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and professional threshold for research and applications of LPG.
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1. Introduction To date, the traditional coupled-mode theory is among the
most widely used techniques in studies on the characteristics

Long-period fiber grating (LPG) written periodically into the and applications of LPG. For novice researchers in the field of
core layer of a photosensitive optical fiber using ultraviolet light can LPG, learning this theory is essential to understand all LPG-
couple the power among copropagating modes. Coupling between related physical concepts. The traditional coupled-mode theory
the core mode HE{; and cladding modes has been employed exten- plays a crucial role in understanding LPG-related properties. Below
sively for band rejection filters, gain flatteners, and dispersion we use three brief points to demonstrate how the traditional
compensators [1-3]. For a given azimuthal number [, several hun- coupled-mode theory is employed for conducting LPG analysis and

dred cladding modes at near-infrared wavelength typically exist in design.
a traditional communication fiber. According to the fundamental
properties of modes, the higher the order of the cladding mode, the 1.1. The definition of fiber structures and the solution for guided
more the field can be extended. Obviously, a high-order cladding modes
mode is more sensitive to environmental variations compared to
a low-order mode. Therefore, various sensors based on high-order The geometric structure of a normal optical fiber comprises
cladding modes have been proposed in recent years [4-7]. Long-  three layers, that is, the core layer, the cladding layer, and the
period fiber grating (LPG) can also function as optical add-drop surrounding layer. The parameters of the layers are a; =2.5 wm,
multiplexer (OADM) components [8,9] and optical fiber surface a»=62.5wm, n; =1.458, n,=1.45, and n3=1, as shown in Fig. 1.
plasmon resonance sensors [10,11]. Notably, the ideal radius of the surrounding layer should be infinite.
After the geometric structure of the fiber’s X-Y plane is determined,
the Maxwell equations are applied with the boundary conditions to
derive the dispersion relation equations. Subsequently, by solving
* Tel.: +886 423924505: fax: +886 423926610, the dispersion relation equations, all guided modes in the struc-
E-mail address: yuejing@ncut.edu.tw ture can be obtained and each guided mode has a corresponding
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Fig. 1. The geometric structure and parameters of a typical optical fiber and LPG.

effective refractive index (n:ff) [12,13]. From a strictly mathematic
perspective, a mode is the resolution of a differential equation that
fulfills a certain boundary condition. Unless specifically noted, we
only analyze a single-mode communication fiber. In other words,
we acquired one core mode (ngj‘,’fre; ny < ngj‘,’fre < ny) and approxi-
cladding

mately infinite cladding modes (neff

. cladding
N3 <My < ny).

1.2. The definition of the fiber grating mathematical model and
an explanation of the coupled-mode equation

Regarding the production of LPG, we first select single-mode
optical fibers that use photosensitive materials in the core layer.
Then, we use ultraviolet light to irradiate amplitude masks that
possess certain periods to allow their power to form constructive
and destructive interferences on the single-mode optical fibers,
thereby altering the refractive index of the core layer. The mathe-
matical model of uniform fiber grating is as follows:

ni(z) =nqy +én {1+cos (27712)} . (1)

Here, én is the peak-induced index change, and A is the period
of the long-period fiber grating. From a mathematical perspective,
before the emergence of fiber grating, the modes existing in fiber
waveguides were orthogonal. That is, during the entire transmis-
sion process, the power between modes could not be interchanged
or coupled. However, when LPGs were programmed into the core
layer, power interference effects between the modes occurred.
Appropriate design of the LPG period A can disrupt the orthogo-
nality of the original model to thereby achieve the power coupling
phenomenon. In a én « n; condition, the mode coupling mathe-
matical model can be represented as follows [10]:
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where A, and A, represent the amplitude of any guiding mode
in the fiber, B, and B, represent the propagation constants of any
guiding mode in the fiber, K,,_, is the coupling coefficients between
mode vand mode i, A¢ represents the dielectric constant variation
created by the LPG in the core layer, and w represents the angular
frequency.

1.3. The definition of the bar and cross transmission power of the
spectrum

To analyze the properties of the LPG spectrum, we defined the
mathematical formula of the bar transmission power and cross
transmission power as follows:

2
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2
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Briefly, the bar transmission power is the power ratio of inci-
dent mode HE;; after transmission to distance (z) to its power at
incidence (z=0). By contrast, if the power of incident mode HE{;
is coupled to another mode following its transmission to distance
(z), the power ratio of the new mode to the power of incident
mode HE; at incidence (z=0) is cross transmission power. An LPG
power spectrum can be obtained by drawing a diagram of the rela-
tionship between these two parameters and the wavelength. We
simplified the coupled-mode theoretical method in the previous
section, and used the minimal mathematical formulae to provide
the most complete and understandable physical concept introduc-
tion. Evidently, the traditional coupled-mode theory is not only
a significant mathematical burden for novice learners of LPG, but
its daunting difficulty is also dreaded by application-level design-
ers. Obviously, for novice learners and application-level designers
of LPG, the completion of the LPG design and analysis would
invariably involve considering numerous mathematical equations,
indirectly increasing the requirements and prerequisite domain
knowledge for entering this field. This study employed a numer-
ical technique that combines the finite element method (FEM) and
eigenmode expansion method (EEM) in the LPG design and sim-
ulation. This study shows that by using this numerical technique,
the design and analysis of LPG can be effortlessly accomplished
without using any mathematical equations by novice learners
and application-level designers. In addition, the extensive use of
graphics may help novice learners and application-level design-
ers visually understand the transmission of optical signals in LPG,
which is otherwise unachievable through the traditional coupled-
mode theory. This constitutes the contribution and novelty of the
present study. To the best knowledge of the author, the signifi-
cant and original findings reported in this study are not published
elsewhere.

