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Designing LPG-OADM Based on a Finite Element
Method and an Eigenmode Expansion Method

Yue Jing He and Xuan Yang Chen

Abstract—This study proposes a visual, graphical, and simplistic
numerical simulation method for a long period fiber gratings op-
tical add-drop multiplexer (LPG-OADM), as opposed to the well-
known traditional mode-coupled theory. This method combines the
finite element method and the eigenmode expansion method, where
the finite element method is used to solve all existing guided modes.
The eigenmode expansion method was used to calculate the energy
transfer phenomenon of the guided modes in the LPG-OADM.
This study provides a detailed explanation of the key reasons why
the periodic structure of the LPG-OADM can achieve significantly
superior results for our method compared to those obtained using
other numerical methods, such as the finite-difference time-domain
and beam propagation methods. All existing numerical simula-
tion methods focus on large-sized periodic components; only the
method established in this study has 3-D design and analysis ca-
pabilities. This study used actual examples to verify that, under
the operating wavelength of A = 1550 nm, the LPG-OADM de-
signed using this method would have the full-width half-maximum
of 0.2846 nm, and an insertion loss and homo-dyne crosstalk of
nearly 0. That is, the LPG-OADM designed using this method can
reach the ITU specification for the dense wavelength-division mul-
tiplexer bandwidth. The primary objective of this study is to use
the combination of these two numerical simulation methods in con-
junction with a rigorous, simple, and comprehensive design flow
to provide a graphical and simplistic simulation technique that re-
duces the learning time and professional threshold requirements
for the design and application of LPG-OADM.

Index Terms—Optical add-drop multiplexer, eigenmode expan-
sion method, finite element method, long-period fiber grating.

I. INTRODUCTION

HE most critical component of developing a wavelength-

division multiplexing system is the optical add-drop multi-
plexer (OADM). A simple OADM device that adds and/or drops
a designed channel is a building block of the complicated opti-
cal fiber communication system. Over the past several decades,
numerous types of OADMs have been proposed, such as the
well-known structure that consists of a fiber Bragg grating and
two optical circulators [1], [2], the Mach—Zehnder structure that
relies on the interference between two lights that are reflected
by Bragg gratings [3], [4], and the configuration based on a null
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coupler with a tilted grating in the waist [5]. In 2000, a simple
architecture consisting of two parallel long-period fiber gratings
was proposed by Chiang et al. [6]. This device is based on mode
coupling by properly designing the period of long period fiber
grating (LPG) and the power coupling between two parallel and
identical optical fibers.

LPG that is written periodically by ultraviolet light into the
core layer of a photosensitive optical fiber can couple the power
among the copropagating modes. The coupling between the core
mode HE;; and the cladding modes has been used extensively
for band rejection filters, gain flatteners, and dispersion com-
pensators [7]-[9]. For a given azimuthal number [, there are
typically several hundred cladding modes at the near-infrared
wavelength in a traditional communication fiber. According to
the fundamental property of modes, the higher the order of the
cladding mode, the farther the field can extend. A high-order
cladding mode is more sensitive to the variations of the envi-
ronment than is a low-order mode. Therefore, various sensors
based on high-order cladding modes have been proposed in re-
centyears [10]-[13]. In addition, LPG can function as an OADM
component [14], [15], optical fiber surface plasmon resonance
sensors [16], [17], and so on.

So far, traditional mode-coupled theory has been one of the
most frequently used techniques in the research of LPG-OADM
characteristics and related applications. For a scholar who has
recently entered the LPG-OADM field, learning this theory is a
critical and indispensable process in comprehending the phys-
ical concepts of the LPG-OADM. Traditional mode-coupled
theory plays a pivotal role in understanding of the LPG-OADM
related characteristics. Later are three brief descriptions that
introduce how to employ traditional mode-coupled theory to
conduct LPG-OADM analyses and design.

A. The Mathematical Modal of LPG

The general geometry structure of the optical fiber com-
prises three layers of media: a core layer, cladding layer,
and surrounding layer. In addition, the related parameters of
the various media layers are a; = 2.25 pum, as = 62.5 pum,
ny = 1.45, no = 1.43, and ng = 1. A schematic diagram is
shown in Fig. 1. The ideal radius of the surrounding layers
should be infinite. After determining the geometric structure of
the fiber cross section (XY plane), Maxwell equations are ap-
plied with boundary conditions to derive the dispersion relation
equations. Finally, all guided modes that exist in the structure
are obtained, and each guided mode has a corresponding effec-
tive refractive index of n.g [18], [19]. Explained from a purely
mathematical perspective, modes are solutions to differential
equations that can satisfy specific boundary conditions. Unless
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Fig. 1. A geometric and parameter diagram of a typical optical fiber and LPG.
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Fig. 2. Sectional view (XY plane) of the LPG-OADM.

otherwise specified, this study focused only on the analysis of
single mode communication optical fibers with an operating
wavelength of A = 1550 nm. That is, we would obtain one

core mode nig® (ny < niF® < ny) and nearly infinite cladding

cladding cladding
modes n g (N3 < ngg < ng).

