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A theoretical presentation by using a three-dimensional finite difference beam propagating
method (3-D FD-BPM) for the evanescent coupling is offered with respect to the refractive in-
dexes between a side-polished optical fiber and an infinitely planar waveguide with a conductor
cladding (PWGCC). The PWG is suspended at a constant distance from an unclad fiber core and
attached with a perfect conductor (PEC) on one side. The coupling and propagation of light are
found to depend on both the relationship between the refractive index values of two structures and
the configuration of the side-polished fiber used in the PWGCC. The spreading of light in the un-
confined direction of a PWGCC is presented with the distribution of electric fields in zy - plane and
the absolute amplitude of electric fields along the = and y axis. The power of the light propagation
in a fiber decreases exponentially along the fiber axis as it is transferred to the PWGCC, where it

is carried away.
OCIS code : 250.0250.

I. INTRODUCTION

The exchange of energy between an optical fiber
and a PWG placed alongside in close proximity has
attracted much attention over the years due to its
challenging intrinsic complexity and potential applica-
tion in many fields. A side-polished fiber-slab waveg-
uide structure, consisting of a single-mode optical D-
shaped fiber with a flat cladding surface attached to
the PWG overlay, has also been used in channel-
dropping filters [1], polarizers [2], intensity modula-
tors (3], [4] and sensors [5]. For example, Marcuse
(6] and Shu Zheng [7] developed a theoretical analy-
sis using CMT as a single-mode fiber-optic polished
coupler with a PWG layer formed by optical glue be-
tween the two half-blocks of the coupler. However, the
coupling between a fiber and a PWGCC has not yet
been investigated. Therefore, the current study in-
vestigates a composite fiber-slab structure with a con-
ducting surface attached to one side of a PWG by us-
ing a 3-D FD-BPM analysis, thereby asymmetrically
extending the analysis by Shu Zheng [7]. To analyze
a composite fiber-slab structure without a conductor
cladding, Even though Marcuse [6] and Shu Zheng [7]
assumed that a pair of hypothetical walls were also

imposed at a significant distance along the y -axis, a
3-D FD-BPM analysis was conducted for the coupling
between a side-polished fiber and a PWGCC without
the hypothetical walls. So the current authors con-
sider that this 3-D FD-BPM analysis for this system
is close to a real situation. Plus it is also assumed
that the combined system of a fiber and a PWGCC
can be regarded as a ridge waveguide, as in refer-
ences [6], [7], and [8]. According to these references,
when the fiber mode is essentially synchronous with
the ridge mode, considerable beating occurs initially
between the guided and unguided compound modes
of the system until a guided ridge mode is established
through the PWGCC. When a fiber mode is infinitely
coupled, many of the PWGCC modes suffer coupling-
induced attenuation. Plus, when the fiber propaga-
tion constant lies deep within the range of the propa-
gation constants of the contimium slab modes in the
PWGCC, an exponential decay of the light carried in
the fiber is observed. Accordingly, to represent the
effect of coupling between the two structures, the am-
plitude of the electric field in the propagating direction
for the coupling of a composite side-polished fiber and
PWGCC is presented by using a 3-D FD-BPM analy-
sis and compared with it of a composite-polished fiber
and PWG without a conductor cladding.
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FIG. 1. Cross-sectional view of a planar wave guide un-
der a perfect conductor(PWGCC) suspended above a fiber.

