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Abstract—In this study, a general method for analyzing the
multilayer optical planar waveguides with photonic metamaterial is
presented. The propagation characteristics of TE waves guided by the
film with both the permittivity and permeability less than zero are
investigated theoretically. The formulae for the electric fields of TE
modes in this structure have been proposed. Typical numerical results
for dispersion characteristics are shown. The analytical and numerical
results show excellent agreement.

1. INTRODUCTION

In recent years, there has been a dramatic proliferation of
research concerned with the photonic metamaterial [1–10]. Some
applications of metamaterial have been studied. The simulations and
measurements of metamaterial, such as the self-collimation of light in
metamaterial [11, 12], band-pass filters [13], and antennas [14–17], have
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been presented. The wave propagating in a double-negative (DNG)
medium that has simultaneous negative dielectric permittivity and
magnetic permeability have been excellently discussed in [18–21]. For
optical waveguides, the analyses of waves guided by thin films with
photonic metamaterial are special interest [22–25]. These papers have
dealt with the three-layer optical planar waveguide structures where
a DNG film was bounded by two DPS media, i.e., a medium having
positive dielectric permittivity and positive magnetic permeability.

In conventional materials, the multilayer optical planar waveg-
uides play an important role in guided-wave optics. A number of
potential application for such multilayer systems to all-optical signal
processing have been identified, e.g., logic gates, switching, wavelength
division multiplexer, etc. [26–28]. Studies of TE wave propagating on
the multilayer systems in linear/nonlinear have attracted a great deal
of interest in the past two decade [29–36]. Wu et al. developed accu-
rate calculations for multilayer systems with DPS materials, as multi-
layer planar waveguide with nonlinear cladding [37], multilayer planar
waveguide with nonlinear cladding and substrate [38], multilayer pla-
nar waveguide with a localized arbitrary nonlinear guiding film [39],
multilayer planar waveguide with all nonlinear guiding film [40], and
multilayer planar waveguide with all nonlinear layers [41]. The com-
plete set of modes of all possible solutions for the TE wave in the
three-layer planar waveguide with photonic metamaterial was analyzed
and disused [42]. Therefore, it may be reasonable to expect that the
presence of multilayer system with DNG guiding films with their more
exotic dispersion relations could lead to interesting optical properties.
In this work, we have proposed a general modal formalism for modeling
TE waves propagating in this metamaterial multilayer structure. The
transverse electric field distributions and dispersion relations in this
structure have been obtained. This result can be used to predict the
propagation characteristics in optical planar waveguide. In the future,
the novel phenomenon can be applied in the design of optical devices.
The analytical and numerical results show excellent agreement.

2. ANALYSIS

In this section, we have used the modal theory [43] to derive the general
formulae that can be used to analytically calculate the multilayer
optical planar waveguides with photonic metamaterial, as shown in
Fig. 1. The multilayer structure is composed of guiding film with
DNG materials (N + 1 layers), interaction layers with DPS materials
(N layers), cladding with DPS materials, and substrate with DPS
materials. The total number of layers is 2N + 3. The constants di
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(a) (b)

Figure 1. The structure of multilayer planar waveguides with
photonic metamaterial: (a) for N = even and (b) for N = odd.

and df are the widths of the interaction layer and the guiding film,
respectively. The cladding and substrate layers are assumed to extend
to infinity in the +x- and −x-directions, respectively. The major
significance of this assumption is that there are no reflections in the
x-direction to be concerned with, expect for those occurring at the
interfaces. For the simplicity, we have considered the transverse electric
plane waves propagating along the z-direction. The wave equation can
be reduced to

∇2Φyj =
εjµj

c2

∂2Φyj

∂t2
, j = i, f, c, s (1)

with solutions of the form

Φyj(x, z, t) = Ej(x) exp[i(ωt− nek0z)], j = i, f, c, s (2)