For LPG production, single mode optical fibers that used
photosensitive materials in the core layer were first selected.
Then, ultraviolet light was used to irradiate the amplitude mask
with specific periods to enable the power to provide constructive
and destructive interferences on the single-mode fiber and to
further change the core layer refractive index. The mathematical
model for uniform fiber grating is expressed as follows:

ny(z) =ny +nio {lﬁ—cos( 2n z)} ()
Arpc

where o is the UV-induced refractive index variation, nio is
the peak induced-index change, and Ay p¢ is the period of the
LPG. From a mathematical perspective, before fiber grating
occurred, all the modes in the fiber waveguides were orthogonal
to each other. That is, during the entire transmission process,
power between the modes could not be exchanged or coupled.
However, after the LPG was written to the core layer, it generated
a power perturbation effect between the modes. Appropriately
designed LPG periods Appg can break the orthogonality of
original modes and achieve a power coupling phenomenon.

B. Description of the Geometric Structure and Working
Principle of the LPG-OADM

The geometric structure of the LPG-OADM of this study was
formed by the parallel arrangement of two optical fibers with
the same LPGo s pyr - The sectional view (XY plane) and the side
view (XZ plane) are shown in Figs. 2 and 3, respectively. Af-
ter the multiwavelength optical signal entered the LPG-OADM
from Fiber 1 through the input port, the perturbation effect of
the LPGoapy allowed that the core mode (HE;;) of the spe-
cific wavelength (1) in Fiber 1 is coupled to the cladding mode.

Core mode
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Side view (XZ plane) of the LPG-OADM.

Fig. 3.

Next, the two nearby optical fibers acted like a 2 x 2 optical
signal coupler to the cladding mode. Therefore, the cladding
mode transmitted by Fiber 1 could be coupled to Fiber 2. Fi-
nally, because Fiber 2 used the same LPGpapy as did Fiber 1,
the cladding mode could be restored back into the original core
mode. Based on the previous description, the process of combin-
ing all signal transmissions and mode conversions was actually
the completion of the signal drop function of the LPG-OADM
when viewed from a different angle. A schematic diagram is
shown in Fig. 3. Because of the symmetric structure of LPG-
OADM, if the optical signal was inputted through the added port
of Fiber 2, this signal was eventually outputted from the output
port of Fiber 1. This achieved the add function of LPG-OADM.
All of the wavelengths for multiwavelength optical signals that
were unaffected by LPGoapy completely entered through the
input port and were outputted through the output port.

Based on the previous description, it is apparent that the
cladding mode must be able to be coupled from Fibers 1 to 2,
acting like a 2 x 2 optical signal coupler. When the distance
between two optical fibers increases, the ability to traverse the
2 x 2 optical signal coupler decreases for a given cladding
mode. Therefore, for the LPG-OADM to enable power output
at the Drop or Add ports, the completed LPG-OADM design
must be longer. In this study, the LPG-OADM is designed by
shortening the distance between the two optical fibers (i.e., no
space is left between the two parallel optical fibers) to optimize
the performance of the 2 x 2 optical signal coupler. In practical
fabrication, it is much more difficult to maintain a constant
distance between two tiny optical fibers than to arrange two
optical fibers in parallel adjacency. From the perspective of
the mode, an increase in the order of the cladding mode is
correlated with the greater extensibility of the power field on
the cladding layer. Therefore, regarding the traversal ability
of a 2 x 2 optical signal coupler, it is feasible to design the
LPG-OADM with a high-order cladding mode. However, for
LPG coupling mechanisms, the coupling ability between the
core mode and the high-order cladding mode is relatively poor.
Thus, to ensure the coupling of the core mode to the high-order
cladding mode, a longer LPG is required. In summary, when
the distance between the two optical fibers is increased, the
use of the high-order cladding mode may not necessarily be a
good solution for LPG-OADM design. Therefore, employing
two optical fibers in parallel adjacency may be an optimal and
simple solution for the LPG-OADM design, both in theoretical
and practical terms.

