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Three-Dimensional Electromagnetic Modeling of
Fiber-Core Effects on the Coupling Characteristics of
Weakly Fused Tapered Fiber-Optic Couplers

Tzong-Lin Wy Member, IEEE

Abstract—Based on the full-wave formulations, which combine behavior of the fused tapered couplers [2]-[4], such as polar-
the finite element method and the boundary element technique, jzation beam-splitter and wavelength-flattened couplers. The
and the step-like approximation method, a three-dimensional EIM, which approximates a two-dimensional dumbbell-shaped

(3-D) electromagnetic modeling approach is proposed in this work tructure t valent di . I slab ide with
to investigate the fiber-cores effects on the coupling characteristics StUCtUre to an equivaient one-dimensional siab waveguide wi

of the weakly fused tapered couplers. We find the fiber cores have fiber-core being concerned, is not able to accurately predict the
significant effects on the mode field patterns, coupling coefficients, polarization property of the coupler, especially in weakly fused
and birefringence for the coupler with large normalized frequen-  conditions [6], [7]. A rigorous 3-D modeling approach, which
cies. The influence of the fiber cores on the coupling behavior ., hines the surface integral equation method (SIEM) [8] and
for the real couplers, such as 3 dB power dividers, polarization the step-lik imati thod fl dt
beam splitters, and wavelength demultiplexing/multiplexing € Step-like aPprox'ma lon method, was r_ece.n y propose_ 0
couplers, are also studied in 3-D view. It is found that the effects treat the coupling phenomena of the polarization beam splitter
of fiber-cores in the weakly fused tapered couplers have to be with concerning the form birefringence effect [5]. In this
considered for accurately modeling their coupling behavior, approach, the fiber-core effects are neglected and the coupling
although the model with no-core assumption can predict the trend characteristics of the homogeneous embedded waveguide with
of the coupling characteristics for the real couplers. : .
_ _ _ dumbbell-shaped cross section are rigorously solved by SIEM.
_Index Terms—Electromagnetic modeling, fiber-cores effect, However, fiber-cores are obviously seen in the weakly fused
;'ber'Opt'C foumers' vectorial optical waveguide theory, weakly ¢4 plers by experimental measurement [9] and their effects on
used couplers. the coupling characteristics are theoretically shown significant
by the EIM [10]. To rigorously find the fiber-core effects on
I. INTRODUCTION the coupling characteristics of the couplers and improve the

USED fiber-optic couplers are made by fusing and themodel?ng accuracy for_the weakly fus_ed tap.ered coupler_s, a
Ftapering two identical fibers The couplers consist O\fectorlal 3-D EM modeling approach with the fiber-cores being

three regions: fiber-core, fiber-cladding, and the surroundirf ncerned is necessary. . )
g g SBased on the full-wave vectorial formulations [11],

medium which is air unless some packaging material is used. , .
Since the transverse dimension of the coupler in the taperi ich combines the finite-element method (FEM) and th?
Léndary—element method (BEM), and the step-like approxi-

process is reduced and the cross-sectional area of the c . .
become very small, the presence of the fiber-cores is usuﬂgnon method, ?S_D E.M modeling approach for the Wea!dy
neglected in analyzing the coupling characteristics of the fus ed tapefed flber-opt[c cquplers with cores effect. being
couplers. This paper investigates the fiber-core effects on t%%”ce"_‘ed is proposed in this paper. Se_ctlon Il describes the
coupling behavior of the weakly fused tapered coupler basglforet'cal bases for our 3-D EM modeling approach for the

on three-dimensional (3-D) electromagnetic (EM) numericd{€2KY fused. couplers, In Section Il the f|per-core effects
modeling. on the coupling characteristics and mode field patterns are

Accurate 3-D EM modeling of the performance of thénvestigated in two-dimensional (2-D) view. The influence of

couplers is quite important for designing the couplers witvi1e cores effects on the coupll_ng k_Jehawors of the real couplers,
uch as power dividers, polarization beam-splitters and wave-

roper function and for understanding their coupling chay-
proper funct N nd ! uping gth demultiplexing/multiplexing couplers, is investigated in

acteristics. Several works have been contributed to the 3-D'Z by th d 3-D EM del h. Th
EM modeling of the biconical tapered couplers [1]-[5]. A ection [V by the proposed 3- modeling approach. the
onclusion is drawn in Section V.