The traditional coupled-mode theory is based on the perturba-
tion theory, which allows the input mode to interact with other
guided modes during transmission to achieve a power exchange.
As a well-established theory, the traditional coupled-mode theory
has been extensively applied in various domains. The conversion
of energy between modes is the core concept of the traditional
coupled-mode theory. However, such a core value cannot be graph-
ically manifested. Many of the 40-50 papers that the author has
read thus far have adopted the traditional coupled-mode theory to
conduct various component designs. However, none of these stud-
ies have demonstrated the phenomenon of power transmission in
the component after completing component designs. By contrast,
the present study represents the process of power conversion in
graphical form, thus offering originality and contributions to this
literature.

A crucial blind spot exists in the literature pertaining to the
traditional coupled-mode theory. Specifically, the “AC” coupling
coefficient is a key parameter for the entire traditional coupled-
mode theory; in addition, it is a key element for power coupling,
without which no power coupling could be generated between
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different modes. Among numerous published works in which the
traditional coupled-mode theory is applied, few have literally pro-
vided the calculation result of the “AC” coupling coefficient. The
failure to provide a calculation result causes their research to
be proven entirely erroneous. Conversely, this further highlights
the value and significance of the present study. Using the pro-
posed numerical method, novice learners and application-level
designers may directly observe the transmission of optical sig-
nals in the LPG from the calculation results, which helps explain
the generation of coupling effects through LPG. In summary, the
core contribution of this study is in its simplicity and graphi-
cal representation. Furthermore, the method introduced in the
present study may be widely applied to component designs that
have a periodical structure, as opposed to the traditional coupled-
mode theory that can only be applied to structures within a
narrow and specific scope. In summary, compared to the LPG
design methods proposed in other studies, the proposed approach
provides a unique contribution in its simplicity and graphical
representation.

The remaining content of this study is organized as follows:
Section 2 contains a brief introduction to the finite element
method (FEM). Regarding this numerical method, the decompo-
sition resolution of the triangular element inevitably influences
the correctness of the acquired mode. From a mathematical per-
spective, if all acquired modes are correct, the orthogonal values
between the modes should be zero. Therefore, this study used a
reverse-thinking method by initially determining an acceptable
orthogonal value (10~4), and then adjusting the decomposition res-
olution for simulation. In addition, tests may be performed at any
time to confirm that the orthogonal value of the obtained modes is
smaller than 10~4.

Section 3 provides an introduction to theories related to the
eigenmode expansion method. This section contains a detailed
explanation of how the eigenmode expansion method facilitates
the transmission of the guided mode in the LPG structure. In
this section, we also discuss the main reason this method is sub-
stantially superior to the finite-difference time-domain (FDTD)
method and beam propagation method. However, the numerical
method proposed in this study also exhibited accuracy prob-
lems. The primary principle of optical wave transmission in
the eigenmode expansion method centers on the Fourier series
expansion. Even in a nonabsorbent medium, if an insufficient
number of guided modes are used during the transmission pro-
cess, the total power decreases as the transmission distance
increases. Therefore, this study adopted a reverse-thinking method
and experimented with using various numbers of guided modes
for transmission to observe the dissipation of power during
this process. Subsequently, the appropriate number of guided
modes used in this study could be determined. In the actual
design process, we verified the results by monitoring a rela-
tionship diagram of the power dissipation and transmission
distance.

In Section 4, the content in Sections 2 and 3 are combined,
and all LPG analyses and designs are conducted following a
precise, simple, and complete design process. Additionally, we
employ numerous graphics to present the simulation results,
and use visualized and simplified methods to facilitate the
formulated and abstracted learning process of coupled-mode
theory.

In the final section, we summarize the numerical simula-
tion method proposed in this study, and use the data obtained
in Section 4 to verify that the proposed method can provide a
visualized and simple simulation technique that can be applied
to large periodic components, thereby reducing the required
learning time and professional threshold for LPG research and
application.

2. The finite element method

The finite element method is a numerical simulation method
that has been widely used in various fields of engineering. Because
the principles of the algorithm used in this method have been thor-
oughly explained in numerous studies [14], in this section, we only
briefly introduce the main concepts of this method. Instead, we
focused on how the FEM can be used to solve all existing guided
modes in a fiber structure.