Under the assumption that only four modes couplings can
occur simultaneously, and according to the derivation of mode-
coupled theory, the functions performed by the LPG-OADM
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shown in Fig. 3 can be described by the following four mathe-
matical equations [14]:

L (2) =ikeo 11 A (2) exp (—idz) )
' (2) = ket s Ao (2) exp (i62)
+ i1, c1-2Ac-2 (2) (3)
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where A.,_1 (2) is the amplitude of core mode HE; propa-
gating in Fiber 1, A.;_1 (z) is the amplitude of cladding mode
v propagating in Fiber 1, A.,_s (z) is the amplitude of core
mode HE;; propagating in Fiber 2, A.;_5 (z) is the amplitude
of cladding mode v propagating in Fiber 2, k., -1 is the
“ac” coupling coefficient between core mode HE;; and cladding
mode v for Fiber 1, k.,—2 1—2 is the “ac” coupling coefficient
between core mode HE;; and cladding mode v for Fiber 2,
Oco—1,c0—118 the “dc” coupling coefficient of core mode HE;,
forFiber 1, 0.;_1,.;—1 is the “dc” coupling coefficient of cladding
mode v for Fiber 1, ¢.—1,.1—2 is the cross coupling coefficient
between Fibers 1 and 2 for cladding mode v, ¢.j—1,¢—1 is the
self-coupling coefficient of cladding mode v for Fiber 1, o is the
UV-induced refractive index variation, and 5 is the dielectric
constant of Fiber 2. The period and length of the LPGpapm
required for the optimal design of this element can be obtained
based on the derivation processes in [14], which are shown as
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follows:
Aoapm = l
Beo-1 = Beo-1 + keo-1,c0-1 = kel—1,c1-1 = Cel—1,cl—-1
(13)
Loapm = zkﬂ (14)
co1,cl-1

C. Definition of Bar and Cross Transmission
Power for Spectrum

To analyze the spectral characteristics of the LPG-OADM,
the bar transmission power and cross transmission power were
defined using the following mathematical equations:

_ RGP
T RO)P )

_ ISP
" ROP 1o

where R(z) represents the magnitude of the field for the core
mode and S(z) represents the magnitude of the field for the
cladding mode. A power spectrum diagram of LPG-OADM can
be obtained by drawing a diagram of the relationship between
these two parameters and the wavelength. Simply put, the bar
transmission power is the self-power ratio of the incident mode
HE,; after traveling a certain distance (z) and when incidence
occurs (z = 0). In other words, for incident mode HE;, after
traveling a certain distance z, if the power can be coupled to
other modes, the power ratio of the modes and the incidence
(z = 0) of HE;; denote the cross transmission power.

The preceding introduction endeavored to analyze and sim-
plify the four-modes coupled-mode theory and provided a com-
prehensive introduction to its physical concepts in layman’s
terms, using as few mathematical equations as possible. Tradi-
tional four-modes coupled-mode theory is not only a significant
mathematical burden for novice learners of LPG-OADM, but its
daunting difficulty is dreaded among application-level design-
ers. Obviously, for novice learners and application-level design-
ers of LPG-OADM, the completion of LPG-OADM design and
analysis would invariably involve considering numerous mathe-
matical equations, which indirectly raises the requirements and
prerequisite domain knowledge for entering this field. In this
study, a numerical technique was employed that combines the
finite element method (FEM) and eigenmode expansion method
(EEM) in the LPG-OADM design and simulation. The study
demonstrates that by using this numerical technique, the design
and analysis of LPG-OADM 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 designers gain a visualized under-
standing of the transmission of optical signals in LPG-OADM
that is otherwise unachievable through the traditional four-
modes coupled-mode theory. This constitutes the contribution
and novelty of this study. To the best knowledge of the author,
the significance and original findings reported in this study are
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not published elsewhere. The traditional coupled-mode theory
uses the perturbation theory, allowing the input mode to interact
with other guided modes during transmission to achieve power
exchange. As a well-established theory, the traditional coupled-
mode theory has been extensively applied in various domains.
Power conversion among various modes is the core concept of
the traditional coupled-mode theory. However, such a core value
cannot be graphically manifested. By contrast, this study repre-
sents 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
different modes. Among numerous published works in which
the traditional coupled-mode theory is applied, few have literally
provided 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 this study. Using the proposed nu-
merical method, novice learners and application-level designers
may directly observe the transmission of optical signals in the
LPG-OADM from the calculation results, which helps explain
the generation of coupling effects through LPG-OADM. In sum-
mary, the core contribution of this study is in its simplicity and
graphical representation.