combination of effective index method (EIM) and step-liké:
approximation method was employed to model the coupling
Il. 3-D EM MODELING APPROACH
Sketches of a weakly fused tapered coupler and its dumb-
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L/2 L L/2 S and its normal derivativdF/_dn (= de/dn_ ordH,/dn)onl
1 | = ‘, can be related through an integral equation

Po — (] T ) —> P
| 1 L dG(kg, 7T
Inputport — 5 F(F) =P . F(7 ) T di
dF (7
Cross port - f G(kd, 7_: 7_1) (7 ) dﬂ (2)
Step-like approximation T dn

(a)

wherek, is related to the wave number in free spdgeand

the propagation constant of the guided mgdey &, = (32 —

k2eq)'/? with the relative permittivitye, = n3, 7 andi” are the
ni(cladding) position vectors in the 2-D vector space withon I as shown

in Fig. 2,G = (1/27)Kq (kq|F — #|) with K, being the mod-

ified Bessel function of the second kind and order zero denotes

the 2-D Green function in the homogeneous cladding,Arfd

denotes the Cauchy principle value integral with the singularity
Fig. 1. (a) Sketch of afused tapered fiber-optic coupler whigris the burned at the point of” = being removed. Through the integral equa-
length and’. is the drawn length. (b) The cross section of a realistic coupler #on (2), the transverse magnetic field at an arbitrary posifion
weakly fused condition. in surrounding medium can be described by the field'cand

its normal derivative along. WhenF'(¥) is chosen as the field

four lowest order modes, which are symmetric (even) and & the boundary’, a complete relation betwedn anddF/dn
tisymmetric (odd) modes of polarization state and the cor-on [ for the surrounding homogeneous region is established in
responding modes of polarization, are excited. The coupling(2)- ) ) _ ) o
mechanism of the coupler is the beating of the even and Od_dn_the_ inhomogeneous region with the relative permittivity
modes in the coupling region of the composite optical wavéistribution

guide. If we assume thd%, = Fy. + Fo,, the output powers at
through port and crossport are then given by

N (Ar)

N2 (core)

(b)

e(ey) = n3 for the cores region
(2, y) = ni for the cladding region

_ _ 2 2
P =P + Pry = Pop 08" Ay + Loy cos” Ady (18)  yhe magnetic fields of the guided modes satisfy the following
Py = Py, + Py, = Py, sin® Ag, + Py, sin® A¢g,  (1b)  source-free equation:

respectively, whereA¢, and A¢, denote the accumulated
phase differences along the coupling region between the even
and odd modes for the light withh andy polarization state,
respectivelyA¢, andA¢, can be calculated from By making the dot product of the left-hand side of (3) with
an arbitrary vector functio#/ ¢, which is independent dff, and
. i i . ‘ integrating the scalar product over the entire space, the differen-
Adi = / [(8e = Bo)/2) dz = / Cidz tial equation (3) can be transformed into the variational-equation
‘ ‘ formulations. After some manipulations as shown in [11], the
whereC; = (3, — f3,)/2 is defined as the coupling coefficientyariational equations with the arbitrary field being chosen
of i (= z ory) polarization and’, and; are propagation con- as H¢z and H_¢i, respectively, are
stants of the even and odd modes, respectively, for the their cor-
responding polarization. Therefore, precisely finding the prop- 5 5 . 0H, 0H; O0H, 0H:
agation constants of those four lowest order normal modes at (kpee — 57) Ho Hy — 9r dr Oy O
X X Y Y
each point along the coupler is the key to accurately model the <8Hy am) de.

