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Abstract: Fiber grating (FBG) is an important optical de-
vice of fiber, which is widely used in optical fiber commu-
nication and sensing.At thepresent stage, the fiber grating
is almost prepared in the static state of the fiber, and then
the grating is welded into the fiber grating array or net-
work.With the continuous improvement of the application
effect of fiber grating, has become one of the most promis-
ing, representative and fastest developing fiber passive de-
vices. In this paper, fiber grating is classified according to
the refractive index distribution of grating axis. The cen-
tral wavelength of Bragg fiber grating is modulated by us-
ing external parameters (temperature or stress strain). The
wave equation of insulatingmedium is obtained by the re-
flection characteristic and coupling mode theory of fiber
grating. Using sparse matrix model of nerve action poten-
tial signal with wavelet decomposition layers, nerve ac-
tion potential signal reconstruction of the relative error be-
tween the value and the original value contrast found that
reconstructed and original signals are very close. Good re-
sults have been obtained for the sampling reconstruction
of the filtered high signal-to-noise ratio neural action po-
tential signal. Researchers have conducted extensive and
in-depth research on fiber grating sensing technology, and
achieved gratifying results. Butwith the of the engineering
application of technical requirements, they need real-time
monitoring. Due to the cross sensitivities of fiber grating,
it became the bottleneck of multiple parameter measure-
ment.
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1 Introduction
The fiber grating uses the photosensitivity of the fiber ma-
terial to form a spatial phase grating in the core [1–3].

It has a set of vertical reflection peaks and it can be
used as a comb filter. Besides, it has potential applica-
tions in multi-wavelength fiber lasers. The essence of the
fiber grating is to form in the core (wavelength character-
istics of Bragg scattering using a spatial phase grating) a
narrow-band (projection or reflection) filter. Fiber gratings
aremade using photosensitivity in optical fibers [4, 5]. The
so-called photosensitivity in an optical fiber means that
the refractive index of the optical fiber will change with
the spatial distribution of the intensity of the light when
the laser passes through the doped fiber. The essence of
the spatial phase grating formed in the core is the forma-
tion of a narrowband filter or mirror in the core [6]. With
this feature, many unique fiber optic devices can be man-
ufactured. These devices have a wide range of reflection
bandwidth, small additional loss, small size, easy to cou-
plewith the optical fiber, compatiblewith other optical de-
vices into one, without the impact of environmental dust
and a series of excellent performance.

With the increasing application of fiber gratings, the
types of fiber gratings are also increasing. According to
the distribution of refractive index along the axial direc-
tion of the grating, the ultraviolet-written fiber grating can
be divided into a uniform fiber grating and a non-uniform
fiber grating [7]. The uniform fiber grating refers to a fiber
grating in which the core refractive index variation ampli-
tude and refractive index variation period (also referred to
as the period of the fiber grating) are all constant along
the fiber axis, such as a uniform fiber Bragg grating (pe-
riod of refractive index change is generally of 0.1 um) and
uniform long-period fiber grating (period of refractive in-
dex change is generally the order of 100 um); Non-uniform
fiber grating refers to the core refractive index varies in
amplitude or refractive index varies along the fiber’s ax-
ial direction. In 1978, K. O. Hill et al. first used the standing
wave writing method to fabricate the first fiber grating in
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erbium-doped fiber. After more than 20 years of develop-
ment, it has broad application prospects in fields such as
optical fiber communication and optical fiber sensing [8–
10]. With the continuous improvement of the manufactur-
ing technology of fiber gratings, the photosensitivity of
optical fibers has been gradually improved, and various
kinds of special gratings have come out one after another.
Some applications of fiber gratings have reached the com-
mercialization level. With increasing application results,
FBG has become one of the most promising, most rep-
resentative and fastest-developing fiber-optic passive de-
vices currently available. FBG-based sensing technologies
have emerged in recent years, fully demonstrating advan-
tages.However, FBG sensing technology is still in a stage of
rapid development. It can be predicted that with the com-
mercialization of FBG sensors, continuous improvement
of performance, fiber gratings will show great vitality in
the field of sensing, and play an important and irreplace-
able role in national defense and national economic con-
struction. Significance statement: This study the super-
structured photonic crystal fiber bragg grating biosensor
image model based on sparse matrix that can be benefi-
cial for the field of optical fiber sensing technology with
its unique advantages.