The finite element method is a numerical method used to
solve partial differential equations (PDE) that satisfy boundary
conditions. This method is based on the variational principle,
domain decomposition, and interpolation function. The finite ele-
ment method uses the variation principle (the variation algorithm)
to transform the original problem (PDE with boundary condi-
tions) into functional extreme value problems different from the
original problem but with equivalent values. In other words, the
same physical problem has two mathematical descriptions. That
is, “boundary conditions + PDE = the functional for determining the
minimum value.” After determining the functional extreme value
problem equivalent to the original problem, we applied the inter-
polation function and decomposed the domain we hoped to solve
to convert the problem in which the functional solved for the min-
imum value into a set of multiple linear algebraic equations. We
obtained the solution to the original problem by solving these lin-
ear algebraic equations. The algorithm of the finite element method
comprises the following five steps:

A. Use the equivalent functional for solving the minimum value
problem to replace the PDE with boundary conditions.

B. Divide the target solution domain into several sufficiently small
segments that are often called elements, such as triangular
elements and quadrilateral elements; the objects connecting ele-
ments are called nodes, and the unknown variables of the nodes
are the target solutions.

C. The actual unknown function in each element is approximated
by an appropriate interpolation function. The simplest interpo-
lation function is the linear interpolation function. Thus, the
polynomial function formed by nodes can be employed for
approximation of the true function to be solved in each element.
The coefficient of this polynomial is called a shape function

D. Integrate this polynomial into the functional to calculate the
minimum value and obtain a set of simultaneous equations

E. Integrate the boundary conditions into the simultaneous equa-
tions, and use the Gaussian elimination method to solve the
equations; subsequently obtain the solutions to all nodes in
the target solution domain. After the solutions to the nodes are
obtained, the true functions to be solved in each element can be
approximated using the polynomial functions comprising nodes.
Therefore, we can obtain all the unknown variables in the entire
target solution geometric domain.

In this study, the triangular element method was employed to
decompose the geometric area of the fiber X-Y plane, as shown
in Fig. 2. The greater the decomposition resolution, the more
accurate the calculation results become; however, the calculation
amount significantly increases. Therefore, how to appropriately
discretize the resolution area will inevitably become one of the core
techniques of the FEM. As mentioned in the previous section, theo-
retically, all modes must be orthogonal regarding the relationship
between the acquired modes and the decomposition resolution.
The orthogonal values are expressed in the following equation:

/ E[VXH“L‘fdAZ/ waHtv'fdA:O fOrU#,LL (6)
Aoco Aoco
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Fig. 2. A schematic diagram of using FEM to perform triangular element decompo-
sition on the X-Y plane of an optical fiber.

However, regarding numerical simulations, problems such as an
extremely large memory capacity and long mode solution time are
inevitable. To accommodate the server’s computational capacity,
we reviewed the orthogonal values of the obtained modes to adjust
the resolution of triangular decomposition appropriately. Unless
otherwise indicated, all the decomposition resolutions in this study
have orthogonal values that are smaller than 104,

Following the completion of the decomposition process, all
guided modes existing in the structure were resolved. The oper-
ating wavelength was A = 1550 nm. Because a single-mode optical
fiber was used, we obtained only one core mode, that is, HE{q,

with an effective refractive index of ng}’fr‘—’ (ny < ng}’fre < ny), and

a nearly infinite number of cladding modes, with an effective
refractive index of ni’addmg( < ng}]‘lddi"g < ny). Notably, fiber grat-
ing was uniformly distributed on the X-Y plane, indicating that
when the core mode (HE;;) enters the LPG area, the couple-
mode phenomenon only occurs between HE{; and the cladding
modes of azimuthal order [ = 1. Therefore, in this study, we
focused on resolving and examining | = 1 cladding modes. The
core mode (HE;1) was acquired after employing the FEM, and its
two-dimensional (2D) and three-dimensional (3D) power distribu-
tions are shown in Figs. 3 and 4, with an effective refractive index
of ng}’fm = 1.451975. Furthermore, the 2D and 3D power distribu-
tions of the cladding mode (v=1) are shown in Figs. 5 and 6, with
an effective refractive index of n(‘;;] = 1.449947, and the 2D and
3D power distributions of the cladding mode (v=3) are shown in
Figs. 7 and 8, with an effective refractive index of n::3 = 1.449769.
Finally, the 2D and 3D power distributions of the cladding mode
(v=7) are shown in Figs. 9 and 10, with an effective refractive index
of n:j?s = 1.449055, and the 2D and 3D power distributions of the
cladding mode (v=11) are shown in Figs. 11 and 12, with an effec-
tive refractive index of n;’EZl = 1.447881. We initially resolved 30
guided modes comprising one core mode (HEq;) and 29 cladding
modes (v=1-29; 1=1). We used the same naming convention
commonly employed in fiber optics to name all of the guided
modes obtained, excluding the core mode. We then numbered the
19 cladding modes based on their effective refractive index value,
where the greater the negvalue was, the smaller the v value became.
Therefore, based on the effective refractive index values, from high-
est to lowest, the 19 cladding modes were represented as v=1 — 29.
According to the descriptions mentioned previously, a higher order
of the cladding mode indicates that its effective refractive index
value approaches ns, that is, the higher the order of the cladding