%ﬁ—Vx(%VxH):& (3)
6C

1

coupling characteristics of the couplers. o oy ) oy - Hydrdy=0 (43)
Fig. 2 gives a sketch of the dumbbell-shaped cross section i e

of the weakly fused couplers with two identical fibers beingng

just touching, wheré and» are the radii of fiber cores and

cladding, respectively, angh, n1, andng are the refractive in- / (2ew — A2)H, HE — 0H, OHy B 0H, OH,
dices of the cores, the cladding, and the surrounding medium, oe Ty dr Ox dy Oy
respectively. Based on the full-wave formulations, a combined 0H, OH,\ 0O 1 Hede du— 0. (4b
method employing the BEM and the finite-element technique is <8y - aa;) oz ¢, Ty =1 (4b)

used to solve the propagation characteristics of the inhomoge-

neous optical waveguide (fiber cores and cladding regions) eBy making a variation of (4a) and (4b) with respectig and
bedded in the homogeneous surrounding medium with a dundlé, one obtains the differential equation &f, andH,, in (3).
bell-shaped cross section [11]. In the homogeneous region withr guided modes, the boundary condition thatand H, are
the boundary’, the transverse magnetic field (= H,, or H,) continuous at the boundady should be satisfied. From the
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Fig. 2. Coordinate system in the combining approach employing FEM and BEM. The FEM with triangular meshes is used in the homogeneous region, which
include the fiber-cores and fiber-cladding, and the BEM is applied to the homogeneous region with bdundary

Maxwell equationsjweﬁ =VxHandV-H =0, E. and taper profile of the coupler can be expressed in terms of fiber

H_ can be expressed as radiusr(z) as
g L (0H, OH, c roe” L/ (L) 2| < Ly/2
Jwby = p ar  on (5a) r(z) = roel=(LtLe—2z])/(2Ls)] Ly/2 < |2| < (L+Ly)/2
70 |z| > (L+ Ly)/2
and (6)
JBH, = oH,  OH, (5b) wherer is the radius of the unreduced fiber claddirg, is
© On o the length of the burned region, ads the full drawn length.

The radius of fiber-coré(z) along thez axis is assumed to

wheree = ¢ge. OF € = €gey With €y being the permittivity of the . . .
vacuum,H,, andH, are the magnetic fields normal to and tan[1ave the same functional dependence as (6). From this profile

gential to the boundary, respectively, ain andd,/a¢ denote model it is clearly seen that the taper profile is determined by

the partial derivatives along the normal and the tangential dire:E'-e bur(;le? Ier:gth ?‘”g_”_‘g (:;"f“’\;n length. As Tlhown n Ft'g' 1’ht.hﬁ
tions, respectively. Explicitlyd,, = H, cos(6)+H, sin(#) and apered structure 1s divided Into many smart segments, whic

H, = H, sin(6) — H, cos(8), whered is the angle between is called the step—likg approximation methO(_:I, and the radius of
and ther direction. Since the cross section of the weakly fuseglaCh small segment Is taken as that of the midde of the segment.
coupler possesses symmetry abpakis, only half of the inho- y accumulating the phase d|ffergnce betweeq thg evenand qu
mogeneous region is divided into triangular elements, as shoanl)deS of these small segments in egch_ pol_anzat|on, we obtain
in Fig. 2, for the FEM treatment in (4). Within each element th@d)’” and Ag,, and then the power dls'gr|but|ons at the output
unknown fields @, and H,) and the arbitrary fieldsH; and Channels of the coupler can be determined.
Hy) are expanded in linear local basis functions with the ex-
pansion coefficients being the field nodal values. By taking the
variation on the arbitrary fields and some matrix manipulations The fiber-cores effect on the propagation characteristics
for (4a) and (4b), the normal derivative field8H,/0n and and mode filed patterns are investigated for the couplers
0H,/0n) on the boundary' of the inhomogeneous region carin 2-D cross-section view. Rigorous mathematical analysis
be expressed explicitly in terms of the boundary fielHs @nd combining the BEM and FEM can provide the magnetic field
H,). Based on the BEM with pulse bases for (2), the relatiommtterns of the four normal vector modes, and the results
in matrix form between the normal derivative field&{/dn) for the weakly fused coupler with the core index profile
and the boundary fieldsf{) on I of the homogeneous regionD = (n3 — n?)/2n3 = 0.5% and the normalized frequency
can be obtained. The tangential derivative figldl,/0¢ and V = (2mr/\)\/n? —ni = 30 are given in Fig. 3. Fig. 3(a)
0H,/0¢) in (5) are approximated by a three-point finite difand (b) shows the even mode and odd mode, respectively,
ference. Through matching the continuity Bf and H_, re- with the polarization being predominantly in thedirection.
spectively, in (5a) and (5b) which are now in termsif and  Fig. 3(c) and (d) shows the corresponding modes forthe-
H, only, the propagation characteristics of the guided normiakization. Note that magnetic fields are plotted here, although
modes can be obtained. the polarization direction is defined by the electric field. Each
In our 3-D modeling the exponential taper profile with a waisarrow represents the orientation and the relative strength of the
of uniform dimension, as shown in Fig. 1, is used [1], [5]. Suctnagnetic field at the point specified by the arrow root. Since