2 Methods and principles

2.1 Sparse matrix model of neural action
potential signals

Nerve action potential is a record of when a neuron is ac-
tive [11]. It contains the most critical information about
neuronal activity. Similar to other bioelectrical signals,
neural action potentials can be sparse under orthogonal
wavelet basis. Using this feature, a sparsematrix of neural
signals can be constructed in the wavelet domain.

The construction of the sparse matrix is based on the
Mallat algorithm of the discrete wavelet transform (DWT).
The wavelet filter is used to decompose the signal [12].
The specific process can be expressed by the following for-
mula (1): ⎧⎪⎪⎨⎪⎪⎩

A0
[︀
f (t)

]︀
= f (t)

Aj
[︀
f (t)

]︀
=
∑︀

kH(2t − k)Aj−1
[︀
f (t)

]︀
Dj

[︀
f (t)

]︀
=
∑︀

kG(2t − k)Aj−1
[︀
f (t)

]︀ (1)

In equation (1), t is thediscrete time sequencenumber,
t = 1, 2, L, N; f (t) is the original signal; j is the number of
layers, j = 1, 2, L, J, where J = log2N. H, G is the wavelet
decomposition filter in the time domain, which is actually

the filter coefficient; Aj Ai is the wavelet coefficient of the
signal f (t) at the approximate part (i.e., the low frequency
part) of the j − th layer, and D is the detail of the signal f (t)
at the j − th layer.

The specific decomposition process can be repre-
sented by Figure 1 and Figure 2.

Figure 1: One-layer wavelet decomposition

Figure 2:Multilayer wavelet decomposition

2.2 Optical mask distribution expression

Light through the mask, the light field distribution can be
expressed as the following formula (2):

E(x) = 1 • t1(x) • t2(x) (2)

Here, t1(x) and t2(x) are the transmittances of light trans-
mitted through the amplitude mask and the phase mask,
respectively. They can be expressed as the following for-
mula (3):

t1(x) =

⎧⎪⎪⎨⎪⎪⎩
0 −d/2 ≤ x ≤ a/2
1 −a/2 ≤ x ≤ a/2
0 a/2 ≤ x ≤ d/2

(3)

t2(x) =
{︃
exp jϕ1 x + (2J + 1)Λ/2 < Λ/2
exp jϕ2 x − JΛ/2 < Λ/2

Where d is the period of the amplitudemask; a is thewidth
of the tooth of the amplitude mask; L is the total length
of the grating; J = 0, ±1, ±2, · · · , Λ is the period of the
phase mask. When the phase is produced, expanding the
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formula (1) with Fourier series, the formula (1) can be ex-
pressed as the following formula (4):

E(x) =
+∞∑︁
n=−∞

An exp
(︂
j
2πnx
d

)︂ +∞∑︁
n=−∞

Cm exp
(︂
j
2πmx
Λ

)︂
(4)

Where, An =
∫︀ d/2
−d/2 t1(x) exp

(︀
−j 2πnxd

)︀
dx; Cm =∫︀ Λ/2

−Λ/2 t2(x) exp
(︀
−j 2πmxd

)︀
dx.

Equation (4) is the expression of the light field dis-
tribution of the ultraviolet laser after the periodic square
wave modulation phase mask.

2.3 Principle and calculation of fiber Bragg
grating reflection characteristics

Fiber Bragg grating is a waveguide with periodically vary-
ing refractive index. From coupled-mode theory, it can be
seen that when the waveguide is disturbed periodically,
it will lead to the coupling of propagation modes. Fiber
Bragg grating sensing principle diagramwas shown in Fig-
ure 3.

Figure 3: Fiber Bragg grating sensing principle diagram

Maxwell’s equations can be expressed as the follow-
ing Equations (5) and (6):

∇ × H = J + ∂
∂t

(︀
ε0E + P

)︀
(5)

∇ × E = − ∂∂t (µH) (6)

For optical waveguides, there is no free charge, so J =
0. Equations (5) and (6), the wave equation of insulating
medium can be, the expression can be written as the fol-
lowing Equation (7):

∇2E(∂r, t) = µε0
∂2E(r, t)
∂t2 + µ ∂

2

∂t2 P(r, t) (7)

Due to the non-uniformity of the medium fluctuation,
it can be considered as perturbation, and the polarization
intensity can be expressed as the following Equation (8):

P(r, t) = [ε(r) − ε0]E(∂r̄, t) + PPerturbation(r, t) (8)

Substituting (8) into (7), we can obtain the following
equation (9):

∇2Ey − µε
∂2Ēy
∂t2 = µ ∂

2

∂t2 [P̄Perturbation(r, t)] (9)