The remaining content in this study is as follows. Section II
provides a brief introduction to theories related to the FEM. Re-
garding numerical methods, the decomposition resolution of tri-
angular elements critically affects the correctness of the modes
obtained. From a mathematical perspective, if all the modes
that are obtained are correct, the orthogonal values between the
modes must be 0. Therefore, this study used a reverse-thinking
method by initially determining an acceptable orthogonal value
(1074, —4 dB), and then adjusting the decomposition resolution
for simulation. In addition, the modes obtained at any time were
inspected to determine whether they conformed to the relevant
norm specifying orthogonal values of less than 10~* (—4 dB).
Section III introduces theories related to the EEM and provides
a detailed explanation of how the EEM allows guided modes to
conduct transmissions in LPG-OADM structures. In addition,
this section specifies the chief reason why this method is sig-
nificantly superior to the finite-difference time-domain (FDTD)
method and the beam propagation method. However, this nu-
merical method exhibits accuracy problems. The Fourier series
expansion is the primary principle that enables light wave trans-
missions to be performed using this numerical method. That is,
if the number of guided modes is insufficient during the transfer
process, even in nonabsorbent media, the total power is gradu-
ally reduced as the transmission distance increases. This study
used the reverse-thinking method to utilize various numbers
of guided modes to perform transmissions, consider the power
dissipation, and determine the number of guided modes for this
study. A relationship diagram was used sporadically to verify
power loss and distance during the design process.

In Section IV, the contents of Sections II and III are sum-
marized to propose a rigorous, simplistic, and comprehensive

design process for analyzing and designing the LPG-OADM.
This section presents numerous graphical simulation results to
visually and simplistically supplement the formulaic and ab-
stract content of traditional form of mode-coupled theory learn-
ing. In the final section, the numerical simulation methods pro-
posed in this study are summarized and all the data obtained
in Section IV are collated to verify that the method proposed
in this study does provide a visual and simplistic simulation
technique for large-scale periodic components and reduces the
learning time and professional threshold required for designing
and applying the LPG-OADM.

II. THE FEM

The FEM is a numerical simulation method that has been
widely used in various fields of engineering. Because the princi-
ples of the algorithm used in this method have been thoroughly
explained in numerous studies [20], 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 FEM is a numerical method used to solve partial differ-
ential equations (PDEs) that satisfy boundary conditions. This
method is based on the variational principle, domain decom-
position, and interpolation function. The FEM uses the varia-
tion principle (the variation algorithm) to transform the original
problem (PDE with boundary conditions) into functional ex-
treme value problems different from the original problem but
with equivalent values. In other words, the same physical prob-
lem has two mathematical descriptions. That is, “boundary con-
ditions 4+ PDE = the functional for determining the minimum
value.” After determining the functional extreme value problem
equivalent to the original problem, we applied the interpola-
tion 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
linear algebraic equations. The algorithm of the FEM comprises
the following five steps.

1) Use the equivalent functional for solving the mini-
mum value problem to replace the PDE with boundary
conditions.

2) Divide the geometric domain to be solved into several
sufficiently small segments. These segments are known as
elements, such as triangular or quadrilateral elements. The
objects connecting elements are nodes, and the unknown
variables of the nodes are the desired answers.

3) The actual unknown function in each element is approxi-
mated by an appropriate interpolation function. The easi-
est interpolation function to perform is the linear interpo-
lation function. Thus, the polynomial functions formed by
nodes can be employed for the approximation of the true
function to be solved in each element. This polynomial
coefficient is the shape function.

4) Substitute this polynomial function into the functional to
calculate a minimum value and obtain a set of simultane-
ous equations.
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Fig. 4. A triangular element decomposition schematic diagram for the cross
sectional (XY) plane of the LPG-OADM.

5) Enter the boundary conditions into the simultaneous equa-
tions, and solve these equations using the Gaussian elimi-
nation method. Thus, the answer to all nodes in the domain
to be solved can be obtained. After the answer to each node
is obtained, each true function to be solved within the el-
ement can be further approximated using the polynomial
function of the node. All unknown variables or values in
the entire geometric domain to be solved can be obtained.

In this study, the triangular element method was used to de-

compose the geometric domain of the cross section (XY plane)
of the LPG-OADM. The schematic diagram is shown in Fig. 4.
The diagram clearly shows that the higher the decomposition
resolution, the more accurate the calculation results, and the
relative number of calculations increases significantly. There-
fore, achieving appropriate domain discretization becomes a
core technique in the FEM. As mentioned, from a mathematical
perspective, all theoretical modes must be mutually orthogonal.
The orthogonal value can be determined using the following
equation:

En, XHj;’u oz dA =
Aoco

B, xH;, e 2dA =0 forv # p.
Aco
(17)

However, numerical simulations invariably generate prob-
lems of excessive memory capacity and time requirements for
mode solutions. This study, to coordinate with the server’s cal-
culation capabilities, examined the orthogonal values of the ob-
tained modes to appropriately adjust the decomposition resolu-
tions of the triangles. Unless otherwise noted, this study used
an orthogonal value of less than 10~* (—4 dB) as a guideline
for all decomposition resolutions. In order to satisfy this guide-
line, the minimum number of the elements in the core layer is
~100, and the minimum number of the elements in the cladding
layer is ~1800. All guided modes within the structure could be
solved after completing the decomposition process, where the
operating wavelength was A = 1550 nm. Because a single mode
fiber was used, only one core mode was obtained, that is, HE;,
with an effective refractive index of nif® (no < nig™® < nq)
and an approximately infinite number of cladding modes with
the effective refractive index nif “"® (ng < ¢4 < ny).