The subscripts i, f , c, and s in Eq. (1) are used to denote the interaction
layer, guiding film, cladding, and substrate, respectively. For TE
waves, the electric field components Φx and Φz are zero. It can also be
note that in Eq. (2), that the transverse electric field E(x) has no y- and
z-dependence because the planar layers are assumed to be infinite in
these directions, precluding the possibility of reflections and resultant
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standing waves. In Eq. (2), ne is the effective refractive index, ω is
the angular frequency, and k0 is the wave number in the free space.
By substituting Eq. (2) into the wave equation, the transverse electric
fields in each layer has the general form
Ec (x) = Ac exp (−k0qcx) , in the cladding (3a)
Ef (x) = Af(m) cos [k0Q (x− xf (m))] , in the guiding film (3b)
Ei (x) = Ai(m) cosh [k0qi (x− xi (m))] , in the interaction layer (3c)
Es (x) = As exp (k0qsx) , in the substrate (3d)

where subscripts m = 1, 2, . . . N . The Ac, Af (m), Ai (m), As, qc,
Q, qi, qs, xf (m), and xi (m) are all constants. These constants can
be determined by matching the boundary conditions. For the linear
case, the constant Ac is arbitrary. The amplitude parameters Af (m),
Ai (m), and As are proportional to Ac. The detail derivations of these
constants Af (m), Ai (m), As, qc, Q, qi, qs, xf (m) are shown in the
appendix.

The qj and Q can be expressed as

qj =
√

n2
e − εjµj , j = i, c, s (4a)

Q =
√

εfµf − n2
e (4b)

For simplicity, we considered εi = εc = εs and µi = µc = µs so that
qi = qc = qs = q. It can be noted that in Eqs. (4a) and (4b) that
Q and qj are given in terms of a single unknown, the effective index
ne. By matching the boundary conditions, we obtained the following
equations (appendix):

tan [k0Qfdf ] =
µfµcQq (1 + tanhΨ)
µ2

cQ
2
f − µ2

fq2 tanhΨ
(5a)

tan [k0Qfdf ] =
µfµcQq (1 + tanhΦ)
µ2

cQ
2
f − µ2

fq2 tanhΦ
(5b)

where Ψ and Φ can be expressed as

Ψ = k0q

[
df

2
+

(
N − 1

2

)
df +

N

2
di − xi (1)

]
, for n = even (6a)

Φ = k0q

[
di

2
+

(
N−1

2

)
di+

(
N−1

2

)
df−xi (1)

]
, for n = odd (6b)

xi (1) =
(

N − 1
2

)
df +

(
N

2
− 1

)
di − 1

k0q
tanh−1

{
µsQ

µfq
tan

{
k0Q

[(
1−N

2

)
df +

(
1−N

2

)
di+xf(2)

]}}
(6c)
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The dispersion equations can be solved numerically. When the
constant ne is determined, the constants Ac, Af (m), Ai (m), As, qc, Q,
qi, qs, xf (m), and xi (m) are also determined (appendix). A diagram
indicating the computation step is shown in Fig. 2.

Use numerical method (Matlab) to solve Eq. (3) −Eq. (10)

Determine  ne and Ac

Find the  Q and q

Find the  xf (N+1)

Variable i = 0

m = N − i

Calculate  dispersion relation

Find electric field in each layer

End

Find the  xi (m)

Find the  xf (m)

m = 1

m > 1

i = i +1

Figure 2. Diagram of the computation steps.
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3. NUMERICAL RESULTS

In this section, we used the analytical formulae derived in the preceding
section to calculate the transverse electric field function E(x). The
numerical examples are shown, as follows. When N = 0 and 1,
the general formulas can be simplified to two special cases, as three-
layer and five-layer planar waveguides, respectively. The numerical
results are shown in Figs. 3 and 4. The numerical data in three-layer

(a) (b)

(c) (d)

Figure 3. The electric field distributions of a three-layer optical planar
waveguide (N = 0): (a) ne = 1.074, df = 0.198µm; (b) ne = 1.074,
df = 0.593µm; (c) ne = 1.074, df = 0.988µm; and (d) ne = 1.074,
df = 1.383µm.



Progress In Electromagnetics Research, Vol. 110, 2010 169

(a) (b)

(c) (d)

Figure 4. The electric field distributions of a five-layer optical planar
waveguide (N = 1): (a) ne = 1.558, df = 0.8µm; (b) ne = 1.558,
df = 2.23 µm; (c) ne = 1.558, df = 3.64 µm; and (d) ne = 1.558,
df = 6.6µm.