Y axis (um)
=

g

0 [ ‘ ‘
0 50 100 150
X axis (pm)

Fig. 3. The 2D power distribution of the core mode (HE; ), with an effective refrac-
tive index of ngj‘Zf” =1.451975.

mode, the larger the energy distribution range in the cladding layer.
In other words, the higher order of the cladding mode suggests that
its sensitivity to changes in the surrounding refractive index (n3) is
greater. Additionally, the calculation and test results of the ortho-
gonal values between these 30 modes are shown in Fig. 13. The
results indicate that besides each mode having a self-orthogonal
value of 1, the orthogonal values between two different modes
could satisfy the requirement of being less than 104.

3. The eigenmode expansion method

The primary objective of this method was to induce the guided
mode to transmit power in the fiber structure. First, this method
captured one segment object from the LPG periodic object and
the length of the segment object is one period of the LPG periodic
object, as shown in Fig. 14. The diagram clearly indicates that the
LPG periodic object is composed of N segment objects. The length
of each segment object represents one LPG period. Further cutting
of each segment object produces mini objects called block objects

o
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X ,10p L o
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Fig. 4. The 3D power distribution of the core mode (HE1; ), with an effective refrac-
tive index of nL‘j}’]Ie = 1.451975.
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Fig. 5. The 2D power distribution of the cladding mode (v=1), with an effective
refractive index of n;’F =1.449947.
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Fig. 11. The 2D power distribution of the cladding mode (v=11), with an effective
refractive index of n;’;“ =1.447881.
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Fig. 12. The 3D power distribution of the cladding mode (v=11), with an effective
refractive index of n:;“ =1.447881.
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Fig. 13. Diagram of the relationships between the orthogonal values of the 30
modes.

ni(z) LPG periodic object:

Bk,

Avrc Avrg
j——— Segment(N) Segment(N) ———
Jit

Bee | H| | o)

Ny -
S| z
dA N [ LKL ] \eeeee
i Bkic.1

Fig.14. Each cutblockobjectin asegment objectis considered a uniform waveguide
with a fixed refractive index.

(Bk) with a length of d A. Each block object is considered a uniform
LPG waveguide possessing a fixed refractive index value in the core
layer. The contact surface between block object k— 1 (Bkj — 1) and
block object k (Bk;) is called junction k—1 (J — 1), which is pre-
sented in Segment (1) of Figs. 14 and 15. The diagram clearly shows
that by employing the same cutting mechanism, the block objects
obtained from cutting segment object (m) and segment object
(n) are identical completely. In other words, under the same cut-
ting procedure, completing the cutting computation for a segment
object equates to completing the cutting computation for an entire
LPG periodic object. In this study, we cut a segment object into 300
uniform block objects. The eigenmode expansion method targeted
one segment object from the LPG periodic object and the segment
was cutted into 300 uniform block objects (N =300). In each block
object, the guided modes that may exist were recalculated. Next,
power conversions between block objects were performed using
the Fourier series expansion method. The steps in this procedure
can also be performed to complete the power transfers of the entire
LPG [15-17].

This brief explanation provides an understanding of periodic
components. The guided modes that can exist in each period of
a periodic component are identical; therefore, when the finite ele-
ment method is used to solve guided modes, it suffices to calculate
only one period, as shown in Fig. 14. Thus, the calculation time
and memory capacity consumed during component simulation is
greatly reduced. Therefore, combining FEM and EEM is particu-
larly suitable when designing components with periodic structures,
such as the fiber-grating optical add-drop multiplexer, the long-
period fiber-grating surface-plasmon-resonance sensor, the D-type
long-period fiber-grating surface-plasmon-resonance sensor, and
the crystal p-type long-period fiber-grating surface-plasmon-
resonance sensor. Regarding the current calculation mechanism
of the FDTD method, a 2-3-cm LPG under a A =1550 nm operat-
ing wavelength is massive; therefore, simulation and calculation
are impossible. Even when using supercomputers to calculate a
2-3-cm LPG, the amount of time and memory required for the
calculations is unimaginable. Additionally, the computation mech-
anism of the beam propagation method has an excessive number
of restrictions and errors when used in multiple-reflection three-
dimensional optical fiber structures. The preceding explanation
clearly shows that the single period calculation is the main reason

| Avrc | | Acrc J
Segment(1) ! ! Segment(N)
Bk Bkt Core Layer
| | | | X | |
-
[
S I |
M Jk-1 ‘ Bkk
! LPG periodic object |

Fig. 15. Cutting schematic for the LPG periodic object.
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Fig. 16. Fourier series expansion for the forward and backward propagation modes.

that the combination of FEM and EEM are significantly superior to
FDTD and BPM.