I11. A 3D FD-BPM FOR A COMPOSITE
FIBER-PWGCC COUPLER

Longitudinal and cross-sectional views of the dis-
tributed single-mode fiber-to PWGCC coupler are
presented in Fig. 1. The Maxwell’s equations writ-
ten for a source and charge free are combined first.
The scalar approximation is applied whenever all the
refractive index differences remain small [9]. There-
fore, based on the scalar approximation the scalar
wave equation is as follows:

V2E(z,y,2) + k*n’(z,y,2)E(z,y,2) = V(V - E(2,y, 2))
(1)

where F is the transverse elegtric f;leld of a fiber-
PWGCC system, V2 = 25 + 5%7 + £, k is the wave
number in free space, and n(z,y, z) defines the local

refractive index. As shown in Fig. 1, the index profiles
of a unperturbed fiber and a PWGCC are

ny for 22 +y? < a?
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Where a is the radius of a fiber core, ¢ is the thickness
of a PWGCC, s is the distance between a fiber and a
PWGCC in (2) and (3), ny is the refractive index of a
fiber, n. is the refractive index of a cladding, and n;
is the refractive index of a PWGCC in (2). The cur-
rent study is only restricted to cases of a single LPy;
mode of guided fiber. If z is associated to the propaga-
tion direction, one can write any component E(z,y, 2)
as a product of a rapidly varying propagation term
(e77%n<%) and a slowly varying one Fi(z,y, 2):

E(z,y,2) = Fi(:v,y,z)e_jkncz (3)

Making use of the well known slowly varying enve-
lope approximation (SVEA), i.e., assuming that the
following condition holds:

0%F;
872

o,
0z

< 2kn(z,y, z)

(4)

The 3-D paraxial scalar wave equation is as follows:

oF; 1
Oz = - okn v?ﬂ —a(w,y,z)Fi
c
k
—J2TL [’I’LQ(l‘,y,Z) - ng] Fi (5)
¢

Where afz,y,z), a loss or gain term, is added and
vi= 24 83—;. To solve Eq. (5), a 3D FD-BPM has
been adopted: the continuous space is discretized into
a lattice structure defined in the computational region
using a Az, Ay, Az mesh and all the differential
operators are replaced by their corresponding finite-
difference ones. The differential operators are then
substituted by difference ones yield a set of linear al-
gebraic equations, in which the three field components
at the generic propagation step m can be expressed in
terms of the field components at the previous one. The
electric field at the grid point of z = iAz, y = Ay
and z = mAz is expressed by

n(z,y,2) =¢ ns fora+s<z<a+s+t yatanyz F(idz, 0y, mAz) = Fi} (6)
ne elsewhere Using this notation for the field, Eq. (5) is approxi-

(2) mated by the finite difference form as

|
m m m+1 m+1 m
A(FmH my Filag —2F A+ FR Fi—;r,l - 2Fi,l+ + Fi+ﬁ
( il - i,l) = 2(A.’L‘)2

Fz‘nll-l_2F}T7+F77+1+F'77f11“QF'WZLH"'F‘WK% m
+ ) 7 2(Ayz)72 %, 1, +B(FZ-T:;+1 + i,l) (7)
Where A = 28 B = —jknca(i,l,m+3) + agonal equation as in the two-dimensional problems.

’“72 [n? (i,1,m+ 3) —n2]. This finite difference eq.
(7) for the three-dimensional problem is not a tridi-

Therefore, generally an inverse matrix operation is re-
quired. However, the following approximate solution
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method, which is called alternating-direction implicit
finite difference method (ADIFDM) [10], can greatly
simplify the calculation procedures for Eq. (7). The
solution in Eq. (7) can be found when field initial val-
ues are defined. Plus, should radiation occur, it must
be completely absorbed at the boundary of open struc-
ture, as usually dielectric ones are, to avoid unphysical
numerical reflections into the computational domain,
leading to meaningless results. Accurate boundary
conditions is then required. So the perfectly matched
layer (PML) boundary [11], [12] conditions is used in-
stead of the transparent boundary conditions (TBC)
[13], which is not reliable in 3-D cases.