The cross-sectional plane of the LPG or LPGO ADM Pprevi-
ously described was uniform. Therefore, when the core mode
(HE;,) entered the LPG or LPGoapy domain, the mode-
coupling phenomenon only occurred between HE;; and the
cladding modes of the azimuthal order [ = 1. Therefore, this
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Fig. 5. (a) The 2-D power distribution of the core mode. (b) The 3-D power
distribution of the core mode. (c) The 2-D power distribution of the cladding
mode (v = 1). (d) The 3-D power distribution of the cladding mode (v = 1)
with scale bar 25 and 120 m on the inset.

study focused solely on solving and exploring [ = 1 cladding
modes. The FEM can be used to obtain core mode HE; and its
2-D and 3-D power distribution diagrams, as shown in Fig. 5(a)
and (b), where its effective refractive index is n g = 1.43944.
For cladding mode v = 1, its 2-D and 3-D power distribution
are shown in Fig. 5(c) and (d), and its effective refractive index
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LPG-OADM.

was n’; ! = 1.429951. A total of 44 guided modes, including
one core mode (HE;;) and 43 cladding modes (v =1 — 19;
I =1), were solved during the preliminary process. In addi-
tion, orthogonal values among the 44 modes for Fiber 1 and
LPG-OADM were calculated and examined, and the results are
shown in Figs. 6 and 7. Clearly, in addition to each mode hav-
ing a self-orthogonal value of 1 (0 dB), the orthogonal values
between two different modes could satisfy the requirement of
being less than 10~* (—4 dB).

III. THE EEM

The chief reason for employing this method was to allow
the guided modes to conduct power transfers in an optical fiber
structure. First, this method captured one segment object from
the LPG-OADM periodic object and the length of the segment
object is one period of the LPG-OADM periodic object, as
shown in Fig. 8. The diagram clearly indicates that the LPG-
OADM periodic object is composed of N segment objects. The
length of each segment object represents one LPG period, as
well as that of the LPG-OADM periodic object. Further cutting
of each segment object produces miniobjects called block ob-
jects (Bk) with a length of dA. Each block object is considered
a uniform LPG-OADM 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 (Bky,) is called junction
k-1 (J—1), which is presented in Segment (1) of Figs. 8 and 9.

LPG OADM periodic object
oM
Segment(N)
Jia
By

ny(z)
Bk

Seg’;r?-.“e"#xm) _—
ny ~

H
dAJ &
3, Bl

Fig. 8. Each cut block object in a segment object is considered a uniform
waveguide with a fixed refractive index.

AQADM

I . hOADM [] 1L . I
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Bk Bhky.1 Core Layer

Cladding La:,rerll

e

[ LPG OADM periodic object |

Fig. 9. Cutting schematic for the LPG-OADM periodic object.

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 cutting procedure, completing the
cutting computation for a segment object equates to complet-
ing the cutting computation for an entire LPG-OADM periodic
object. In this study, we cut a segment object into 300 uni-
form block objects. The EEM targeted one segment object from
the LPG-OADM periodic object and the segment was cut into
300 uniform block objects. In each block object, the guided
modes that may exist were recalculated. Next, power conver-
sions 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-
OADM [21]-[23].

This simple description clearly indicates that, for periodic ele-
ments, the guided modes of each period are the same. Therefore,
using the finite method to solve the guided modes, this study only
needed to complete calculations for a certain period, as shown in
Fig. 8. This significantly reduced the calculation time and mem-
ory capacity required to complete the entire element simulation.
Therefore, the combination of the FEM and the mode expan-
sion method is extremely appropriate for designing elements
with periodic structures, such as LPG-OADMs, long-period
fiber-grating surface-plasmon-resonance sensors, D-type long-
period fiber-grating surface-plasmon-resonance sensors, and
crystal D-type long-period fiber-grating surface-plasmon-
resonance sensors. Currently, using the calculation mecha-
nisms of the FDTD method, under an operating wavelength of
A = 1550 nm, an LPG-OADM with a length of 1 cm is colossal
and cannot be simulated. Even using a supercomputer, calcu-
lations for 1 cm LPG-OADM require incredible amounts of
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Fourier series expansion for the forward and backward propagation

memory and computation time. Furthermore, calculations using
the beam propagation method still possess excessive restrictions
and errors for multiple reflective 3-D fiber-grating structures.
The preceding descriptions clearly show that the single-period
calculation characteristic is the primary reason that the combi-
nation of the FEM and the EEM is superior to the FDTD method
and the beam propagation method.