structure have been calculated with the values: the wavelength in free
space λ = 1.55 µm, εf = −εc = −εs, µf = −5µc = −5µs. Fig. 3
shows some eigen-modes of a three-layer waveguide. In Fig. 3(a), the
electric field distribution is plotted with the parameters ne = 1.074,
df = 0.198µm. In Fig. 3(b), the electric field distribution is plotted
with the parameters ne = 1.074, df = 0.593µm. In Fig. 3(c), the
electric field distribution is plotted with the parameters ne = 1.074,
df = 0.988µm. In Fig. 3(d), the electric field distribution is plotted
with the parameters ne = 1.074, df = 1.383µm. The numerical data in
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five-layer structure have been calculated with the values: di = 3µm,
εf = −2.4649, εc = εs = εi = 2.4025, µf = −µc = −µs = −µi.
This structure can not support fundamental guided mode. As the
parameter df increases, the modes will appear in surface modes and
guided modes. The guided modes and surface modes are depended on
a discrete eigenvalue of effective refractive index ne. The studies of
three-layer planar waveguides have been presented in [10–17, 34]. In
this special case, the electric field and optical properties are the same
these literatures.

Here we show another special case of this general analytical
method. Fig. 4 shows some eigenmodes of a five-layer waveguide. In
Fig. 4(a), the electric field distribution is plotted with the parameters
ne = 1.558, df = 0.8µm. In Fig. 4(b), the electric field distribution is
plotted with the parameters ne = 1.558, df = 2.23 µm. In Fig. 4(c), the
electric field distribution is plotted with the parameters ne = 1.558,
df = 3.64µm. In Fig. 4(d), the electric field distribution is plotted
with the parameters ne = 1.558, df = 6.6µm. The guiding film
also supports the guided modes and surface modes. The power could
be carried by the guided mode and the surface mode in longitudinal
direction. The phase of leaky wave in interaction layers have depended
on the high-order guided modes.

4. CONCLUSION

In this paper, we have proposed a general method to analyze wave
propagation in the multilayer optical planar waveguide with photonic
metamaterial. The general method can also be degenerated into other
special cases for analyzing multilayer photonic metamaterial optical
waveguide. This method can be used to predict the propagation
characteristics in three-layers, five-layers, or more. The transverse
electric field distributions and dispersion relations have been obtained.
A thorough understanding of the wave equations and how they are
solved helps us understand the optical waveguides themselves. It is
useful to design all-optical devices with photonic metamaterial. For a
special case in this work, the general method can be degenerated into
the three-layer optical planar waveguide with DNG guiding film. The
results are entirely consistent with those reported in previous studies.
The five-layer optical planar waveguide with DNG guiding film has
been proposed. The present study enhances the previous studies’
findings by providing a much more detailed examination of wave
propagation in the media whose optical response is DNG metamaterial.
Rigorous analyses and numerical results show that our formulations are
correct.
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APPENDIX A. DETAILED DERIVATIONS OF THE
CONSTANT Af (m), Ai(m), As, xf(m), AND xi(m)

Part I: N = even

xf (N + 1) = −df

2
− Ndf

2
− Ndi

2
+

1
k0Q

tan−1

(
µfq

µsQ

)
(A1)

xi (N − p) = −df

2
−

[
N

2
− (p + 1)

]
df −

(
N

2
− p

)
di − 1

k0q

tanh−1

{
µsQ

µfq
tan

{
k0Q

[
df

2
+

[
N

2
− (p + 1)

]
df

+
(

N

2
− p

)
di + xf (N − p + 1)

]}}
(A2)

xf (N − p) =−df

2
−

[
N

2
−(p+1)

]
df−

[
N

2
−(p + 1)

]
di+

1
k0Q

tan−1

{
µfq

µiQ
tanh

{
k0q

[
df

2
+

[
N

2
− (p + 1)

]
df

+
[
N

2
− (p + 1)

]
di + xi (N − p)

]}}
(A3)

for 0 ≤ p ≤ N
2 − 1

xi (N − p) = −df

2
−

[
N

2
− (p + 1)

]
df −

(
N

2
− p

)
di +

1
k0q

tanh−1

{
µsQ

µfq
tan

{
k0Q

[
−df

2
−

[
N

2
− (p + 1)

]
df

−
(

N

2
− p

)
di − xf (N − p + 1)

]}}
(A4)

xf (N− p) = −df

2
−

[
N

2
−(p + 1)

]
df−

[
N

2
−(p +1)

]
di+

1
k0Q

tan−1

{
µfq

µiQ
tanh

{
k0q

[
df

2
+

[
N

2
− (p + 1)