III. NUMERICAL RESULTS AND
DISCUSSION

Numerical results for coupling with a side-polished
fiber are presented for the PWGCC that is a spe-
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cial asymmetric case in reference [7]. All the optical
and structural parameters are defined as in reference
[7], except for the PEC attached to the PWG. The
investigation of the structure is carried out using a
single-mode fiber (SMF) with the following parame-
ters: light wavelength A = 1.3um, fiber core radius
a = 2.5um, thickness of a PWGCC t = 3um, refrac-
tive index of fiber cladding n. = 1.46 and refractive
index of a PWGCC n, = 1.4745 . The minimal dis-
tance between a fiber core and a PWGCC is called
the polishing depth and denoted by s. The thick-
ness of a PWGCC is choose to propagate at least the
lowest mode among the guiding trapped wave modes
[14]. The value of the refractive index of the fiber core
ny varies around that of the PWGCC, i.e. ng > ns,
ns = ngs, and ny < ng, respectively. To study the
couple mode equation between the side-polished fiber
and each PWG by using a 3-D FD-BPM analysis, it
is also assumed that only the LPy; mode is initially
launched through the fiber at z = 0 starting at any
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FIG. 2. Field |E| for fiber-each PWG at z = 2000pm when Ay = 0.015 and s = 0.5pm. (a) Field |E| distribution in xy
- plane (b) Absolute squares of excitation coefficients for fiber mode as function of light propagation distance z in fiber.
(c) Field |E| for fiber-each PWG as function of z in plane y = 0. (d) Field |E] for fiber-each PWG as function of y in each

PWG.
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FIG. 3. Field |E| for fiber-each PWG at z = 2000um when A; = 0.01077 and s = 0.5um. (a) Field |E| distribution in
zy - plane (b) Absolute squares of excitation coefficients of fiber mode as function of light propagation distance z in fiber.
(c) Field |E| of fiber-each PWG as function of z in plane y = 0. (d) Field |E| of fiber-each PWG as function of y in each

PWG.

z = 0. When a 3-D FD-BPM analysis is applied to
a composite fiber-each PWG system, the width of a
3-D FD-BPM analysis is 60pm in the « - axis direc-
tion, 500um in the y - axis direction and the number
of divisions is Ay = A, = 0.25um. The calculation
step along the z direction is A, = 0.5um. Plus it is
assumed that the refractive index for the upper region
of the asymmetric PWG is 1.4565 to simulate a 3-D
FD-BPM analysis. Fig. 2(a) indicates the field |E|
distribution in the zy - plane at z = 2000pm in the
case of Ay = 0.015 and s = 0.5um according to a
3-D FD-BPM analysis. Fig. 2(b) shows that, when
ns > ns, the coupling between a fiber and each PWG
is ineffective regardless of the kind of PWG, only a
fraction of the launched power in a fiber fluctuates
between a fiber and each PWG, and the light power re-
mains largely in the fiber. In the absence of coupling,
the fiber mode is not in phase synchronism with any
PWGCC modes and a little power is coupled from a
fiber to a PWGCC. Fig. 2(c) shows the field |E| for a
fiber-each PWG as a function of z in plane y = 0. As

shown in Fig. 2(c), the form of the field |E| in the fiber
is not symmetric and there are some deformations of
the symmetric mode of the isolated fiber due to min-
imal coupling with the PWGCC. Fig. 2(d) shows the
field |E| for the fiber-each PWG as a function of y
in each PWG. The field |E| in a PWGCC is concen-
trated near y = 0 for the PWG without a conductor
cladding, even though the amplitude of the field |E| in
a PWGCC was slightly smaller than that of each PWG
without a conductor cladding. Fig. 3(a) indicates the
field |E| distribution in the zy - plane at z = 2000um
when Ay = 0.01077 and s = 0.5um according to a
3-D FD-BPM analysis. Fig. 3(b) shows that, when
ny is similar or slightly larger than ns, the coupling
between a fiber and each PWG without a conductor
cladding is more effective than with a PWGCC, plus
a lot of the power launched in the fiber fluctuates be-
tween a fiber and each PWG. But a little of the light
power in the PWG without a conductor cladding re-
mains in the fiber, yet a lot of the light power in the
PWGCC remains in the fiber. So, lowering the value
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FIG. 4. Field |E)| for fiber-each PWG at z = 2000um when Ay = 0.01 and s = 0.5um. (a) Field |E| distribution in zy -
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PWG.