Next, this study explains how the EEM is used for the power
transmission of LPG-OADM. Based on the preceding descrip-
tions, for one period, the LPG-OADM is decomposed into sev-
eral uniform waveguides. For each uniform waveguide, it can
be assumed that the solution to Maxwell’s equations is (18),
where the mode content ®,, and the propagation constant 3,, are
the eigenfunction and the eigenvalue obtained using the FEM,
respectively

E(z,y,2) = @, (2,y)e = (18)

By combining (18) with the Fourier series expansion con-
cept, and adding the entire forward propagation mode kaf),

as shown in (19), and the back propagation mode Bk,(g_), as
shown in (20), obtained using the FEM, where m = 44 was the
guided mode amount, and C/ and C? were the coefficients for
each forward and backward mode field, as shown in Fig. 10,
the electric and magnetic fields within the uniform block object
Bk, _; can be obtained, as shown in (21) and (22)

Bk,(;r) = Z Cf:fl),, (z,9) etz

n=1

19)

m

Bk =3 Ch, (z,y) e (20)
n=1

E(z,y,2) =Y _(Cle"™* + Che " E, (x,y) (1)
n=1
H(z,y,2) = > (Cle™* —Che ™™ *)H, (z,y). (22)

n=1

After the propagated electromagnetic fields for a uniform
block object Bk, _; are obtained, power must be precisely trans-
ferred from Block object Bk;,_; to Block object Bk;.. Here, we
used the scattering matrix to transform the forward and back-
ward power propagation of two adjacent block objects, as shown

in (23). In Fig. 11, Bk\") BE{"™) and Bk{"), Bk were the
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Fig. 11.  The relationship between the field strength of the two adjacent uni-
form block objects Bk, —1 and Bky, .

total of the forward and backward propagation modes for the
uniform block object Bk;, —; and the uniform block object Bk,
and Jj;_; was the scattering matrix of the adjacent block object
junctions

BE)

Bk~

Bl

(23)
BEY

k-1

To convert power between adjacent block objects, we em-
ployed the Fourier series expansion to obtain the unknown
junction scattering matrix J,_;. Finally, the coupling effects
of LPG-OADM could be accurately conducted and completed
by following the steps of this method. After considering detailed
descriptions of the EEM, we can clearly determine that for pe-
riodic objects, only one segment object (that is, one period) is
required during the cutting and mode-solving procedures.

Then, by calculating each junction scattering matrix Jj_1,
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 reason the EEM
is superior to FDTD on calculation time and amount of mem-
ory used. In the traditional coupled-mode theory, the solution
calculation of the guided modes occurred only at the begin-
ning of the XY cross section, and throughout the entire pro-
cess of the optical signal passing through the LPG-OADM, the
guided modes were never recalculated. Therefore, the traditional
mode-coupled theory emphasizes that the peak-induced index
change (0n = nyo) of the LPGoapm cannot be excessive and
must generally be smaller than 10~2. Otherwise, mode-coupled
theory exhibits significant errors. Compared to the traditional
coupled-mode theory, the EEM employed in this study can de-
tail cut one segment into 300 uniform block objects and resolve
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, un-
less otherwise specified, all the induced refractive index changes
in this study used 6n = nyo = 1 x 1073 as the guideline.

According to the detailed description of the EEM, we ob-
served that, in (19)—(22), m represents the number of guided
modes and can critically affect the accuracy of the method.
From a mathematical perspective, the Fourier series expansion
must include all the guided modes that exist in the structure.
However, this is impossible for numerical simulations because
the time and memory required to perform such calculations are
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Fig. 12.  The relationships between transmission distance and power dissipa-
tion for the eigenmode expansion method that employed 44 guided modes for
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Fig. 13. The relationships between transmission distance and power dissipa-
tion for the eigenmode expansion method that employed 44 guided modes for
LPG-OADM.

excessive and cannot bear the load. However, if the number of
guided modes is insufficient, some power dissipation occurs dur-
ing each pass through the scattering matrix for the adjacent block
object junction. Therefore, this study used the reverse-thinking
method and searched for the smallest m value that satisfied the
requirement that the power dissipation value not exceed 104
(—4 dB). Figs. 12 and 13 show the relationships between the
transmission distance and power dissipation of each Fourier se-
ries expansion when the 44 guided modes were utilized in the
EEM (m = 44) for Fiber 1 and LPG-OADM, respectively. In
this study, a segment object was uniformly cut into 300 uniform
block objects. Using 300 uniform block objects and 44 guided
modes, the results in Figs. 12 and 13 verify that the power loss of
the EEM fully satisfied the <10~* (—4 dB) criterion. Therefore,
unless otherwise specified, the standard number of all guided
modes and block objects used in this study were 44 and 300,
respectively.