]
df

+
[
N

2
− (p + 1)

]
di + xi(N − p)

]}}
(A5)
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for N
2 ≤ p ≤ N - 1

Af (1) = Ac

exp
[
−k0q

(
df

2 + Ndf

2 + Ndi
2

)]

cos
{

k0Q
[

df

2 + Ndf

2 + Ndi
2 − xf (1)

]} (A6)

Ai (1) = Af (1)
cos

{
k0Q

[
df

2 +
(

N
2 − 1

)
df + Ndi

2 − xf (1)
]}

cosh
{

k0q
[

df

2 +
(

N
2 − 1

)
df + Ndi

2 − xi (1)
]} (A7)

Af (N−p)=Ai(N−p−1)

cosh
{
k0q

[
−df

2 −
(
N
2 −(p+2)

)
df

−(
N
2 −(p+1)

)
di−xi(N−p−1)

]}

cos
{
k0Q

[
−df

2 −
(
N
2 −(p+2)

)
df

−(
N
2 −(p+1)

)
di−xf (N−p)

]}
(A8)

Ai (N−p) = Af (N−p)

cos
{
k0Q

[
−df

2 −
(
N
2 −(p + 1)

)
df

−(
N
2 −(p + 1)

)
di−xf (N−p)

]}

cosh
{
k0q

[
−df

2 −
(
N
2 −(p + 1)

)
df

−(
N
2 −(p + 1)

)
di−xi (N−p)

]}
(A9)

for N
2 ≤ p ≤ N − 2

Af

(
N

2
+ 1

)
= Ai

(
N

2

) cosh
{

k0q
[

df

2 − xi

(
N
2

)]}

cos
{

k0Q
[

df

2 − xf

(
N
2 + 1

)]} (A10)

Ai

(
N

2
+ 1

)
= Af

(
N

2
+ 1

) cos
{

k0Q
[

df

2 + xf

(
N
2 + 1

)]}

cosh
{

k0q
[

df

2 + xi

(
N
2 + 1

)]} (A11)

Af (N−p) = Ai(N−p−1)

cosh
{
k0q

[
df

2 +
(
N
2 −(p+2)

)
df

+
(
N
2 −(p+1)

)
di+xi(N−p−1)

]}

cos
{
k0Q

[
df

2 +
(
N
2 −(p+2)

)
df

+
(
N
2 −(p+1)

)
di+xf (N−p)

]}
(A12)

Ai(N−p) = Af (N−p)

cos
{
k0Q

{
df

2 +
[

N
2 −(p+1)

]
df

+
[
N
2 −(p+1)

]
di+xf (N−p)

}}

cosh
{

k0q
{

df

2 +
[

N
2 − (p + 1)

]
df

+
[

N
2 − (p + 1)

]
di + xi (N − p)

}}
(A13)
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for 0 ≤ p ≤ N
2 − 2,

Af (N+1)=Ai(N)
cosh

{
k0q

[
df

2 +
(

N
2 −1

)
df + N

2 di+xi(N)
]}

cos
{
k0Q

[
df

2 +
(
N
2 −1

)
df + N

2 di+xf (N+1)
]} (A14)

As = Af (N + 1)
cos

{
k0Q

[
df

2 + N
2 df + N

2 di + xf (N + 1)
]}

exp
[
−k0q

(
df

2 + N
2 df + N

2 d
)] (A15)

Part Π : N = odd

xf (N+1) =−di

2
−

(
N

2
− 1

2

)
di−

(
N

2
+

1
2

)
df +

1
k0Q

tan−1

(
µfq

µiQ

)
(A16)

xi(N−p) =−di

2
−

(
N

2
−p− 1

2

)
di−

(
N

2
−p− 1

2

)
df− 1

k0q

tanh−1

{
µsQ

µfq
tan

{
k0Q

[
1
2
di +

(
N

2
− p− 1

2

)
di

+
(

N

2
− p− 1

2

)
df + xf (N − p + 1)

]}}
(A17)

xf (N−p) =−di

2
−

(
N

2
−p− 3

2

)
di−

(
N

2
−p− 1

2

)
df− 1

k0Q

tan−1

{
µfq

µiQ
tanh

{
k0q

[
di

2
+

(
N

2
− p− 3

2

)
di

+
(

N

2
− p− 1

2

)
df + xi (N − p)

