent model
of the MFBG is also described as follows: a uniformly
magnetized MFBG can be equivalent to the nonmagnetic
FBG with the magnetic-field-dependent modal index 7,
and the refractive index modulation of the equivalent FBG
is identical to that of the MFBG. Note that the effective
refractive index 71, only applies to the eigenmodes, and an
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Fig. 1 The equivalent model of the MFBG in the Optisystem
simulation.
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For a nonuniform MFBG, let us consider any given uni-
form segment from z=z,_; to z=z,=z,_1+h, in which the
grating perturbation is taken in the form of An(z)
=2An, cos(2mz/A), where 2An, and A are respectively the
ac index modulation and the local grating period. In this
case, the complex amplitudes of the guided light A;f(z,t)
can be given as follows:’

A*(z,) 1 ) {A;@n_l) 1
lA,_,(z,,) = Tnat(3h) A(zmr) | o

where the subscript p represents the LCP or RCP eigen-
mode, the superscript “*+” corresponds to the forward and
backward propagation respectively, and the transfer matrix
is expressed as

2)

isotropic grating perturbation has no influence on the eigen
states of polarization (SOPs) in the MO fiber.

According to the MFBG’s nonmagnetic equivalent
model, the Optisystem simulation system of the MFBG is
established, as shown in Fig. 1. The circular polarizers are
used to extract the RCP and LCP components from the
incident light, which is regarded as the superposition of the
two orthogonal eigenmodes. Then, the RCP and LCP com-
ponents are, respectively, input to individual nonmagnetic
equivalent FBG. Finally, the optical adders combine the
two transmitted (or reflected) optical fields into the output
of the nonuniform MFBG. In the Optisystem simulation,
the equivalent FBGs need to be configured through some
parameters, including: 1. modal index ng=n,; 2. centeral
wavelength N g=2n.4Ao=Ng[ 1 £ Ayk,,/ 7], in which A, and
No=2nyA, are the grating period and the reference wave-
length, respectively; and 3. the other parameters, such as
the grating length L, and the ac and dc index modulations
(Anpc=2An, and Anpc), which take the same values as the
MFBG. The validity of the nonmagnetic equivalent model
of the MFBG can be made sure by comparing the simula-
tion data output from the Optisystem optical filter analyzer
with the theoretical results derived from the analytical
expressions2 and the piecewise-uniform method.”

3 Analysis of Polarization States in Unform and
Apodized Magneto-Optic Fiber Bragg
Gratings

In what follows, we make use of the nonmagnetic equiva-
lent model of the MFBG to investigate the output SOP
evolvement for the incident linearly polarized (LP) light.
The transmitted and reflected SOPs in terms of the princi-
pal azimuth and ellipticity angles, ¢ and x, can be mea-
sured by using the polarization analyzer in the Optisystem
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Fig. 2 The SOP characteristics of reflected light for the uniform
MFBG.

software. The frequency dependence of the transmitted azi-
muth angle is also called the Faraday rotation spectrum if
the azimuth angle of incident LP light is taken as ¢=0. In
our simulation, the common grating parameters are used as
follows: ny=1.45, Aj=534.5 nm, \;=1550 nm, L=20 mm,
AnAC= 10_4, and AnDC=0.

First, we take an example for the uniform MFBG with
k,=2.5 m ' <k, corresponding to B=0.125T for the
terbium-doped ogtical fiber with the Verdet constant Vj
=20 rad/(T-m)," and the polarization characteristics of re-
flected and transmitted light are respectively plotted in
Figs. 2 and 3. Obviously, they have a different polarization
transformation. From Fig. 2, it is difficult to measure the
maximal azimuth or ellipticity angle of the reflected light,
since the corresponding wavelength falls very close to the
minima in the reflection spectra. In contrast, for the trans-
mitted light, the maximal azimuth and ellipticity angles oc-
cur at the wavelength of large transmittivity, as shown in
Fig. 3. Thus, the magnetic field response of the MFBG can
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Fig. 3 The SOP characteristics of transmitted light for the uniform
MFBG.
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Fig. 4 Variations of maximal azimuth and ellipticity angles with the
MO coupling coefficient for the uniform MFBG.

be investigated by means of the maximal azimuth or ellip-
ticity for the transmitted light, instead of the reflected light.

Next, we discuss the influence of the MO Faraday effect
on the transmitted SOPs and the magnetic field response of
the MFBG. From Fig. 3, the Faraday rotation #(\) is ex-
pressed as ¥(\)=a(\)k,,L, where a(\) is called the Fara-
day enhancement factor. it is seen that: 1. at the wavelength
far away from the photonic bandgap (PBG) \.., the Faraday
rotation is just as it is in the MO fiber and a(\.,)=1; 2. at
the central wavelength, the Faraday enhancement factor
takes a minimal value (a,;,=0.247) and the Faraday rota-
tion is reduced; and 3. the maximum Faraday rotation i,
with ay,,,=2.77 exists in the vicinity of the PBG edge,
which can be explained from the multiple reflection of light
and the nonreciprocity of Faraday effect.'! By the way, the
maximum ellipticity angle x,.. and the Faraday rotation
Umax Occur at the same PBG edge, but the corresponding
wavelengths have a small difference.