Ill. FIBER-CORESEFFECT. 2-D EM MODELING
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Fig. 4. Fiber-cores effects on the field distributions alongittais. (a) Even
mode and (b) odd mode. The calculated results by both the surface integral
equation method (SIEM) and the combining approach (FEM and BEM) are
shown and compared for the coupler with= 0.0%.

To see more clearly the fiber-core effects on the mode fields,
the normalized magnetic fields in their predominant direction
along the center linéy = 0) of the coupler is plotted in Fig. 4
with different core index profile$D = 0.0%, D = 0.5%, and
D =1.0%) atV = 30. Fig. 4(a) and (b) show the field distribu-
tions of the even and odd modes, respectively, forthelariza-
tion with V' = 30. It can be seen that small perturbations of the
refractive index of fiber cores from» = 0.0% (no-core approx-

) imation) toD = 0.5% or from D = 0.5% to D = 1.0% cause
significant variations on the mode field distributions. To check
Fig. 3. Four orthogonal vectorial mode patterns shown by the magnetic fielqge correctness of our combining numerical approach, we com-
for the weakly fused coupler with concerning the fiber-cores. (a) Even mogiare the calculated field distributions fbr= 0.0% with the re-
with & polarization, (b) odd mode with polarization, (c) even mode with  g|ts obtained by the surface integral equation method (SIEM).
polarization, and (d) odd mode withpolarization. . . . .
The SIEM is a vectorial numerical approach that can rigorously
solve the propagation characteristics of the embedded homoge-
the fused coupler, in general, is a strongly guiding waveguidegous optical waveguide with arbitrary cross-sectional shape. It
the mode fields are almost guided in the coupler. It can leclearly presented that the field distributions obtained by these
found that the fiber-cores cause the concentration of powero different numerical approaches are quite consistent for the
density within the core regions. coupler without considering the fiber cores.
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Fig. 5. Normalized coupling coefficients gfpolarizationrC', as a function ' Drawn Length (mm)

of V for three different core index profile® = 0.0%, D = 0.4%, andD =
0.8%. The percentage errors o€y caused by neglecting the cores are als?:ig 7

shown. Normalized output powetP; / P,) variation of a practical weakly

fused tapered coupler in the drawing process for the input light with three
different types of polarization property. A 3-dB power divider, PBS, and

0.01 -50% WDMC can be obtained by stopping at point A, B, and C, respectively.
- 0% Fig. 5, for the two polarization states are similar, it is reasonable
0001 | .. to see that the behavior of birefringence error by neglecting the
= S 130 m fiber-cores is quite similar to the error behavior of coupling co-
“.; - ' 3 efficients.
% —— D=0.0% N {109 &
0.0001 | |77 g:g:gf;: IV. FIBER-CORESEFFECT. 3-D EM MODELING
™=1.448,m =10 (air) | 9% As described in (1), the coupling behavior of the fused ta-
bir =18 pered couplers is determined by the accumulated phase differ-
1E-005 = 0% ence between the coupling modes along the coupling region
0 10 20 30 40 50 60 70