IV. DESIGN AND ANALYSIS OF THE LPG-OADM

Based on the numerical simulation methods described in
Sections II and III, this section developed a rigorous, simplis-
tic, and comprehensive design process (as shown in Fig. 14)
that was used to complete the analysis and design of the LPG-
OADM. The geometric structure of the LPG-OADM used for
simulations in this section is shown in Fig. 15, where L,
= 100 pum and L3 = 100 pm were single-mode fibers, and

Fig. 14.

Step 1

Step 2

Step 3

Step 4

Related parameter settings for LPG OADM: (1)
core layer radius, (2) core layer refractive index,
(3) cladding layer radius, (4) cladding layer
refractive index, (5) surround layer refractive
index, (6) operating wavelength, and (7) peak
induced-index change.

¥

Using the finite element method to solve guided
modes: (1) employ the triangular element
method to decompose the geometric structure of
the cross-section (X-Y plane) of the fiber, and (2)
use an orthogonal value of less than
10% as the basis for adjusting the minimum
resolution for the triangular decomposition.

\

Using the eigenmode expansion method to
calculate the power transfer phenomenon of
guided modes: (1) in the direction of the optical
signal propagation (Z-axis), extracting a period
from a periodic element 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+, adjusting the number of
modes that participated in the Fourier transform

(m = 44).
v

Designing and analyzing a LPG OADM: (1) side
view diagram (X-Z plane) of the LPG OADM
used for numerical simulation, (2) Diagram of
the relationship between the power of the core
mode and the LPGoapm period at the drop port,
(3) diagram of the relationship between the
power and the LPGoapm period when the core
mode was completely dropped, (4) diagram of
the relationship between the power and the
number of LPGoapm periods when the core
mode was completely dropped, (5) diagram of
the power propagation in the X-Z plane when
the core mode was completely dropped, (6) 2D
diagram of the power distribution for the left side
of the LPG OADM when the core mode was
completely dropped, (7) 3D diagram of the
power distribution for the left side of the LPG
OADM when the core mode was completely
dropped, (8) 2 D diagram of the power
distribution for the middle of the LPG OADM
when the core mode was completely dropped,
(9) 3D diagram of the power distribution for the
middle of the LPG OADM when the core mode
was completely dropped, (10) 2D diagram of the
power distribution for the right side of the LPG
OADM when the core mode was completely
dropped, (1 1) 3D diagram of the power
distribution for the right side of the LPG OADM
when the core mode was completely dropped,
(12) diagram of the relationships between the
orthogonal values of the 44 modes, (1 3)
diagram of the relationship between the
transmission distance and power dissipation
when the core mode was completely dropped,
and (14) a spectrum diagram of the LPG OADM

when the core mode was completely dropped.

Flowchart of the LPG-OADM design and analysis.
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Fig. 15.  Side view diagram (XZ plane) of the LPG-OADM used for numerical
simulation.
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Fig. 17. Diagram of the relationship between the power and the LPGo A pum
period when the core mode was completely dropped.

Ly = Noapm X Aoapm(um) was the single-mode fiber of
LPGoapwm - In addition, the distance between the two fibers was
0, the operating wavelength was A = 1550 nm, and the related
parameters of the various media layers are a; = 2.25 ym, ay =
18 um, n; = 1.45, ny = 1.43, and n3 = 1.425.

Combining the FEM and the EEM enabled the rapid scan-
ning of the diagram of the relationship between the power of
the core mode and the LPGpapy period at the drop port, as
shown in Fig. 16. The information in this figure shows the pe-
riod of LPGpapy required to design the completely dropped
core mode. Fig. 17 shows a diagram that illustrates the relation-
ship between power and the LPGpapy period when the core
mode was completely dropped. Fig. 18 shows a diagram of the
relationship between power and the number of LPGoapn pe-
riods when the core mode was completely dropped. Combining
Figs. 17 and 18, it is easy to determine that, during the Agapwm
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Fig. 18. Diagram of the relationship between the power and the number of
LPGpapw periods when the core mode was completely dropped.

Fig. 19. Diagram of the power propagation in the XZ plane when the core
mode was completely dropped.

