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Abstract—A novel full-vectorial meshfree finite cloud
mode solver is proposed for analysis of fused optic-fiber
couplers, in which the curvilinear coordinate mapping
technique is used to map a cloud with curved interface onto
a unit square. Numerical results are compared with prior
analysis using the finite difference method, showing the
validity and utility of the proposed method.

I. INTRODUCTION

In the optical fiber systems, the fiber-optic couplers made by
the fusing technology have been widely regarded as key
building blocks to construct all-fiber devices, such as filters,
powersplitter and multiplexers [1][2]. Accurate and low-cost
simulation techniques play important roles in the analysis of
their optical properties. Among them, the finite difference
method (FDM) is attractive due to the advantages of simple
implementation and universal application [3][4]. Its basis
function, however, is usually low order, leading to large matrix.
Recently, a meshfree finite cloud method (FCM) has attracted
considerable attention due to its fast convergence and lower
computational efforts and has been successfully applied to
solve isotropic and anisotropic optical waveguides [5][6]. The
FCM utilizes a fixed kernel approximation to construct a
high-order meshfree interpolation basis function for keeping its
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Fig. 1 Cross-section and sliced clouds of fused fiber-optic coupler.

where f=kon with ko being the wave number in vacuum and
nesr being the effective refractive index. The superscripts (/) and
(Il) denote the first and second derivatives with respect to /(/=x,
»). To apply the formulations into clouds with curved interfaces,
the coordinate mapping technique is introduced as follows:
H,=cospH ,—sinpH,  H,=singH ,+cospH, 2)
19 =cosl ” —singR™'1'” 1V =singl” +cospR™' I (3)
where R is the effective radius and / is the unit vector. (p, @)

denotes the curvilinear coordinates. Thus, the coupled
full-vectorial eigenvalue equation is derived as follows:
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where a=cos@, b=sing and

L=[P+R[P+R [P tile —* A, +E'B, +& 5a
high accuracy. Moreover, the FCM is suitable for analysis of ;y o 5 lckg& & Ay rte G (5a)
complex material interfaces since the unconstraint nodes can be m=—E" A€ By +£Cy (5b)
constructed in a completely free manner. Here, we apply the ~ Where y.77=p,@and
FCM scheme for full-vectorial analysis of fused fiber-optic ~ A,,=a’€”’ —2abR™'e’e? +b*£\?” (6a)
couplers. To derive the full-vectorial formulations, the B, =’ &P 2bR" (ag” +ae” —be” ~bR'P yrabR*€?  (6b)
curvilinear coordinate mapping technique is adopted. Moreover, o P o NENEYR o
the cross-section of such coupler is divided into several clouds Cp=ag”(I)" (&"+abR"&”)~abR (1) (a&” +bR"£7) (6¢)
and then assembled by the interface boundary conditions.  A,,=A,=abe*”+Ha’—b")R'eP Y —abR*P? (7a)
Numerical results show that the FCM can achieve the qu)%p)z HPREP DR [(ae” —HEP VR (e —a€ )] (Tb)
equivalent convergence with much less computational efforts. c abép)(l)(p) bzlrlé‘”(l)(@ aRl(I)(p)(aéﬁ‘”) ) 79

II. MATHEMATICAL FORMULATIONS B,=ab?* bR (b —ae” —aR €™ YH@ )R (P -R'E?)  (8a)
Considering a fused fiber-optic coupler shown in Fig. 1, its C =K (ae? —BEYVHI) ()P —abR 2 b
cross-section is portioned into several uniform clouds. Then, w1 (e e HE) G e &”] (80)
for a single cloud, the coupled full-vectorial wave equations Ay, =b’€”?+2abR™'eV € +a’\”” (%a)
based on the electric field are given by BW:bzg(.””—Zle (ag(p(p) +ae® —6‘(‘”))+a2R1 (6‘(¢)+R1€(¢)2) (9b)
X 1 (x (x) ; 1 (v (x) 4 v U v r r
HOHe @ H) +H e HAE e H) =BH (1) ¢ (1) e +aR 69 yraR (1)@ +aR &%) (%)
H}(})oc) +< ' Hy)(y) " H;)y) e, H, -I-( £'¢VH. )(y) = H, (1b) The unknown field components F,and H,are expanded by a
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Fig.2 (a) Normalized propagation constants and (b) coupling coefficients of
the y-polarized modes for the fused fiber-optic coupler.