ny generally causes the power oscillation to decay
slightly and increases the rate of decay of the power
beating, thereby transferring power from a fiber to
each PWG due to the reduced phase mismatch. Fig.
3(c) shows the field |E| of a fiber-each PWG as a func-
tion of z in plane y = 0. As shown in Fig. 3(c),
the light power in a fiber is mostly transferred to the
PWG without a conductor cladding, whereas most of
the light power in a PWGCC remains in the fiber. Fig.
3(d) shows the field |E| of the fiber-each PWG as a
function of y in each PWG, and a little of the field |E]
in the case of a PWG without a conductor cladding
is propagated along the y - axis. The field |E| in the
PWGCC is concentrated near y = 0, yet the ampli-
tude of the field |E| in the PWGCC is slightly smaller
than that of the PWG without a conductor cladding.
Fig. 4(a) indicates the field | E| distribution in the zy -
plane at z = 2000um when Ay = 0.01 and s = 0.5pum
according to the 3-D FD-BPM analysis and Fig. 4(b)
shows that, when ny is the same as n,, the amount of
power coupled out of the fiber is strongly dependent,

plus the power beating and light power transferred to
a PWGCC becomes increasingly larger. Most of the
power launched in a fiber fluctuates between a fiber
and each PWG, and only a little of the light power
in each PWG without a conductor cladding remains
in the fiber, whereas most of the light power in the
PWGCC remains in the fiber. Fig. 4(c) shows the
field |E| of the fiber-each PWG as a function of z in
plane y = 0. As shown in fig. 4(c), large humps ap-
pear in the field around the position of each PWG.
But most of the light power in the fiber is transferred
to each PWG without a conductor cladding, although
a lot of the light power remains in the fiber. Based
in Fig. 4(c), the variation of the refractive index ny
causes more deformation of the pure fiber mode and
the large fractions of mode power are gradually trans-
ferred to each PWG from the fiber. Fig. 4(d) shows
the field |F| of the fiber-each PWG as a function of y
in each PWG. As shown in Fig. 4(d), a little of the
field |E| in each PWG without a conductor cladding
is propagated along the y - axis, whereas a lot of the
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PWG.

field |E| is concentrated near y = 0 in the PWGCC,
although a fraction of the field |E| is propagated the
along y - axis and the amplitude of the field |E] is
smaller than that of the PWG without a conductor
cladding. Fig. 5(a) indicates the field | E| distribution
in the zy - plane at z = 2000pm when Ay = 0.0075
and s = 0.bum according to the 3-D FD-BPM anal-
ysis and Fig. 5(b) shows that, when the value of ny
is less than that of ng, the fiber mode decays in such
a way that the smaller the value of ny relative to the
value of ng, the stronger the coupling to each PWG,
as shown in Fig. 5(b). Thus, the power oscillates with
a high strength and dies out. Since the rate of decay
of the power beating and power is substantially trans-
ferred from a fiber to each PWG, the absolute square
of the fiber mode amplitude |ag|? reduces to nearly
zero beyond a certain propagation distance(typically
2000pm) from the initial value of |ag|? at z = 0. Fig.
5(c) shows the field |E| of the fiber-each PWG as a
function of z in plane y = 0. As shown in Fig. 5(c),
nearly all the light power in the fiber is transferred

to each PWG. Fig. 5(d) shows the field |E| of the
fiber-each PWG as a function of y in each PWG. A
lot of the field |E| in each PWG without a conductor
cladding fluctuates and is propagated along the y -
axis, whereas most of the field |E| in a PWGCC re-
mains near y = 0, although a small part of the field |E|
fluctuates and is propagated along the y - axis. The
peak values of the ridge-mode fields are dependent on
the relative values of ny, and the rate of the power
transferred to each PWG is generally slightly higher.
According to Figs. 2(a)- 5(d), the simulation results
by the 3-D FD-BPM analysis matches very well with
the physical phenomena for the symmetric and asym-
metric PWG reported in references [6] and {7] and are
presented the peculiar properties of the PWGCC for
each PWG without a conductor cladding.