Ex and Ez are similar. For the TE mode, if you omit the
guidedmode and the radiationmode coupling, there is the
following equation (10):

Ey(r, t) =
1
2
∑︁
m
Am(z)E(m)y (x)ei(ωt−βmz) + c.c. (10)

where m is the number of the inherent mode, c.c. is the
complex conjugate, and the inherent mode field satisfies
thenon-disrupting sexwave equation. Thenon-disrupting
sex wave equation can be expressed as following:

( ∂
2

∂x2 − β
2
m)E(m)y (r) + ω2µε(r)E(m)y (r) = 0 (11)

where ε(r) = ε0n2(r), n(r) is the medium refractive in-
dex. Substituting (10) into (11), there is the following Equa-
tion (12):

eiωt
∑︁
m

[︂
Am
2

(︁
−β2mE(m)y (12)

+
∂2E(m)y
∂x2 + ω2µε(r)E(m)y

)︃
eiβmz

+12

(︂
2iβm

dAm
dz + d

2Am
dz2

)︂
E(m)y eiβmz

]︂
+ c.c.

= µ ∂
2

∂t2 [PPerturbation(r, t)]

The sumof the first three termsof the equation is equal
to zero, and the slow amplitude changes are similar. Omit-
ting the second derivative, because the second derivative
satisfies the following Equation (13), we get:⃒⃒⃒⃒

d2Am
dz2

⃒⃒⃒⃒
≪ βm

⃒⃒⃒⃒
dAm
dz

⃒⃒⃒⃒
(13)

Substituting (13) into (12), there is the following Equa-
tion (14):

dA−s
dz e

i(ωt+βmz) − dA
+
s

dz e
i(ωt+βmz) − c.c. (14)

= − i
2ω

∂2
∂t2

+∞∫︁
−∞

[P̄Perturbation(r, t)]E(x)y dx

Where superscript − and + respectively represent
propagation in the -z direction and the +z direction. The
perturbation of the dielectric constant can be expressed as
the periodic fluctuation of refractive index, which can be
expressed as the following Equation (15):

PPerturbation(r, t) = ∆n2(r)ε0E(r, t) (15)
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Since ∆n2(r) is a scalar, as can be seen from Equa-
tion (8), the periodic structure can only couple the TE
mode to theTEmodeor theTMmode to theTMmode.How-
ever, it cannot couple the TE mode.

For the TE mode propagation, substitute (10) into (15)
and (14), there is the following Equation (16):

dA−s
dz e

i(ωt+βmz) − dA
+
s

dz e
i(ωt+βmz) − c.c. (16)

= − iε04ω
∂2
∂t2

∑︁
m

[︃
Am

+∞∫︁
−∞

∆n2(x, z)]E(m)y (x)E(s)y (x)dxei(ωt+βmz)

+ c.c.
]︃

Suppose the period of perturbation ∆n2(x, z) is Λ, and
lπ
Λ ≈ βs, where l is the integer. So the Equation (17) can be
obtained, which can be expressed as the following:

∆n2(x, z) ≈ ∆n2(x)
+∞∑︁
j=−∞

aje
(︁
i2jπ
Λ

)︁
z (17)

Substituting (17) into (16), there is:

dA−s
dz = − iε04ωA

+
s

+∞∫︁
−∞

∆n2(x)]
[︁
E(s)y (x)

]︁2
dxei(

2lπ
Λ −βs) (18)

Then the coupling equation by backward wave and
forward wave at l-th harmonic can be expressed as the fol-
lowing Equation (19):

dA−s
dz = KcA+s e−i2(∆β)z (19)

Similarly, there is the following Equation (20)

dA+s
dz = KcA−s ei2(∆β)z (20)

In the Equation (20), Kc and ∆β can be expressed as
the following forms:

Kc = −
iωε0
4 at

+∞∫︁
−∞

∆n2(x)]
[︁
E(s)y (x)

]︁2
dx (21)

∆β ≡ βs −
lπ
Λ ≡ βs − β0 (22)

Where Kc is called as the coupling coefficient. Equa-
tions (19) and (20) are the coupled mode equations for the
forward and backward modes propagating in the periodic
waveguide. Due to the agreement of two modes, so the
power of these two modes is conserved.