Below we explain how the eigenmode expansion method is
applied to LPG power propagation. Previous explanations have
indicated that the LPG within a period is decomposed into sev-
eral uniform waveguides. We hypothesized that the solution of the
Maxwell equations in each uniform waveguide is equivalent to Eq.
(7), where the mode content @, and propagation constant 8, are
eigenfunctions and eigenvalues obtained from the FEM.

E(x,y,2) = Pn(x,y) ePn? (7)

By combining Eq. (7) with the Fourier series expansion concept,
and adding the entire forward propagation mode Bkgf), as shown

in Eq. (8), and the back propagation mode Bk;(_), as shownin Eq. (9),
obtained using the finite element method, where m = 30 was the
guided mode amount, and Cﬁ and C were the coefficients for each
forward and backward mode field, as shown in Fig. 16, the electric
and magnetic fields within the uniform block object Bk, _ 1 can be
obtained, as shown in Egs. (10) and (11).

m
B = " Ch@a(x, y)elfre (8)
n=1
m
Bl =) " Chdn(x, y)e F® (9)
n=1
m
E(x.y,2) = Y (Che™® + Che o)En(x, y) (10)
n=1
m
H(x,y,2) =) (Che® — Che=#r2)Hy(x, y) (11)
n=1

After the propagated electromagnetic fields for a uniform block
object Bk _ 1 are obtained, power must be precisely transferred
from Block object Bk, — 1 to Block object Bkj. Here, we used the
scattering matrix to transform the forward and backward power
propagation of two adjacent block objects, as shown in Eq. (12). In
Fig. 17, Bk\",, kaf) and Bki:)l, BK. ") were the total of the forward
and backward propagation modes for the uniform block object
Bk _ 1 and the uniform block object Bk, and J,,_; was the scattering
matrix of the adjacent block object junctions.

Bk Bk
k-1 k-1
[ o ] =Ji1 [ O (12)
Bk, Bk,
To convert power between adjacent block objects, we employed

the Fourier series expansion to obtain the unknown junction scat-
tering matrix J,_;. Finally, the coupling effects of LPG could be

Bk 1 Bk

Bky4(*) Bk

Bki-1) Bk

Ji1]

Fig. 17. The relationship between the field strength of the two adjacent uniform
block objects Bk, _ 1 and Bky.

accurately conducted and completed by following the steps of
this method. After considering detailed descriptions of the EEM,
we can clearly determine that for periodic objects, only one seg-
ment object (that is, one period) is required during the cutting and
mode-solving procedures. Then, by calculating each junction scat-
tering matrix J,_q, we can complete the simulation of the period
object’s modal transfer phenomenon. In summary, the ability to
cut one single segment object and solve modes is the primary rea-
son the EEM is superior to FDTD on calculation time and amount
of memory used. In the traditional coupled-mode theory, the solu-
tion calculation of the guided modes occurred only at the beginning
of the X-Y cross-section, and throughout the entire process of the
optical signal passing through the LPG, the guided modes were
never re-calculated. Therefore, the traditional coupled-mode the-
ory emphasizes that the peak-induced index change (én) of the LPG
should not exceed 3 x 103 to avoid significant errors occurring in
the traditional coupled-mode theory. Compared to the traditional
coupled-mode theory, EEM employed in this study can detailed
cut one segment into 300 uniform block objects and re-solve for
the guided modes of each uniform block object. In other words,
this method is not disadvantaged by requiring that the induced
refractive index charge is not excessive. In addition, unless other-
wise specified, all the induced refractive index changes in this study
used 8n = 3.6 x 10> as the guideline.

The detailed introduction to EEM indicates that the number of
guided modes (m)in Egs. (8)—(11) significantly influences the accu-
racy of this method. From a mathematical perspective, the Fourier
series expansion mustinclude all waveguide modes that existin the
structure; however, this is impossible from a numerical simulation
perspective because of the excessive time and memory required to
conduct the calculation. When the number of guided modes used is
insufficient, power dissipation is inevitable when the modes pass
the scattering matrices of the junctions of neighboring domains.
Thus, we employed a reverse-thinking method in this study, and
identified the minimum m value based on the condition that power
dissipation should not exceed 10~4. Fig. 18 shows the relationship
between the transmission distance and power dissipation of the
30 guided modes used in EEM (m=30). The results clearly indi-
cate that 30 guided modes are sufficient for the LPG examined
in this study. Therefore, unless otherwise specified, the criterion
for all guided mode numbers was 30. Additionally, in the EEM
algorithm method, the number of uniform block objects derived
by slicing each segment influences the accuracy of the simulation
results. Regarding the legitimacy of the algorithm method over-
all, an inspection standard was developed, that is, a specification
indicating that the power loss must be less than 10~4. If the power
loss was not less than 10~4, an appropriate amount for the number
of modes solved and the number of block objects of each seg-
ment could be added to reduce the power loss. In addition, because
the algorithm mechanism for the traditional coupled-mode theory
differs from that of the proposed method in this study, a compar-
ison of these two methods cannot be presented using common



326 Y.-J. He / Sensors and Actuators B 183 (2013) 319-331

Table 1
Comparison of the functions for CMT versus FEM and EEM.