]}}
(A18)

for 0 ≤ p ≤ N−3
2 ,

xi

(
N

2
+

1
2

)
=−di

2
− 1

k0q
tanh−1

{
µsQ

µfq
tan

[
k0Q

(
di

2
+xf

(
N

2
+

3
2

))]}
(A19)

xf

(
N

2
+

1
2

)
=

di

2
− 1

k0Q
tan−1

{
µfq

µiQ
tanh

[
k0Q

(
di

2
−xi

(
N

2
+

1
2

))]}
(A20)

xi(N−p) =−di

2
−

(
N

2
− p− 1

2

)
di −

(
N

2
− p− 1

2

)
df +

1
k0q

tanh−1

{
µsQ

µfq
tan

{
k0Q

[
−di

2
−

(
N

2
− p− 1

2

)
di

−
(

N

2
− p− 1

2

)
df − xf (N − p + 1)

]}}
(A21)
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xf (N−p) =−di

2
−

(
N

2
− p− 3

2

)
di −

(
N

2
− p− 1

2

)
df +

1
k0Q

tan−1

{
µfq

µiQ
tanh

{
k0q

[
−di

2
−

(
N

2
− p− 3

2

)
di

−
(

N

2
− p− 1

2

)
df − xi (N − p)

]}}
(A22)

for N+1
2 ≤ p ≤ N − 1,

Af (1)=Ac

exp
{
−k0q

[
di
2 +

(
N
2 − 1

2

)
di+

(
N
2 + 1

2

)
df

]}

cos
{
k0Q

[
di
2 +

(
N
2 − 1

2

)
di+

(
N
2 + 1

2

)
df−xf (1)

]} (A23)

Ai(1)=Af (1)
cos

{
k0Q

[
di
2 +

(
N
2 − 1

2

)
di+

(
N
2 − 1

2

)
df−xf (1)
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cosh
{
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[
di
2 +

(
N
2 − 1

2

)
di+

(
N
2 − 1

2

)
df−xi(1)

]} (A24)

Af (N−p)=Ai(N−p−1)

cosh
{

k0q
[
−di

2 −
(
N
2 −p− 3

2

)
di

−(
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2

)
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(A25)

Ai(N−p)=Af (N−p)
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{
k0Q
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−di

2 −
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N
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2
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di
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{
k0q

[
−di
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−(
N
2 −p− 1
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(A26)

for N−1
2 ≤ p ≤ N − 2,

Af (N−p)=Ai(N−p−1)
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{
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[

di
2 +

(
N
2 − p− 3

2

)
di

+
(
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2
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{
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[
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(
N
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2
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{
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[
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(
N
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for 0 ≤ p ≤ N−3
2 ,

Af (N+1)=Ai(N)
cosh

{
k0q

[
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2 +
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2

)
di+

(
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)
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“Cloak/anti-cloak interactions,” Opt. Express, Vol. 17, 3101–3114,
2009.

2. Awad, M., M. Nagel, and H. Kurz, “Negative-index metamaterial
with polymer-embedded wire-pair structures at terahertz frequen-
cies,” Opt. Lett., Vol. 33, 2683–2685, 2008.

3. Duan, Z.-Y., B.-I. Wu, S. Xi, H. Chen, and M. Chen, “Research
progress in reversed Cherenkov radiation in double-negative
metamaterials,” Progress In Electromagnetics Research, Vol. 90,
75–87, 2009.

4. Xi, S., H. Chen, B.-I. Wu, and J. A. Kong, “Experimental
confirmation of guidance properties using planar anisotropic left-
handed metamaterial slabs based on s-ring resonators,” Progress
In Electromagnetics Research, Vol. 84, 279–287, 2008.

5. Wu, W. Y., A. Lai, C. W. Kuo, K. M. K. H. Leong, and T. Itoh,
“Efficient FDTD method for analysis of mushroom-structure
based left-handed materials,” IET Microwaves, Antennas &
Propagation, Vol. 1, 100–107, 2007.

6. Dolling, G., M. Wegener, C. M. Soukoulis, and S. Linden,
“Negative-index metamaterial at 780 nm wavelength,” Opt. Lett.,
Vol. 32, 53–55, 2007.

7. Yu, G. X., T.-J. Cui, W. X. Jiang, X. M. Yang, Q. Cheng, and
Y. Hao, “Transformation of different kinds of electromagnetic
waves using metamaterials,” Journal of Electromagnetic Waves
and Applications, Vol. 23, No. 5–6, 583–592, 2009.

