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Abstract; Using the full-vector coupled mode theory, a method for Surrounding Refractive Index (SRI)

sensing with a single wavelength was proposed which is based on the core-only photoinduced birefringence

of Long-Period Fiber Grating (LPFG). With a completely-polarized light near the resonant wavelength

launched into the LPFG, the variation of the spherical distances between the output light polarization

states for various SRIs and that for the reference SRI=1 on the Poincare sphere is investigated to identify

the SRIs. The analysis indicates that the SRI sensor with a cladding radius of 20. 75 um shows a good

linearity performance and high sensitivity of 0. 356/RIU over the SRI measurement ranging from 1 to

1. 30, which, unlike the available LPFG sensors, may be applied to the humidity and vapor sensing.

Meanwhile, the analysis method is applicable to the design of other types of birefringent-LLPFG sensors.
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. from the core mode to cladding modes of a single-mode

0 Introduction : . : :
fiber, which can produce a series of attenuation bands

Long-Period Fiber Grating (LPFG) couples light at various resonant wavelengths in the transmission
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shift
response to certain external parameter forms the basis

types LPFG

spectrum'’,  The of resonant wavelength in

for the design of many of optical

sensors™” .

In practice, UV-induced LPFGs fabricated on low-
fiber
belong to the core-only photoinduced birefringence
Photoinduced

attributed to one-sided exposure to UV light, which

intrinsic  birefringence photosensitive optical

category"™’. birefringence can be
creates a larger Refractive Index (RI) change on the
side of the core where the UV beam is impinged on"*,
and the polarization of the writing beam™’. Recently,
T. A. Eftimov et al. experimentally demonstrated a
SRI measurement method based on the LPFG
polarization characteristics™ .

In this work, we performed a theoretical analysis
of a SRI the
operation of a photoinduced core-only birefringent

the
LPFG with core-only photoinduced birefringence is

sensor based on single-wavelength

LPFG. To demonstrate the sensing principle,

analyzed using the full-vector coupled mode theory and
the Stokes parameters, and the relationship between
the defined polarization states’ spherical distance on
the Poincare sphere and the SRI n is established.
Then,

enumerated, and the effects of the cladding-mode order

several practical design examples are

and the cladding radius on the sensitivity are analyzed

numerically. It is noteworthy that since the three-layer

accurate than the
2]

fiber model is more two-layer
, especially

in the case of thin-cladding fiber, the effective RIs of

counterpart for the core mode analysis™"

the core mode and cladding modes are both calculated
using the three-layer fiber model in the numerical

analysis.

1 SRI sensing based on a LPFG with
core-only photoinduced birefringence

For a uniform LPFG fabricated on a germanium-
doped single-mode fiber through UV irradiation, the
which the

birefringence and stress birefringence can be neglected.

internal  birefringence includes shape
However, in the presence of uneven UV-exposure in
the LPFG fabrication process, different “dc” index
changes'! along the two principal axes of the optical
fiber, namely the

birefringence, should be
Generally, the photoinduced birefringence is on the
order of 107°. The

including the photoinduced birefringence can be written

core-only photoinduced

taken into account.

RI change of the fiber-core

as
Ant (D)= (n,6(2) = An) (1+mcos(2nz/A))
(i=x, y) @)
where “+” for i=ax, and “—” for i=y, n, is the

material RI of the fiber-core. ¢(2) is the slowly varying
envelope of grating on the order of 10 '. n,6(2) is the
“dc” index change without photoinduced birefringence.
m is the fringe visibility of the index change. A is the
grating period. An is the half “dc” index change
difference induced by uneven UV-exposure between the
two principal axes, i.e., the x and y axes, which, on
the of 107°, the

birefringence. The permittivity perturbation Ae' (2) ==

order represents photoinduced
2e,m Anj (2) is a function of z dependence, therefore,
in the analysis of mode couplings, the coupling between
LP;, and LP}; is neglected, and only the couplings
between the core mode and cladding modes of the same
polarization are taken into account.

In the presence of the fiber-core birefringence, the
originally degenerated core modes LLP;, and LP3, acquire
a propagation constant difference AB=p — 3, which
can be calculated from A=« — i, with k.
and «,_., being the self-coupling coefficients of the core
modes LP;; and LPj, respectively. Since the “dc”
index changes for both x and y polarizations are fairly
small, the average propagation constant 3= (8 + ) /2
is approximately equal to B = 27mn../A> with 7.
denoting the effective RI of the degenerated core
modes. Therefore, the propagation constants for the x-

and y-polarization core modes can be calculated from

B =B+ AR/2
B =B—Ap/2 (2
The full-vector coupled mode equations for
LPFG"" are
dA}/dz=jA (ko
+ jAL (DK exp(—2j8'2)
(i=zx,y) (3)

exp(2j0'z)

dA; /dz=jA; (k"
+]A,2 (Z)chm

where A} and A, are the electrical field amplitudes of
the
respectively; 0<Cz<CL, L is the grating length; § =
0.5(8 1 — B —2xn/A)is the detuning factor, B, is the

propagation constant of the coupled cladding mode,

coupled core mode and cladding mode,

here the effective Rls or the propagation constants of
the core mode and cladding modes are calculated using
the three-layer fiber model™* ; «/,_., is the self-coupling
coefficient of the core mode, whereas «.,_ is that of the
cladding mode, which is small enough to be neglected,
K’c1—co/2 ’
between the core mode and the cladding mode. In the