Function algorithm  Use of mathematical Presentation of mode

Acceptance level of novice

Presentation of spectral Extensiveness of

equations excitation and power learners and diagrams application
transmission diagrams application-level designers
CMT Widely varied and difficult  Excitation and Extremely low Yes Limited
transmission diagrams
absent in the extant
literature
FEM and EEM Does not require any Excitation and Extremely high Yes Extensive

mathematical equations transmission diagrams can
be easily presented using

calculation results
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Fig. 18. The relationships between the transmission distance and power dissipation
when employing 30 waveguides in the eigenmode expansion method.

parameters, figures, or graphs (aside from spectral diagrams). In
other words, comparison of the two methods based on their spec-
tral diagrams did not show significant differences. Thus, following
the discussion on the two methods, a functional perspective was
adopted to present the differences between these methods, as
shown in Table 1.

4. LPG design and analysis

In this section, we introduce a precise, simple, and
complete design process based on the numerical simula-
tion methods examined in Sections 2 and 3, as shown in
Fig. 19. All LPG analyses and designs were completed follow-
ing this process. The geometric structure of the optical fiber
used for the simulations in this section is shown in Fig. 20.
L1 =100 p.m and L3 =100 p.m represent typical single-mode fibers,
and L,=Nx A (pnm) represents a single-mode fiber with LPG.
Combining FEM and EEM, we can rapidly scan the relationship of
the transmission power and LPG period for the guided mode, as
shown in Fig. 21. In other words, this diagram provides information
regarding the period of LPG required for coupling the core mode
to a specific co-directional propagation cladding mode.

Fig. 22 is a diagram of the relationship between the LPG
period and the transmission power for the total coupling from
the core mode to a co-propagating cladding mode (v="7). Fig. 23
shows the relationship between the number of the LPG period
and the transmission power for the total coupling from the core
mode to a co-directional propagation cladding mode (v=7). By

simultaneously considering Figs. 22 and 23, we found that the
core mode (HEq;) was completely coupled to the co-directional
propagation cladding mode (v=7) under period A =496.0408 um
and a period number of N=56. Based on these two parameters,
we inputted the core mode (HE{) from the left side of Fig. 20, and
observed the power transmission of HE;; on the X-Z plane (Y=0).
The results are shown in Fig. 24. Under LPG interferences, the power
of the core mode had completely coupled to the co-directional
propagation cladding mode (v =7) during the transmission process.
To further verify the correctness of the mode coupling, we inter-
cepted 2D and 3D power distribution diagrams from the output
end (the right side) of Fig. 24, as shown in Figs. 25 and 26. Compar-
isons between Figs. 9 and 25 and between Figs. 10 and 26, showed
that the figures had identical shapes, further verifying the accuracy
of the method proposed in this study. In addition, to satisfy the
criterion in Step 2 of the design process, the orthogonal values for
this example were calculated and verified, as shown in Fig. 27. We
observed that besides each mode having a self-orthogonal value of
1, the orthogonal values between two different modes could satisfy
the requirement of being less than 10~%. The transmission distance
and power dissipation situations for this example also required
calculation, as shown in Fig. 28. The dissipation satisfied the less
than 10~ criterion in Step 3 of the design process. In the tradi-
tional coupled-mode theory [12,13], numerous approximations
and assumptions are used during equation derivation to obtain
exact solutions. These approximations and assumptions include
dn « ny, neglecting the longitudinal coupling coefficient K7_,,, and
the assumption that power coupling occurs only between two
modes at any given time. Consequently, Eq. (2) was simplified into
two-mode coupled-mode equations. Thus, Refs. [12,13] both indi-
cated that the design wavelength Ap and maximum wavelength
Amax exhibit inconsistency. By contrast, for the design process pro-
posed by this study (Fig. 19), in Step 1, the operating wavelength
is set as Ap = 1550 nm, and all subsequent design steps are per-
formed using this wavelength. The necessary LPG periods and the
number of the LPG period were obtained in Step 4. The LPG param-
eters required to couple the core mode (HEq) to the co-directional
propagation cladding mode (v=7) were A=496.0408 pom and
N=56. Based on these parameters, we calculated the spectrum
of the core mode, as shown in Fig. 29. From this diagram, we
observed that the maximum transmission wavelength Amax
precisely matched the design of this study, thatis, A\p = 1550 nm.