8. Zhou, H., Z. Pei, S. Qu, S. Zhang, J. Wang, Q. Li, and Z. Xu, “A
planar zero-index metamaterial for directive emission,” Journal of
Electromagnetic Waves and Applications, Vol. 23, 953–962, 2009.

9. Gong, Y. and G. Wang, “Superficial tumor hyperthermia with



176 Kuo et al.

flat left-handed metamaterial lens,” Progress In Electromagnetics
Research, Vol. 98, 389–405, 2009.

10. Wang, M.-Y., J. Xu, J. Wu, B. Wei, H.-L. Li, T. Xu, and D.-B. Ge,
“FDTD study on wave propagation in layered structures with
biaxial anisotropic metamaterials,” Progress In Electromagnetics
Research, Vol. 81, 253–265, 2008.

11. Wang, Z. L., H. T. Jiang, Y. H. Li, and H. Chen, “Enhancement
of self-collimated fields in photonic crystals consisting of two kinds
of single-negation materials,” Opt. Express, Vol. 18, 14311–14318,
2010.

12. Mocella, V., S. Cabrini, A. S. P. Chang, P. Dardano, L. Moretti,
I. Rendina, D. Olynick, B. Harteneck, and S. Dhuey, “Self-
collimation of light over millimeter-scale distance in a quasi-zero-
average-index metamaterial,” Phys. Rev. Lett., Vol. 102, 133902,
2009.

13. Al-Naib, I. A. I., C. Jansen, and M. Koch, “Single metal layer
CPW metamaterial band-pass filter,” Progress In Electromagnet-
ics Research Letters, Vol. 17, 153–161, 2010.

14. Manapati, M. B. and R. S. Kshetrimayum, “SAR reduction
in human head from mobile phone radiation using single
negative metamaterials,” Journal of Electromagnetic Waves and
Applications, Vol. 23, No. 10, 1385–1395, 2009.

15. Hwang, R.-B., H.-W. Liu, and C.-Y. Chin, “A metamaterial-based
E-plane horn antenna,” Progress In Electromagnetics Research,
Vol. 93, 275–289, 2009.

16. Huang, M. D. and S. Y. Tan, “Efficient electrically small
prolate spheroidal antennas coated with a shell of double-negative
metamaterials,” Progress In Electromagnetics Research, Vol. 82,
241–255, 2008.

17. Si, L.-M. and X. Lv, “CPW-FED multi-band omni-directional pla-
nar microstrip antenna using composite metamaterial resonators
for wireless communications,” Progress In Electromagnetics Re-
search, Vol. 83, 133–146, 2008.

18. Ziolkowski, R. W. and E. Heyman, “Wave propagation in media
having negative permittivity and permeability,” Phys. Rev. E,
Vol. 64, 056625, 2001.

19. Milonni, P. W. and G. J. Maclay, “Quantized-field description of
light negative-index media,” Opt. Commun., Vol. 228, 161–165,
2003.

20. Mirza, I. O., J. N. Sabas, S. Shi, and D. W. Prather,
“Experimental demonstration of metamaterial based phase



Progress In Electromagnetics Research, Vol. 110, 2010 177

modulation,” Progress In Electromagnetics Research, Vol. 93, 1–
12, 2009.

21. Sabah, C. and S. Uckun, “Multilayer system of Lorentz/drude
type metamaterials with dielectric slabs and its application to
electromagnetic filters,” Progress In Electromagnetics Research,
Vol. 91, 349–364, 2009.

22. Jose, J., “Controlled coupling of planar waveguides using a
negative-refractive-index medium,” J. Phys. B: At. Mol. Opt.
Phys., Vol. 40, 497–505, 2007.

23. Lomakin, V., Y. Fainman, Y. Urzhumov, and G. Shvets, “Doubly
negative metamaterials in the near infrared and visible regimes
based on thin film nanocomposites,” Opt. Express, Vol. 14, 11164–
11177, 2006.

24. Shadrivov, I. V., A. A. Sukhorukov, and Y. S. Kivshar, “Guided
modes in negative-refractive-index waveguides,” Phys. Rev. E,
Vol. 67, 057602, 2003.