For fiber Bragg grating, the waveguide structure is
shown in Figure 4. Grating length is L, the grating period

is Λ. The amplitude of light from the incident fiber, the am-
plitude of the backwardwave at the boundary is 0. Assume
that thefiberBragggratingdistribution is a strict sine func-
tion, the refractive index can be expressed as

n(z) = n + ∆n(z) = n + δn sin(2πzΛ ) (23)

The coupling coefficient of the grating is K = πδnη
λB ,

where η is the coefficient related to themode energy in the
remaining core. Here η = −V2 is approximated as the value
of the fiber, V characterizes themodulus of the fiber trans-
mission. Solving for Equations (19) and (20), the Equa-
tions (24) and (25) can be obtained:

A−s (z)eiβz (24)

= A+s (0)
iKeiβz

−∆β sinh(SL) + iS cosh(SL) sinh
[︀
S(z − l)

]︀

A−s (z)eiβz = A+s (0)
e−iβz

−∆β sinh(SL) + iS cosh(SL) (25){︀(︀
∆β sinh

[︀
S(z − l)

]︀
+ iS cosh

[︀
S(z − l)

]︀)︀}︀
Where S =

√︁
|K|2 − ∆β2, so the fiber Bragg grating re-

flectivity is obtained from (24) and (25), which can be ex-
pressed as:

R =

⎧⎨⎩
K2sinh2(SL)

∆β2sinh2(SL)+S2cosh2(SL) (K2 > ∆β2)
K2sin2(SL)

∆β2−K2cos2(SL) (K2 < ∆β2)
(26)

When the incident light wavelength is equal to the center
wavelength of the fiber Bragg grating [Bragg wavelength].
∆β = 0, there is:

λB = 2ne�Λ (27)

R(λB) = tanh2(KL) (28)

Where ne� is called as the core effective refractive index.
Results and discussion

2.4 Nodes / edge mixed triangular units

The basic idea of finite element method is to separate the
continuous solution area into a set of finite combinations,
which are connected together in a certain way. Because
the elements can be combined in different ways of joining
and the elements themselves can have different shapes,
the complex solution domain of geometric shapes can be
modeled.

Figure 5(a) and (b) a typical triangular unit, expressed
with e. The coordinates of the i-th vertex is (xi , yi)(i =
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1, 2, 3). The longitudinal field component is represented
by Eezi. The edge length of the edge is expressed as lei . The
magnitude of the tangential field in the direction of the
edge. The area of the triangle is expressed as ∆e, which can
be expressed as:

∆e = 1
2

⃒⃒⃒⃒
⃒⃒⃒1 xe1 ye1
1 xe2 ye2
1 xe3 ye3

⃒⃒⃒⃒
⃒⃒⃒ (29)

Define the area coordinates of the triangle as Lei =
∆ei /∆e, where ∆ei is the value of the determinant obtained
after the i-th row of the determinant. It has been re-
placed. Among them, the longitudinal field component is
expressed as:

Eez (x, y) =
3∑︁
i=1

Lei Eezi =
{︀
Le

}︀T {︀Eez}︀ =
{︀
Eez

}︀T {︀Le}︀ (30)

is the column vectors; superscript of Trepresents vec-
tor transpose. The horizontal field component can be ex-
pressed as:

Eet =
3∑︁
i=1

NetiEeti =
{︀
Net

}︀T {︀Eet }︀ =
{︀
Eet

}︀T {︀Net }︀ (31)

Where, Ne1t = (Le1 || Le2 − Le2 || Le1)le1,Ne2t = (Le2 || Le3 − Le3 ||
Le2)le2.

On the basis of Figure 5, it keeps the air filling rate
constant. When the hole spacing, the change tendency of
waveguide dispersion curve in the wave band of interest,
just as shown in Figure 6. As can be seen from Figure 4,
not only the slope of the curve has changed, but also the
curve has shifted. When the ratio of a/Λ is constant and
the inter-hole spacing is increased, the curve (chromatic
dispersion zero point) moves toward the long wavelength
while the slope becomes smaller. When the ratio of a/Λ is
constant and the inter-hole spacing decreases, the curve
shifts toward the short wavelength move. The accuracy
of this method is much higher than that of conventional
fiber optic biosensors and photonic crystal fiber biosen-
sors [13, 14]. This is also themain reason for the application
of superstructure photonic crystal fibers based on biosen-
sor image models [15, 16].

Due to the periodic change the refractive index of fiber
core area, waveguide conditions changed, coupling phe-
nomenon also occurred in a certain wavelength range,
fiber Bragg grating is a narrow-bandfilter transmission (re-
flection).