= 118.3016 um LPGpapwm period and when the number of the
LPGoapwm period was 81, the LPG-OADM reached a condition
where power was almost completely dropped. Based on these
two parameters, this study inputted the core mode (HE;;) from
the input port of Fig. 15 to observe the power transmission con-
dition of HE;; at the Y = O plane or the XZ plane. The results
are shown in Fig. 19. The inputted power had reached an almost
dropped phenomenon. In addition, to verify the accuracy of the
power drop, the 2-D and 3-D power distribution diagrams were
intercepted from the left, middle, and right sides of Fig. 19,
respectively. The results shown in Figs. 20-22 verified the cor-
rectness of the methods proposed in this study. To comply with
the design process norm of Step 2, the orthogonal values of this
sample were calculated and verified, and the results are shown
in Fig. 23. In addition to having a self-orthogonal value of 1
(0 dB) for each mode, the orthogonal values between two dif-
ferent modes can satisfy the requirements of being less than
10~* (—4 dB). In addition, the transmission distance and power
dissipation conditions of this example must be examined. As
shown in Fig. 24, the power dissipation can satisfy the less than
10~* (—4 dB) requirement specified in Step 3 of the design
process.

Finally, the spectrum of LPG-OADM was calculated using the
obtained parameter of Agapy = 118.3016 pm and the number
of periods Noapnm = 81. To verify that at the operating wave-
length (A = 1550 nm) the LPG-OADM designed in this study
has an insertion loss and homo-dyne crosstalk approximating 0,
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Fig. 20. The power distribution at input port of LPG-OADM when the design
of LPG-OADM was completed. (a) A 2-D diagram. (b) A 3-D diagram with
scale bar 2 and 50 pm on the inset.
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Fig. 21.  The power distribution at middle of LPG-OADM when the design of
LPG-OADM was completed. (a) A 2-D diagram. (b) A 3-D diagram with scale
bar 7 and 50 pm on the inset.

the diagrams of the LPG-OADM spectrum were plotted in the
decibel scale as shown in Fig. 25 which clearly demonstrates
the required verification. Because the full-width half-maximum
(FWHM) bandwidth of the designed LPG-OADM cannot be
clearly seen from the spectrum diagram in the decibel scale, a
closeup of the transmission power between 0 and —3 dB was
extracted from Fig. 25, as shown in Fig. 26. From this closeup
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Fig. 22.  The power distribution at drop port of LPG-OADM when the design
of LPG-OADM was completed. (a) A 2-D diagram. (b) A 3-D diagram with
scale bar 2 and 50 pm on the inset.
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Fig. 23. Diagram of the relationships among the orthogonal values of the 44
modes when the core mode was completely dropped.
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Fig. 24. Diagram of the relationship between the transmission distance and
power dissipation when the core mode was completely dropped.
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Fig. 25. A spectrum diagram of the LPG-OADM when the core mode was
completely dropped.

- 0

-

Q

>

(7]

3

‘7,. =L

2,

o

S FWHM=0.2846 {nm)

T

o 2

3

o

=

—_—

Q

vy -3 T T T

N

1.5498577 1.55 1.5501423
A(pm)

Fig. 26. A spectrum diagram of the LPG-OADM for the -3 dB bandwidth
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figure, the LPG-OADM designed in this study clearly possesses
an FWHM of 0.2846 nm. That is, the LPG-OADM designed
by this method can attain the ITU specification for the dense
wavelength-division multiplexer (DWDM) bandwidth.

V. CONCLUSION

This study combined the FEM and the EEM with a rigor-
ous, simplistic, and comprehensive design process to propose
a visual, graphic, and simplistic numerical simulation method
for designing and analyzing LPG-OADM. For LPG-OADM of
approximately 1 cm in length, no current numerical simula-
tion methods can perform 3-D component analysis and design.
Section III thoroughly explained why the mode expansion
method requires less memory and time to complete large-scale
LPG-OADM analyses and designs. This study extracted single
period objects from the LPG-OADM periodic object and recal-
culated the solutions, which is the essence of the EEM. This
section showed the distinctiveness and unique features of this
study. Furthermore, Section I'V introduced one of the core tech-
niques of this study. In addition, numerous rigorous graphical
results based on the proposed design flow were shown in this
section. The goal was to enable novice learners or application-
level designers new to the field of LPG-OADM to use an easier
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graphical method when learning traditional mode-coupled the-
ory, and to minimize the likelihood of encountering formulaic
and abstract mathematical models directly. This study used ac-
tual examples to verify that, under the operating wavelength of
A = 1550 nm, the LPG-OADM designed by this method has
an FWHM of 0.2846 nm and an insertion loss and homo-dyne
crosstalk of nearly 0. That is, the LPG-OADM designed by this
method can reach the ITU specification for the DWDM band-
width. In addition, the power dissipation condition and mode
orthogonal values were calculated and verified using examples
to ensure that they conformed to the design process specifica-
tions. This study supplemented traditional mode-coupled theory
with a rigorous, simplistic, and graphical numerical technique
to reduce the complexity and difficulty of understanding LPG-
OADM.
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