(R—

K = K. . 1s the cross-coupling coefficient
cylindrical coordinate system (r, ¢, z), the self-
coupling coefficients of the core modes LP;, and LP3,
are written as
Koo (2) = 0. 5weon (n6(2) + An) X
2n ’
J dgoj rdr( | EX
0

0

*cos’ o+ \ E;

4

?sin’ ©)
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(n0(2) — An) X

K w(2) = 0. 5we,n

J dg| rdr(| B

where w is the angular frequency, and r, is the fiber-

sin"g+ | EY | cos” @) (5

core radius. The cross-coupling coefficient between
LP;, and the cladding mode is

Kiw(2) = 0.5we,n (no(2) + An) X
J dng rdr(EYE® " cos” 90+ E‘E‘ox sin’ 90) (6)

and that for LP}, is

Kiew(2) = 0.5we n (no(z) —An) X

J dng rdr( EYE® " sin® ‘ot E‘E“” cos’ @) (7)
With the input conditions A; (0) =1 and A} (0) =

0, the core mode amplitudes derived from Eq. (3) are
Aj(2) =[cos(( Vik'x'" + ()" )2)+is' (1/
ik (6P Xsin(( Ve + () )2) X
exp(ikl, wz/2)exp(—id'z)  (i=x, y) (8
The electric fields of the core modes LP;, and LP},
along a LPFG can be written as
{E, =A{ (D exp(—jpiz+ijd,)
E,=A} () exp(—iz+jd,)
with the initial phases ¢, .0, being constant.

9

Assuming that the incident light is a completely-
polarized light, its Stokes parameters are given by
—EE: +EE;
s =E,E! —EE;
. (10)
ls =E E,+EE:
W= —i(EE,~EED
which can be normalized against s, by letting s, = 1.
These parameters s;,(i=1,2,3) are three-dimensional
coordinates, and can be described by a point on the
surface of the Poincare sphere. To calculate the
spherical distance, the three-dimensional coordinates s,
(i=1,2,3) are converted into latitude and longitude

coordinates as follows

JZX—arctan(sj/ NEGEED

J arctan(s,/s;) 51 >0 an
2¢ ntarctan(s,/s;) s  §<0,s, >0
arctan(s,/s;) —m,  5,<0,s5,<0

where 2y is latitude (Unit: radian), 2¢ is longitude
(Unit: radian), and the radius of the Poincare sphere
is r=1(dimensionless).

With the assumption that on the Poincare sphere
the latitude and longitude of point A are 2y, and 2¢, ,
respectively, and that of point B are 2y,and 2¢,, the
spherical distance, namely the minor arc length,
between points A and B is

Loy =1+ arccos(sin(2y, ) sin(2y,) +cos(2y,) *
—2¢,)) (12)
For the incident completely-polarized light with a

cos(2y,) cos(Zg,

given wavelength of A, the LPFG output polarization

state for SRI n = 1 is denoted as point p, on the
Poincare sphere. When the SRI varies from 1 to some
other value n (no more than the cladding material RD) ,
the corresponding output polarization state on the
Poincare sphere varies from p, to another point p. The
spherical distance [ between points p, and p can be
calculated from Eq. (12).

spherical distance / with the reference point fixed at p,

Therefore we can use the

to represent the SRI n. Furthermore, the measurement
sensitivity can be defined as
Slope_arc=d//dn (13)

which is dimensionless.
2 Numerical analysis

In this section, practical design examples of the
birefringent-LPFG SRI sensors are provided and the
sensing characteristics for the cladding radii of 62. 5
pm, 31.5 pm and 20. 75 pm are analyzed numerically.
The incident light is a completely-polarized light,
whose  wavelength  approximates the  resonant
wavelength for the mode coupling between the core
mode and a specific cladding mode in the air. The
couplings to the first-order and third-order cladding
modes (with the azimuthal order ;= 1) are of our
concern. The parameters of LPFG are specified as
follows: fiber-core radius 4. 15 pm, grating length
1.5 cm, grating period 320pum; fiber-core material RI
1. 4681, cladding material RI 1. 4628;

varying envelope of grating ¢ = 2. 25 X 10" and the

the slowly

core-only photoinduced birefringence An=5>X10 °.
When the SRI varies from 1 to 1. 46 with a step of
0. 01,
evolution on the Poincare sphere for the cladding radii
of 62.5 pym, 31.5 pm and 20. 75 um is illustrated in

the corresponding output polarization state

Fig. 1. In the process, it is assumed that a completely-
polarized light with a single wavelength equal to the
resonant wavelength for the x-components of the core
mode and the first-order cladding mode or the third-
order cladding mode (with the azimuthal order p=1) is
launched into the LPFG. The incident wavelength
should be close to the specific resonant wavelength to
achieve the desired mode coupling and a larger

sensitivity. The R dot and G dot on the Poincare sphere

L.