According to the above rules, you can first adjust the
aperture so that the 1st and 2nd zero waveguide disper-
sion curve shifted to 1.55 µm wavelength window. Since
the material dispersion curve is approximately linear on

Figure 4: Fiber Bragg grating waveguide structure diagram

Figure 5: (a) Hybrid edge/ node elements with triangular shape (b)
The vector expansion function corresponding to any edge (e.g. edge
1) has tangential element only this edge

Figure 6: The effect of the pitch on waveguide dispersion while
keeping air filling coeflcient unchanged
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this window, if the ratio of is kept constant and then the
hole spacing is adjusted, the slope of the waveguide dis-
persion will increase or decrease. As a result, it is neces-
sary to find suitable structural parameters. The material
dispersion and thewaveguidedispersion slope are approx-
imately equal and the signs are opposite, so that the total
dispersion is approximately zero. The numerical simula-
tion structure is shown in Figure 7. In this case, the disper-
sion is ± 0.2 ps/km/nm in the 1550 ± 100 nm band with a
dispersion slope of −0.003 ps/km/nm2. The mode field Λ
= 3.24 µm, the nonlinear coefficient 𝛾 = 15.8 W−1 · km−1,
which is much larger than that of conventional SMF. The
zero-dispersion point is also located near the pump laser
wavelength (1.55 µm). These data ensure that the paramet-
ric amplifier has a high gain and a large bandwidth.

Figure 7: The near zero flatten dispersion characteristics of PCF near
1.55 µm

It can be seen that the relative error calculation values
of the highest point (peak), lowest point (peak) and time
course of the original signal and the reconstructed signal
are relatively small, and basically less than 10%, all less
than 15%. This shows that the reconstructed signal is very
close to the original signal, that is, themethod used in this
paper achieves better results by sampling and reconstruct-
ing the neural action potential signal with high signal-to-
noise ratio after filtering.

The fabrication process of chemical component fiber
Bragg grating generally includes the steps of hydrogen
loading, hydrogen diffusion and high temperature anneal-
ing. The degradation and regeneration of grating occur
at high temperature annealing stage. The refractive index
modulation reduced to 20%. The high temperature test
process of chemical component fiber grating is shown in
Figure 8. This kind of grating has excellent high temper-
ature stability, able to work under the high temperature
of environment. Similar to previous experimental stud-

ies [17–19], the amount of change in the measurement re-
sults of this study, the sensitivity of the refractive index.
Both the curve variation law and the feature distribution
have reached a high degree of agreement, thus ensuring
the accuracy and effectiveness of the research results. This
lays a theoretical foundation for the application of super-
structure photonic crystal fiber Bragg grating in biosensor
image [20].

Figure 8: Chemical composition of optical fiber grating under refrac-
tive index modulation normalized decline curve

3 Conclusions
This study finds that the application of fiber grating sensor
is a new subject and has a broad development prospect.
That can be beneficial for large structure engineering,
power engineering, geotechnical engineering, traffic engi-
neering, mining engineering, blasting engineering, petro-
chemical industry, aerospace, biomedical, ships, oil ex-
ploration, and military weapons and equipment, etc. In
this paper, the characteristics and basic principles of fiber
grating are briefly introduced, and the application status
of fiber grating sensing technology is analyzed. Then, ac-
cording to the feature that the neural action potential can
be sparse, the sparse matrix of neural signals can be con-
structed in the wavelet domain, and the signal can be de-
composed by the wavelet filter. Furthermore, according to
the principle of reflection characteristics of fiber grating,
thewave equation of insulatingmedium is calculated from
the coupled mode theory. Finally, under the condition of
invariable in keeping the air filling factor, a comprehen-
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sive analysis of the influence of pitch of waveguide dis-
persion, it is concluded that the hole spacing increases,
the curve is zero to the long wavelength direction, and the
slope has shrunk, and hole spacing and small curve move
in the direction of short wavelength. Contrast nerve ac-
tion potential signal reconstruction based on sparse ma-
trix values and original values, that the smaller values of
the relative error between them, that was very close to re-
construct signal and original signal, the method adopted
by the after filtering by a high signal-to-noise ratio of nerve
action potential signal sampling refactoring got good re-
sults. The study will help researchers identify key areas
that many have been unable to explore. Although the re-
search on fiber grating sensing technology in China is rel-
atively late, it can be predicted that with the deepening
of the research on fiber grating sensing technology, there
will be a new breakthrough in its application. Therefore, a
number of major projects will be launched in succession,
and fiber grating sensing technology will provide an effec-
tive way for long-term stable and real-time online security
monitoring of these projects.
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