fixed kernel shape function
Nin Niv

Hy(po9)= 2N (09 Hpi Hol0r,0) =2 Ny (0, ¢)Hyr (10)

1=l
where (p,,9;) is an arbitrary interior node in the cloud.
i=12,---,N, and j=12,--- N, with N, being the transverse
nodal number along the paxis and N, being the vertical nodal
number along the @ axis. Therefore, the interior nodal number
is denoted as N, = N,xN,. Substituting (10) into (4), the
eigenvalue equation for a single cloud can be derived.

After that, the boundary nodes shared by the adjacent clouds
a and b are replaced by the following boundary conditions:

lﬁf)a _ H{(p{p)b and pr)a _ Hf,mb +(1-£")R" H;I; ,  (lla)
Hf,@a _ ﬁ;-aH/();o)b and H;)ﬂ)a =Hg7)b +(8b-a —l)R_lH((,,p)b. (11b)

By assembling all the clouds, we have
4 - O]H H'
T N A (12)

0 - 4A|H H

where A4, and H“=[H; H;]T(vzl,z,...,s) denote the

eigenvalue equation for a single cloud and the values of A,

and H, at the interpolated nodes of the ith clouds, respectively.

III. NUMERICAL RESULTS AND DISCUSSION

In this numerical experiment, the computational window is
taken as 28umx28um. The refractive indexes of the core and
cladding layers are n, =145, ny =1.0, respectively. The
operating wavelength is set to be 4 =1.53um. The aspect ratio
is 2d/2r =1.8 with r being the radius of the individual core. In
addition, the considered normalized frequency is taken as
V=Qx/A) r-(ny—ni)"" =50. These parameters are the
same as those used in [4]. In order to verify the convergent
behavior of the proposed FCM mode solver, the normalized
propagation constants of the lowest-order even and odd modes
of y polarization are presented in Fig. 2(a), in which the
expression of the normalized propagation constant is defined
by B'=neoff—nako)/(noko —nako). In order to make
comparison more intuitive, results obtained by the FDM [4] are
also plotted in the same figure. The convergent solutions of the
two modes calculated by the FDM are /..., =0.997581862um™"
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Fig. 3 Contours of magnetic field profiles of the y-polarized modes of the
fused fiber-optic coupler: (a) even mode and (b) odd mode.
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and [, =0.997575478um™". It can be seen that our results are in
good agreement with those from the FDM. Moreover, the
proposed FCM shows superior convergence to the FDM since the
former with 35000 nodes can obtain convergent results than the
latter with more than 60000 nodes. Fig. 2(b) shows the coupling
coefficients of the y-polarized modes, in which the coupling
coefficient of the y polarization state is defined as
rC, =0.5-7-(Boen — Baua)- 1t can be seen that results obtained by
the FCM agree well with those by the FDM. However, the FDM
requires more computational efforts than the proposed FCM since
the FDM need more nodes to obtain a convergent value. Therefore,
the FCM is more efficient. Fig. 3 shows the contours of magnetic
field profiles of the y-polarized even and odd modes of the fused
fiber-optic coupler.

IV. CONCLUSION
A novel full-vectorial meshfree finite cloud mode solver is
developed for analysis of the fused fiber-optic couplers.
Numerical results of normalized propagation constants and
coupling coefficients accord well with those from the FDM,
which validates the effectiveness of the FCM.
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