In practice, just as with the peak PDL measurement, the
maximal values of ¥, and X,,.x may as well be measured
by the wavelength sweeping method, regardless of the
spectral width of angle enhancement and the accurate con-
trol of wavelength to a certain extent. Figure 4 shows the
variations of the maximal azimuth and ellipticity angles
Unax and Xmax With the MO coupling coefficient «,, for the
uniform MFBG. The corresponding transmittivity is also
plotted in Fig. 4. It is clear that with the increase of «,,,
Yimax OF Xmax 1S improved, but the transmittivity is accord-
ingly reduced in the range of less than 3 dB for «,
<20 m™".

Of course, the previously mentioned procedure can also
be applied to the nonuniform MFBG at homogeneous mag-
netization. For the Gaussian apodized grating structure,
Faraday enhancement reduces slightly compared with the
case for the uniform MFBG, as illustrated in Fig. 5. How-
ever, the apodized MFBG possesses two unique advan-
tages: linear magnetic field response and small power fluc-
tuation. In this case, one may prefer the i,,,-based
measurement of magnetic field, since the azimuth sensitiv-
ity ¢.=di,/dk,,~1.475 deg/(rad-m™~') is about three
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Fig. 5 Variations of maximal azimuth and ellipticity angles with the
MO coupling coefficient for the Gaussian apodized MFBG with s
=0.6.

times more than that of Y. In addition, the apodization
function of the nonuniform MFBG should be optimized for
the tradeoff between the linear response and the rotation
enhancement, according to the dynamic range of applied
magnetic field.

Finally, we discuss the fluctuation of the Faraday rota-
tion caused by temperature change for the apodized MFBG.
The temperature change in the environment will mainly
lead to variations of the refractive index ny(7), the grating
period Ay(T), and the MO coupling coefficient «,,(T),
which are respectively related to the thermo-optic effect,
the thermal expansion, and the temperature dependence of
the Verdet constant. For a small temperature change, the
physical parameters mentioned before can be expressed in
the forms:

no(T) = ny(Ty)[1 + a,(T - T)], (3)
Ao(T) = Ay(Tp)[1 + an(T-Tp)], (4)
kn(T) = K, (To)[1 + ay/(T = Tp)], (5)

where «; (i=n,A, ) are the relevant coefficients and Eq.
(5) is satisfied for the paramagnetic terbium-doped fiber."
As a result, the MFBG’s effective refractive index and
Bragg wavelength can be written as follows:

nes(T) = no(T[1 = A(T),(T)/ 7], (6)

N(T) = No(D[1 = Ay(T)k,(T)/ 7], (7)

where N\y(T)=2ny(T)Ao(T). Figure 6 plots the temperature
dependence of the Faraday rotation for the apodized MFBG
under the different magnetic fields of B=0.5 T, 0.75 T, and
1 T, respectively corresponding to «,,(Ty)=10, 15, and
20 m~! with the Verdet constant Vz=20 rad/(T-m). The
following parameters are used in our calculation: T
=288 K, a,=6X100K", a,=44%x10°K"'"? q,
=17.6 K, and Tp=2454 K." From Fig. 6, the Faraday ro-
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Fig. 6 Temperature dependence of the Faraday rotation for the
apodized MFBG.

tation i, is almost inversely proportional to temperature
T in a small range of temperature change. The temperature
coefficient of the Faraday rotation can as well be derived
from Fig. 5 and Eq. (5) as follows:

_ dlzbmax _ de dlﬂmax _ aVlsz
CYF = = = — 2
K, dT  k,dT dk, (T-Tp)
~-0.0143 deg/(rad-m~' K) at T=288
K=-2.496 X 10~ m/K, (8)

which is identical with the results illustrated in Fig. 6. It is
clear that the temperature coefficient of the Faraday rota-
tion ay is dependent on the temperature characteristic of
the Verdet constant and the magnetic field sensitivity of the
Faraday rotation.

4 Conclusion

To take advantage of commercially available simulation
software to analyze the transmission characteristics of the
nonuniform MFBG, we have proposed the nonmagnetic
equivalent model of the MFBG, that is, a uniformly mag-
netized MFBG is equivalent to the nonmagnetic FBGs, in
which the modal index is equal to the effective refractive
index 71,=ny=* k,,/ ko, and the corresponding central wave-
length needs to be modified as well. The validity of the
MFBG’s nonmagnetic equivalent model is made sure by
using the Optisystem optical filter analyzer. The polariza-
tion properties of the transmitted and reflected light, in
terms of the azimuth and ellipticity angles, are in detail
investigated for the uniform and apodized MFBGs by the
Optisystem simulation. It is shown that the enhanced Fara-
day rotation of the transmitted light can be used to measure
the response of the MFBG to the applied magnetic field
by sweeping the peak value of the Faraday rotation. The
apodized MFBG has better linear dynamics than the uni-
form MFBG. For the paramagnetic terbium-doped
apodized MFBG, the temperature dependence of the Fara-
day rotation is analyzed, and the temperature coefficient is
determined by the Verdet constant and magnetic field sen-
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sitivity. The combination of the nonmagnetic equivalent
model and the existing simulation software helps to de-
velop the MFBG-based optical signal processing devices
with application to optical fiber communications and the
sensing area.
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