In addition, we compared a spectrum diagram for the total cou-
pling from the core mode to a co-directional propagation cladding
mode (v=7), as shown in Fig. 29, and a diagram (Fig. 30) of the
relationship between the LPG period and the transmission power
for the total coupling from the core mode to a co-directional prop-
agation cladding mode (v=7). We found that these two diagrams
possessed a certain inverse relationship in the coupling period
and wavelength. In other words, before spending a substantial
amount of time on LPG spectrum calculations, we can glimpse at



Step 1

Step 2

Step 3

Step 4

Y.-J. He / Sensors and Actuators B 183 (2013) 319-331

Fiber and LPG-related parameter settings: (1) Core
layer radius, (2) core layer refractive index, (3)
cladding layer radius, (4) cladding layer refractive
index, (5) the refractive index of the surround layer, (6)
operating wavelength, and (7) the peak induced-index

change.

Use the FEM to solve the waveguide mode: (1) Use
triangular elements to decompose the geometric
structure of the fiber X-Y plane and (2) adopt an
orthogonal value less than 104 as a basis to adjust
the minimum resolution for triangular decomposition.

¥

Using the eigenmode expansion method to calculate
the power transfer phenomenon of guided modes: (1)
In the direction of optical signal propagation (Z-axis),
extracting a period from a periodic component and
performing domain decomposition; (2) treating each
domain as a uniform waveguide and using the finite
element method to recalculate the number of guided
modes that can exist in this domain; (3) using a
Fourier transform to transmit power from one domain
to the succeeding domain; and (4) based on the
condition that power dissipation should not exceed 10
4, adjusting the number of modes that participate in a
Fourier transform (m = 30).

4

Begin LPG design and analysis: (1) Diagram of the
relationship between the transmission power and LPG
period for the guided modes, (2) Diagram of the
relationship between the LPG period and the
transmission power for the total coupling from the core
mode to a co-directional propagation cladding mode
(v = 7), (3) Diagram of the relationship between the
number of the LPG period and the transmission power
for the total coupling from the core mode to a co-
directional propagation cladding mode (v = 7), (4)
Diagram of the power transmission in the X-Z plane
for the total coupling from the core mode to a co-
directional propagation cladding mode (v = 7), (5) The
2D power distribution of the cladding mode (v = 7), (6)
The 3D power distribution of the cladding mode (v =
7), (7) Diagram of the relationships between the
orthogonal values of the 30 modes, (8) Diagram of the
relationship between the transmission distance and
power depletion for the total coupling from the core
mode to a co-directional propagation cladding mode
(v =7), (9) A spectrum diagram for the total coupling
from the core mode to a co-directional propagation
cladding mode (v = 7), (10) Diagram of the
relationship between the LPG period and the
transmission power for the total coupling form the core
mode to a co-directional propagation cladding mode
(v =7), (11) Diagram of the relationship between the
LPG period and the transmission power for the total
coupling from the core mode to a co-directional
propagation cladding mode (v = 11), (12) Diagram of
the relationship between the number of the LPG
period and the transmission power for the total
coupling from the core mode to a co-directional
propagation cladding mode (v = 11), (13) Diagram of
the power transmission in the X-Z plane for the total
coupling from the core mode to a co-directional
propagation cladding mode (v = 11), (14) The 2D
power distribution of the cladding mode (v = 11), (15)
The 3D power distribution of the cladding mode (v =
11), (16) Diagram of the relationships between the
orthogonal values of the 30 modes, (17) Diagram of
the relationship between the transmission distance
and power depletion for the total coupling from the
core mode to a co-directional propagation cladding
mode (v = 11), (18) A spectrum diagram for the total
coupling from the core mode to a co-directional
propagation cladding mode (v = 11), and (19)
Diagram of the relationship between the LPG period
and the transmission power for the total coupling form
the core mode to a co-directional propagation
cladding mode (v = 11).

Fig. 19. LPG design and analysis process.
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Fig. 20. The X-Z planar struc

ture of the optical fiber used for numerical simulations.
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the possible final spectrum in Fig. 30. This phenomenon can be

explained using the fol

lowing approximate, namely Eq. (13):

b = Amax = (nre — ngdie ) A, (13)
In the spectrum, the LPG period (A)of Eq.(13)is a fixed constant.

Therefore, the location:
in the spectrum are i
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Fig. 24. Diagram of the power transmission in the X-Z plane for the total coupling
from the core mode to a co-directional propagation cladding mode (v=7).

smaller the effective refractive index. In other words, the coupled-
mode (Ap = Amax) locations range in the LPG spectrum from left
to right as the mode order ascends. The LPG operating wavelength
(Ap = Amax) in the period scan is a fixed constant. However, the
locations (A) of various cladding modes (v) in the period scan
are proportional (because of the minus sign in the equation) to
the effective refractive index (n;lc}lddmg_”) of each cladding mode.
In other words, the coupled-mode (Ap = Amax) locations range in
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Fig. 25. The 2D power distribution of the cladding mode (v=7).
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dissipation for the total coupling from the core mode to a co-directional propagation
cladding mode (v=7).
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Fig. 29. A spectrum diagram for the total coupling from the core mode to a co-
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the period scan from right to left as the mode order ascends. This
clearly explains why the locations of all coupled-modes in the LPG
spectrum and period scan exhibit an inversed phenomenon. In
a separate example, we developed designs for the coupling phe-
nomenon of the core mode (HE;{) and co-directional propagation
cladding mode (v=11), and adopted identical analysis techniques;
the results are shown in Fig. 31.