with varying V-values. Although it has been presented in pre-
vious section that the fiber-cores effects on the coupling coeffi-
Fig. 6. Form birefringence as a function &t for three different core index cients and the blref“ngence are Slgmﬁcant for lamalues’,
profiles D = 0.0%, D = 0.4%, andD = 0.8%. The percentage errors by the performance of the real coupler is not easy to be predicted
neglecting the cores are also shown. by just knowing the coupling characteristics at the cross section
of the coupler. Based on the rigorous numerical approach as de-
Fig. 5 shows the normalized coupling coefficients of two pascribed in Section Il, the influence of the fiber-cores on the mod-
larization state$rC,, andrC, ) as a function o¥ for three dif- eling of the coupling behaviors for the couplers, such as power
ferent core index profile® = 0.0%, D = 0.4%, andD = divider, polarization beam-splitter (PBS), and wavelength de-
0.8% with n; = 1.448, ng = 1.0, andr/b = 15. The per- multiplexing/multiplexing coupler (WDMC), is investigated in
centage error forC,, andrC, caused by neglecting the cores ighis section.
also shownin Fig. 5. The influence of fiber cores on the coupling Fig. 7 shows the normalized output powg?r, /F,) varia-
coefficient becomes more significant as Hievalues increase. tion of a practical weakly fused tapered coupler in the drawing
Obviously the no-core assumption can be justified only at vepyocess for the input light with three different types of polariza-
low V-values, which are not the cases for real couplers. Sintien property,z-polarization(Fy, = 0), y-polarization(F, =
the coupling coefficients decrease exponentially with norma}), and unpolarizatiofF,. = F,). The standard telecommu-
ized frequencies and become small at hiffivalues, small per- nication fibers witl2b = 9 um and2» = 125 um are used, and
turbations of fiber-cores in the couplers cause significant varidee input light wavelength is 1523-nm. The burned lenigtffor
tions of the coupling strength. It can be seen that the percentalge exponential taper profile is 5.65 mm and the fiber cores are
error ofrC,, orrC,, can reach about 19% and 45% for the pertureglected. The intensity of the output power cyclically reaches
bations of the refractive index of the fiber-cores with= 0.4% 100% for the input light with: andy polarization states as the
andD = 0.8%, respectively, at normalized frequenky= 60. fibers are pulled. The coupling patterns for these two polariza-
The fiber-core effect on the form birefringence, which is deion states are similar, but coupling occurs first for thgolar-
fined asr(C, — C,), is illustrated in Fig. 6 with the coupler ization becaus€, is larger tharC,, for the couplers in weakly
parameters being the same as in Fig. 5. The percentage efused conditions. Due to the form birefringence of the weakly
for the birefringence by ignoring the cores also becomes signiifised coupler, the polarization modulation envelope of the nor-
icant asV increases. The error can reach about 50% and 2G%@lized output power is clearly seen for the case with the un-
for D = 0.4% and D = 0.8%, respectively, at the normalizedpolarized input light. A 3 dB power divider, PBS, and WDMC
frequencyV = 60. Because the error behaviors, as shown itan be obtained by stopping at the drawn length of 26.2, 31.2,

Normalized Frequency (V)
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Fig. 8. Cores effect on the normalized output power in the drawing proce’g@: 10.' Th? influence of t_he fiber_ cores on the wavelength responses of the
with D = 0.0%, D = 0.4%, andD = 0.8%. extinction ratio for a PBS wittl, = 5.65 mm andL = 31.22 mm.
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Fig. 11. Fiber-cores effect on the spectral responses of the normalized output
Fig. 9. The influence of fiber-cores on the wavelength responses of tb@wer at the through port for a WDMC with, = 5.65 mm andL = 34.1
normalized output power at through port for a 3 dB coupler. mm.