25. He, Y., Z. Cao, and Q. Shen, “Guided optical modes in
asymmetric left-hand waveguides,” Opt. Commun., Vol. 245, 125–
135, 2005.

26. Wu, Y. D., M. L. Huang, M. H. Chen, and R. Z. Tasy,
“All-optical switch based on the local nonlinear Mach-Zehnder
interferometer,” Opt. Express, Vol. 15, 9883–9892, 2007.

27. Wu, Y. D., T. T. Shih, and M. H. Chen, “New all-optical logic
gates based on the local nonlinear Mach-Zehnder interferometer,”
Opt. Express, Vol. 16, 248–257, 2008.

28. Kaman, V., X. Zheng, S. Yuan, J. Klingshirn, C. Pusarla,
R. J. Helkey, O. Jerphagnon, and J. E. Bowers, “A 32× 10Gb/s
DWDM metropolitan network demonstration using wavelength-
selective photonic cross-connects and narrow-band EDFAs,” IEEE
Photonics Technol. Lett., Vol. 17, 1977–1979, 2005.

29. Ttrutschel, U., F. Lederer, and M. Golz, “Nonlinear guided waves
in multilayer systems,” IEEE J. Quantum Electron., Vol. 25, 194–
200, 1989.

30. Radic, S., N. George, and G. P. Agrawal, “Theory of low-threshold
optical switching in nonlinear phase-shifted periodic structures,”
J. Opt. Soc. Am. B, Vol. 12, 671–680, 1995.

31. Radic, S., N. George, and G. P. Agrawal, “Analysis of nonuniform
nonlinear distributed feedback structures: Generalized transfer
matrix method,” IEEE J. Quantum Electron., Vol. 31, 1326–1336,
1995.

32. She, S. and S. Zhang, “Analysis of nonlinear TE waves in a



178 Kuo et al.

periodic refractive index waveguide with nonlinear caldding,” Opt.
Commun., Vol. 161, 141–148, 1999.

33. Jovanoski, Z., I. N. Towers, N. A. Ansari, and R. A. Sammut,
“Approximate analysis of circular bends in nonlinear planar
waveguides,” Opt. Commun., Vol. 244, 399–409, 2005.

34. Nguyen, T. G. and A. Mitchell, “Analysis of optical waveguides
with multilayer dielectric coatings using plane wave expansion,”
J. Lightwave Technol., Vol. 24, 635–642, 2006.

35. Lecamp, G., J. P. Hugonin, and P. Lalanne, “Theoretical and
computational concepts for periodic optical waveguides,” Opt.
Express, Vol. 15, 11042–11060, 2007.

36. Sidorov, A. I., “Radiation modulation via violation of total
internal reflection with excitation of a waveguide mode,” Tech.
Phys., Vol. 53, 732–736, 2008.

37. Wu, Y. D., M. H. Chen, C. K. Kuo, S. Y. Chen, and C. F. Chang,
“The study of multilayer planar optical waveguide structure with
nonlinear cladding,” Opt. Quantum Electron., Vol. 40, 495–512,
2008.

38. Wu, Y. D., M. H. Chen, and H. J. Tasi, “Analyzing multilayer
optical waveguides with nonlinear cladding and substrates,” J.
Opt. Soc. Am. B, Vol. 19, 1737–1745, 2002.

39. Wu, Y. D., “Analyzing multilayer optical waveguides with a
localized arbitrary nonlinear guiding film,” IEEE J. Quantum
Electron., Vol. 40, 529–540, 2004.

40. Wu, Y. D. and M. H. Chen, “Method for analyzing multilayer
nonlinear optical waveguide,” Opt. Express, Vol. 13, 7982–7995,
2005.

41. Kuo, C. W., S. Y. Chen, M. H. Chen, C. F. Chang, and
Y. D. Wu, “Analyzing multilayer optical waveguide with all
nonlinear layers,” Opt. Express, Vol. 15, 2499–2516, 2007.

42. Kuo, C. W., S. Y. Chen, Y. D. Wu, M. H. Chen, and C. F. Chang,
“Analysis and calculations of forbidden regions for transverse-
electric-guided waves in the three-layer planar waveguide with
photonic metamaterial,” Fiber Integrated Opt., Vol. 29, 305–314,
2010.

43. Doer, C. R. and H. Kogelnik, “Dielectric waveguide theory,” J.
Lightwave Technol., Vol. 26, 1176–1187, 2008.