BN
N

7\

(a) The first-order at Rcladding= (b) The first-order at Rcladding=
62.5um and 2=795nm 31.5pm and /=862nm
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(c) The first-order at Rcladding=  (d) The third-order at Rcladding=
20.75pum and A=1014nm 62.5pm and A=853nm

(e) The third-order at Rcladding= (f) The third-order at Rcladding=

31.5um and A=1129nm
Fig. 1

20.75um and A=1687nm
Output light polarization evolution on the Poincare
sphere for different couplings

represent the polarization states of the output light for
SRI n=1 and 1. 46, respectively.

According to the defined spherical distance [
corresponding to a SRI, we can derive the relationship
between [ and SRI n for the given SRI series, as shown
in Fig.2. For the LPFG with a cladding radius of

20.75 pm, the relationship between the spherical
distance and SRI over a measurement range from 1 to
0.05
—e— R, ~62.5um,i=7950m o~

=31.5um,/i=862nm
=20.75um,A=1014nm

0.03} o // ]
1 (Xr%lo !

Spherical distance /

-0.01 I . . - . . . . . .
1 1.1 1.2 1.3 1.4 1.5
SRIn
B (a) The first-order cladding mode
v12 —e—RcI‘M”g:62_5pm,).:853nm

RN

=31.5um.A=1129nm

~ 20.75um,4=1687nm \M\x |
2 0.08f ]
g 1=0.3561-0.3562
5 L R=0.9982 1
=
Q
2 J
L L AA
<=
o
& M i
vy
© .
1 1.1 12 13 1.4 1.5
SRin

(b) The third-order cladding mode

Fig. 2 Spherical distance / versus SRI n with various

cladding radii for the couplings

1. 30 is approximately linear, which makes it ideal for
the humidity and vapor sensing. The sensitivity is
07754/RIU  for the
cladding mode and 0. 356/RIU for the third-order
cladding mode in addition to the fact that the sensor

approximately 0. first-order

coupling to the third-order cladding mode has better
linearity performance than that coupling to the first-
order cladding mode in the specified SRI measurement
range.

The corresponding  sensitivity  over  the
measurement range from 1 to 1. 46 is shown in Fig. 3.
As seen in the figure, within the SRI measurement
range from 1 to 1. 30 the LPFG with a cladding radius
of 20. 75 pum shows the maximum sensitivity, whereas
with a cladding radius of 62.5 pm the sensitivity is the
minimum. Moreover, the sensitivity for the third-order
cladding mode is larger than that for the first-order
cladding mode. Compared with the conventional LPFG
sensors "' and the LPFG sensors introduced in Ref.
[ 8], which make SRI measurement in the range of

1.32 to 1. 46 with a small range of linear sensitivity,

our SRI sensor demonstrates a broad linear
measurement range from 1 to 1. 30.
0.6
—e—R,,,,~62.5um.i=7950m
31.5um,A=862nm 4
——R =20.75um,/=1014nm h

cladding

Sensitivity

06k 0 |
102103 1.04 ) ) ) ) )
1 1.1 12 1.3 1.4
SRI n
o (a) The first-order cladding mode

.Y

-04t —e—R =62.5um,/=853nm i

cladding
—&—R, . =31.5um,A=1129nm
=20.75um,/=1687nm

Sensitivity

e

>

cladding

——R
206 cladding ) ) ) )
1 1.1 1.2 1.3 1.4

SRIn
(b) The third-order cladding mode

Fig. 3 Sensitivity versus SRI n with various cladding radii
for the couplings

It is worthwhile to note that the analysis method
based on the full-vector coupled mode theory and
Stokes parameters can be applied to the design of
torsion- or shape-induced-birefringence LPFG sensors
for SRI or temperature measurements by appropriately

modeling the birefringence.

0106001~ 4
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3 Conclusion

Based on the core-only photoinduced birefringence
of LPFG, we propose and theoretically demonstrate a
method for the SRI sensing. The incident light is a
light with the
approximating a particular resonant wavelength of the
LPFG

versus SRI n

completely-polarized wavelength

in the air. The defined spherical distance [
on the Poincare sphere with various
cladding radii for the couplings to the first-order
cladding mode and the third-order cladding mode are
investigated. The result indicates that the LPFG-based
sensor with a cladding radius of 20. 75 pm shows a
good linearity performance and high sensitivity over the
SRI measurement range from 1 to 1. 30, which may be

The

birefringent-LPFG sensing scheme and its analysis

applied to the humidity and vapor sensing.

method based on the full-vector coupled mode theory

can be readily applied to the design of other types of

LPFG-based sensors.
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