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Abstract: We propose a single negative metamaterial (MTM)-based hollow-core fiber
with multilayer cladding employing zero-effective-phase bandgap for optical confinement
in this paper. The cladding is formed from a ternary 1-D photonic crystal (T-1DPC) unit
cell, which is basically a Mu-negative material sandwiched by different Mu-negative and
Epsilon-negative materials. We demonstrate its capability for broadband transmission by
numerically simulating and analyzing the photonic bandgap (PBG) and the modal loss
characteristics. The results show that the T-1DPC-based cladding can effectively
broaden the PBG. Compared with that for the binary 1-D photonic crystal unit cell-based
fiber, the radiation loss for the T-1DPC-based fiber can be reduced by three orders of
magnitude over most of the PBG range for equal number of unit cells. This MTM fiber,
depending on the operating wavelength, shows surface plasmon guidance or classical
wave guidance or both simultaneously. We also investigate the effect of variations in the
design parameters and material absorption on the wave guidance of this fiber.

Index Terms: Metamaterial, waveguide, surface plasmon, zero effective phase, cladding
mode, Spatially Averaged Single Negative (SASN) bandgap.

1. Introduction
Metameterials (MTMs) are artificially engineered materials that show exotic electromagnetic
properties, leading to many interesting phenomena and applications [1]–[8]. Waveguides are
the most fundamental and important field of photonic research as it is the building block of all
compact photonic devices and systems. Using the exceptional properties of MTMs, many inter-
esting waveguides such as MTM-core fibers [9]–[14], MTM-cladding fibers [15], [16] have been
investigated. They exhibit unusual guiding properties that traditional dielectric or metallic wave-
guides cannot produce. Slow and fast waves, synchronized forward and backward wave
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propagation, backward waves, power circulation, and bifurcation are some of the interesting
phenomena that MTM based waveguides show.

In the literature, hollow-core waveguides with hybrid cladding [17] and rolled-up metamaterials
[18], [19] have also been studied. Moreover, large quantities of MTMs have recently been pro-
duced using fiber drawing technique that show Mu negative and epsilon negative material prop-
erties [20], [21]. This fiber drawing technique paves the way to realizing various MTM fiber
structures that might have many novel applications.

By integrating the single negative (SNG) [22] MTM based photonic bandgap (PBG), it is theo-
retically possible to achieve reduced geometry cladding thickness for optical fibers. SNG mate-
rials are such that only one of the two material parameters is negative. These are epsilon negative
(ENG) materials with � G 0 (but � > 0) or Mu negative (MNG) materials with � G 0 (but � > 0). By
using two negative parameter materials like MNG-ENG in the form of multilayer periodic struc-
ture, a completely different kind of bandgap can be obtained called zero-effective-phase (ZEP)
bandgap [23], [24]. This ZEP bandgap gives rise to another bandgap called Spatially Averaged
Single Negative (SASN) bandgap [25], [26] under sub-wavelength condition ðkidi � 1Þ. Unlike
Bragg gaps, these gaps originate from the interaction of evanescent waves in the MNG and
ENG media [25], [27]. The fiber is similar to Bragg fiber in aspects such as guiding in air, polari-
zation degeneracy, etc. Due to the localization of the field at the interfaces, ZEP gap is robust
against disorder, independent on scaling and independent of incident angle and has same PBG
for both TE and TM polarization [24], [25], [28]. Because SNG photonic crystal (PC) thickness
does not need to be quarter wave thick like it does for Bragg PC at operating wavelength, it en-
ables us to reduce the fiber size whereas for fibers with other PBGs this is not possible, which
can lead to optical devices of very small size. Besides, by applying the concept of SASN band-
gap, it is possible to control the band gap and its center frequency [25], [29], [30]. Such degrees
of freedom are not found in conventional Bragg bandgaps that are employed in Bragg fibers to
guide light.

Therefore, a Bragg-like fiber can be designed that employs MTM bandgap instead of Bragg
bandgap as its guiding mechanism. This type of Bragg-like MTM based bandgap fiber has re-
cently been studied on a binary-1-D photonic crystal (B-1DPC) unit cell system [31]. It
showed excellent performance in terms of confinement loss and bandgap controlling. How-
ever, the problem of making the fiber broadband still remained. Furthermore, given the youth
of such a topic, it is important to have a comprehensive study to address the effects of vari-
ous design parameters on wave guidance. Here, we investigate ternary (T)-1DPC-based
MTM fiber and its superiority over B-1DPC. The proposed fiber exhibits broadband transmis-
sion with low confinement loss. The bandgap designing of this type of fiber is also very
straightforward as it utilizes one of the most flexible MTM bandgap called ZEP bandgap to
confine light in the core. The fiber also shows combined surface plasmon and classical wave
guidance phenomenon. The effect of material absorption properties on the total loss has also
been studied.

2. Mathematical Background and Modeling
Experimental results show that Drude model can be used to describe the dispersion characteris-
tics of fabricated SNG materials [32]–[34]. Numerous numerical simulations have also been car-
ried out using Drude model [28], [35]–[37]. Therefore, in this work, we have employed the Drude
model to describe the dispersion of our materials. According to the Drude theory [38], the dis-
persion of relative permittivity and permeability of the materials are given by

�MNG ¼ 1; �MNG ¼ 1� !2
mp

!2 þ j!�m
for MNG (1)

�ENG ¼ 1� !2
ep

!2 þ j!�e
; �ENG ¼ 1 for ENG: (2)
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Here, !mp and !ep are magnetic plasma and electric plasma frequencies, respectively; �e and �m
are corresponding electric and magnetic damping factors which account for the material loss.