As shown in Fig. 6(a), the power beating and power
transferred to the PWGCC became larger as the dis-
tance between the structures became smaller. The
absolute square of the fiber mode amplitude |ag|? was
represented for s according to the refractive index of
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the fiber in Fig. 6(b). Fig. 6(b) shows that, when
the refractive index of the fiber is larger than that
of the PWGCC, only a fraction of the light power in
the fiber is transferred to the PWGCC, even though
the distance between the fiber and the PWGCC was
slightly smaller. Yet, when the refractive index of
the fiber was smaller than that of the PWGCC, a
lot of the light power in the fiber was transferred to
the PWGCC, even though the distance s was slightly
larger. Therefore, Figs. 6(a) and (b) show that the
distance between both structures, s, also affects the
sensitivity of the coupling of the side-polished fiber
and the PWGCC as well as the difference in the refrac-
tive index for each waveguides. So the light transfer
between the fiber and the PWGCC was found to de-
pend strongly on the relationship between their prop-
agation constants 8r¢ and §;. When [, was consid-
erably larger than B¢, the PWGCC also acted as a
sink for the optical power in the fiber, so that the to-
tal power launched initially into the fiber was spread
out laterally in the PWGCC. A compound equation
was also used to represent the transverse electric field
for the propagating direction at ¥y = 0 and Newton-
Raphson’s method used to obtain the eigenvalue from
the compound equations [15]. These modes exhibited
a common propagation constant for the entire system
and a stationary power distribution beyond a certain
distance of propagation.

IV. CONCLUSION

In conclusion, an analysis of a composite fiber-
PWGCC was conducted and the drain of optical
power from a fiber to a PWGCC was shown to de-
pend on a combination of the relative values of ny,

ns. The properties of the coupling between a side-
polished fiber and a PWGCC for the ridge modes
were presented based on a 3-D FD-BPM analysis
for this system. The exchange of energy between
a fiber and a PWGCC was visualized by compar-
ing the light intensity at different cross sections of a
fiber-slab combination along the propagation direc-
tion and the characteristics of a fiber and a PWGCC
mode-coupling presented, especially the features of
the power oscillations and beatings. As shown in each
figure, when n, was lower than ny, the light was gen-
erally well confined within the fiber core. However,
as soon as ns approached or became higher than ny,
the mode beating, decay, and amount of the power
transferred could be readily tuned by a small variation
in the value ny. When the refractive index of a fiber
was smaller than that of a PWGCC, the power beat-
ing and light power also became increasingly larger.
Finally the proposed structure consisting of a fiber
and a PWGCC is very different from those of con-
ventional directional couplers as regards the aspect of
light power exchange. The proposed process provides
a loss mechanism that is describable in terms of a
loss coefficient. The PWGCC also tended to act as
a power sink for a fiber as in a system with a PWG
without a conductor cladding. The proposed system
can also be used to tap light out of a fiber without the
need for a critical length adjustment of the coupler
based on the properties of a PWGCC, where most
of the compound modes spread out over the entire
PWGCC, as in a system with a PWG without a con-
ductor cladding. Given a sufficient length and width,
the light transfers from a fiber to a PWGCC without
ever coming back. This may also be an efficient mech-
anism for exciting a PWGCC for certain specialized
integrated optic applications. So the current authors
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believe that the proposed system may be useful in
various optic applications and fields that utilize the
loss of light power.
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