Specifically, Fig. 31 shows a diagram of the relationship between
the LPG period and the transmission power for the total coupling
from the core mode to a co-directional propagation cladding mode
(v=11).Fig.32 is adiagram of the relationship between the number
of the LPG period and the transmission power for the total coupling
from the core mode to a co-directional propagation cladding mode
(r=11). The combination of Figs. 31 and 32 indicates that the core
mode (HE{1) was completely coupled to the co-directional propa-
gation cladding mode (v=11) when the period A=360.9107 pum
and the number of periods was N=63. Similarly, we referenced
the two parameters previously mentioned, and inputted the core
mode (HE1q) into the left side of Fig. 20 to observe the power trans-
mission of HE{; on the X-Z plane (Y=0); the results are shown
in Fig. 33. The power of the core mode was completely coupled
to the co-directional propagation cladding mode (v=11) during
the transmission process. In addition, to verify the correctness
of the coupled-mode, we intercepted 2D and 3D power distribu-
tion diagrams from the output end (the right side) of Fig. 33, as
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Fig. 30. Diagram of the relationship between the LPG period and the transmission
power for the total coupling from the core mode to a co-directional propagation
cladding mode (v=7).
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shown in Figs. 34 and 35. The identicalness found when comparing
Figs. 11 and 34 and Figs. 12 and 35 verify the correctness of the
methods proposed in this study. In addition, to satisfy the design
process criterion in Step 2, the orthogonal values of this example
were calculated and verified, as shown in Fig. 36. We observed

Fig. 33. Diagram of the power transmission in the X-Z plane for the total coupling
from the core mode to a co-directional propagation cladding mode (v=11).
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Fig. 37. Diagram of the relationship between the transmission distance and power
dissipation for the total coupling from the core mode to a co-directional propagation
cladding mode (v=11).

that besides each mode having a self-orthogonal value of 1, the
orthogonal values between two different modes could satisfy the
requirement of being less than 10~4. The transmission distance and
power dissipation situations of this example also required testing.
As shown in Fig. 37, the dissipation satisfied the less than 10~
design process criterion of Step 3.

The LPG parameters required to couple the core mode (HEqq)
to the co-directional propagation cladding mode (v=11) were
A=360.9107 wm and N=63. Based on these parameters, we cal-
culated the spectrum of the core mode, as shown in Fig. 38.
Significantly, the maximum transmission wavelength Anax also
matched our original designed wavelength of Ap =1550 nm.
Furthermore, by comparing the spectrum diagram for the total cou-
pling from the core mode to a co-directional propagation cladding
mode (v=11; Fig. 38) and the diagram of the relationship between
the LPG period and the transmission power for the total coupling
from the core mode to a co-directional propagation cladding mode
(v=11; Fig. 39), we found that these two diagrams possessed a cer-
tain inverse relationship in the coupling period and wavelength. In
other words, these results verify that before spending a substan-
tial amount of time on LPG spectrum calculations, we can see the
possible final spectrum in Fig. 39.
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Fig. 38. A spectrum diagram for the total coupling from the core mode to a co-
directional propagation cladding mode (v=11).
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5. Conclusion

This study combined the FEM and the eigenmode expansion
method with a precise, simple, and complete design process, and
proposed a visualized, graphical, and simplified numerical simula-
tion method to complete all LPG designs and analyses. Regarding
2-3cm LPGs, no current numerical simulation methods can be
employed for 3D analyses and design. In Section 3, we explained
why the eigenmode expansion method can complete a significant
amount of LPG analyses and designs using less memory and time.
Section 3 demonstrated the distinctiveness and uniqueness of this
study by presenting the interception, re-calculation, and solving
for a single period component. In Section 4, we described the core
techniques proposed in this study. Based on the numerous pre-
cise graphical results obtained in the design process, our objective
was to assist LPG novices or application designers in employing
graphical methods to facilitate their learning of the traditional
coupled-mode theory upon entering the LPG field, and to reduce
direct contact with formulized and abstract mathematical models.
Significantly, compared to traditional coupled-mode theories, the
maximum transmission wavelength Apnax of the LPG product com-
pleted using the design process described in Section 4 satisfies the
design criterion Ap. Additionally, a comparison of the scan of the
FBG period and the spectrum of the final design indicated a cer-
tain inverse relationship between these two in the coupling period
and wavelength. Therefore, before spending a substantial amount
of time on FBG spectrum calculations, a possible final spectrum
can be observed from a scan of the FBG period. In addition, power
dissipation conditions and the mode orthogonal value were calcu-
lated and verified in both examples to ensure the compliance of the
design procedure criterion. The primary objective of this study was
to develop a numerical technique is precise, simple, and graphical

as a supplement for traditional couple-mode theory, and further
reduce the difficulty and fear of learning LPG.
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