and 34.2 mm as indicated by point A, B, and C, respectively, @oupler(D = 0.0%), but the wavelength for 50% coupling
Fig. 7. At point A, the unpolarized input power is equally disratio increases with the refractive index profiles of cores being
tributed between the two output ports. At point B the couplinimcreased. It is seen that the discrepancy for the coupler's
ratio at through port is 100% for the input light withpolariza- performance is significant between the real coupler and the
tion and 0% for that withy polarization [4] and [12]. At point C no-core coupler. Fig. 10 shows the influence of the fiber cores
the coupled power at the through port for the unpolarized inpoih the wavelength responses of the extinction ratio, which is
light with 1523-nm wavelength is relative minimum [13]. defined as the?, /P, (whereP, andF, are the output powers
Fig. 8 shows the cores effect on the normalized output powegrthe port considered farandy polarizations), for a PBS with
in the drawing process with = 0.0%, D = 0.4%, andD = L, = 5.65 mm andL = 31.22 mm. If a PBS is theoretically
0.8%. When the coupler has shorter drawn length,healue assumed as the coupler with the extinction ratio being larger
at the coupler waist is larger and thus the effect of fiber cores cdwan 50 dB at both output ports, it can be seen that the couplers
be seen. However, when the coupler has longer elongation, thith D = 0.0%, D = 0.4%, andD = 0.8% perform as PBS’s
difference in the coupling behavior between the real couplaaswavelength of 1540 nm, 1550 nm, and 1560 nm, respectively.

(D = 0.4% and D = 0.8%) and the no-core couplé€il) = Therefore, the accuracy of predicting the performance of the
0.0%) is small because of the smallg-value at the coupler real fused coupler by neglecting the fiber cores is not valid in
waist. the 3-D EM modeling, although the trend of the coupling be-

Fig. 9 shows the fiber cores effect on the wavelength rbavior of the real couplers can be modeled by the couplers with
sponses of the normalized output power at through port foma-core assumption. Fig. 11 shows the spectral responses of
3-dB coupler withL, = 5.65 mm andL = 26.17 mm. The the normalized output power at the through port for a WDMC
output power decreases almost linearly with wavelength faith L, = 5.65 mm andL = 34.1 mm. Again, there are
both real couplersD = 0.4% and D = 0.8%) and no-core significant discrepancies for the wavelength responses between
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real couplers withD = 0.4% and D = 0.8% and the no-core
coupler. It can be found that the real couplers with= 0.4%
and D = 0.8% perform as WDMC's at the wavelegths 1420
nm/1530 nm and 1430 nm/1540 nm, respectively, but it occurs[Z]
at wavelengths 1410 nm/1520 nm for the coupler with no-core
assumption. [3]

It is worth noting that although the cores effects on the cou-
pling characteristics, as shown in Section lll, is quite significant 4]
at highV-values in 2-D view, their effects on the coupling be-
havior for the realistic couplers is not so dramatic. It can be ex—[S]
plained as the small'-value at the waist region of the weakly
fused coupler. In our 3-D modeling, the transverse dimension of
the weakly fused coupler is reduced exponentially in the tapere
region and keeps uniform at the waist region with the length
being the burned length,. Therefore, the coupling behavior
of the real coupler is dominantly decided by the coupling char-
acteristics in the waist region because the coupling strength ing,
this region is the strongest due to the smalléstalue. It can
be found that the normalized frequeniyat the waist is about o]
26, 17, and 12 for the power divider, PBS, and WDMC, respec-
tively, in previous study. As shown in Section lll, the errors of [10]
the coupling characteristics by neglecting the fiber cores are re|-

) 11]
atively small at these small-values.

(1]

6]

(71

V. CONCLUSION (12]

Based on the vectorial electromagnetic formulations, which
combines the finite element method and the boundary eleme
technique, and the step-like approximation method, a 3-D elec-
tromagnetic modeling program has been established to study the
fiber cores effects on the coupling characteristics of the weakly
fused tapered couplers both in 2-D and 3-D EM views. It has
been found that the cores have significant effect on the mode
field distributions and the errors of the coupling coefficients al
the birefringence by neglecting the cores increases dramatic
asV-values increases. The influence of the fiber cores on t
coupling behavior for the practical couplers, such as 3 dB po
divider, PBS, and WDMC, have also been studied in this pap
We have found that the model with no-core assumption can o
predict the trend of the coupling behavior for the real coupl
but the discrepancies of the coupler’s performance can be .y
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