The schematic diagram of the T-1DPC unit cell used in the proposed design is shown in
Fig. 1(a). The proposed unit cell contains MNG material in layer A and ENG material in layer B.
Furthermore, to make the bandgap broader [29], another layer of MNG material denoted as
layer C is inserted between layer A and B. Then, a multilayer system in the form of ðACBÞN is
developed by cascading the unit cells N times. This multilayer system is then rolled up to form
the proposed fiber as shown in Fig. 1(b).

Now, let us assume, the layers denoted by A ð�A; �AÞ, B ð�B ; �BÞ, and C ð�C ; �CÞ have thick-
ness of dA, dB , and dC respectively. Here, d ¼ ðdA þ dB þ dCÞ is the period of one unit cell. For
an infinite periodic structure ðN ! 1Þ based on Bloch's condition, the dispersion relation for any
incident angle � follows the relation [39]

cosð�dÞ ¼ cosðkAzdAÞcosðkBzdBÞcosðkCzdCÞ

� 1
2

qAz
qBz

þ qBz
qAz

� �
sinðkAzdAÞsinðkBzdBÞcosðkCzdCÞ

� 1
2

qAz
qCz

þ qCz
qAz

� �
sinðkAzdAÞcosðkBzdBÞsinðkCzdCÞ

� 1
2

qBz
qCz

þ qCz
qBz

� �
cosðkAzdAÞsinðkBzdBÞsinðkCzdCÞ (3)

where � is the Bloch wave vector, and kiz ¼ ð!=cÞ ffiffiffiffi
�i

p ffiffiffiffiffi
�i

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� sin2�=ð�i�iÞ

q
is the component of

wave vector along the axis of alternating layers in the i th medium (i.e., i ¼ A, B or C). For TE

wave, qiz ¼ ffiffiffiffi
�i

p
=

ffiffiffiffiffi
�i

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� sin2�=ð�i�iÞ

q
; for TM wave, qiz ¼ ffiffiffiffiffi

�i
p

=
ffiffiffiffi
�i

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� sin2�=ð�i�i Þ

q
, and c is

speed of light in vacuum. In (3), when cosð�dÞ > 1, there is no real solution for � which gives
phase � ¼ �d ¼ 0 and gives rise to ZEP band gap. Furthermore, if the sub-wavelength condition
ðkidi � 1Þ is satisfied, the conditions for the edges of the bandgap for the multilayer system can
be written as [29]

�� ¼
X
i

�i di ¼ 0 (4a)

�� ¼
X
i

�i di ¼ 0: (4b)

It is obvious from (4a) and (4b) that the photonic bandgap control is quite straightforward. By
changing the layer thicknesses or material dielectric parameters, it is possible to shift the band
edges arbitrarily across the frequency spectrum.

In this work, we have used Transfer Matrix Method (TMM) to analyze the fiber. For longitudi-
nal fields, the guided wave solution in the i th layer at radius r take the form of (5), shown below,

Fig. 1. (a) T-1DPC unit cell. (b) Hollow core fiber structure with SNG layers.

Vol. 7, No. 6, December 2015 4600812

IEEE Photonics Journal SNG MTM-Based Hollow-Core Bandgap Fiber



where Ai , Bi , Ci , and Di are constants, and � ¼ �r þ j�j is the propagation constant [40]. Since
the wave vector is a complex number inside the SNG material, Bessel functions J and Y in the
matrix Miðr Þ, formulated in [41], have to be replaced with modified Bessel functions of first and
second kind (I and K )

Ezi
1
i�H�i

Hzi

� 1
i�E�i

2
664

3
775 ¼ Miðr Þ

Ai

Bi

Ci

Di

2
664

3
775 (5)

where

Miðr Þ ¼

Il k 0
i r

� �
Kl k 0

i r
� �

0 0
!�i k 0

i
�k2

i
I 0l k 0

i r
� � !�i k 0

i
�k2

i
K 0
l k 0

i r
� �

l
k2
i r
Ilðk 0

i r Þ l
k2
i r
Kl k 0

i r
� �

0 0 Il k 0
i r

� �
Kl k 0

i r
� �

l
k2
i r
Il k 0

i r
� �

l
k2
i r
Kl k 0

i r
� � !�i k

0
i

�k2
i
I 0l k 0

i r
� � !�i k

0
i

�k2
i
K 0
l k 0

i r
� �

2
66664

3
77775: (6)

Here, k 0
i ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
j!2�i�i þ �2

j � �2
r j � j�r�j

q
, ki ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
!2�i�i � �2

p
, and l is the azimuthal mode num-

ber. I and K are modified Bessel functions of first and second kind. Inside the core, I and K are
replaced with regular Bessel functions J and Y , respectively. Hankel function is used for outer-
most cladding layer since there is no incoming wave generated by reflection from any other me-
dia. Imposing conditions of finite field in the core and zero inward traveling waves outside the
fiber [42], we have calculated complex �.

The confinement loss (CL) in dB/km is calculated from the imaginary part of the propagation
constant as CL ¼ ð40	=
lnð10ÞÞImð�c=!Þ � 103, where c is the speed of light in free space, and

 is the operating wavelength [42].

In this work, for layer A (MNG), !mpA ¼ 1:73� 1015 Hz, and dA ¼ 130 nm; for layer B (ENG),
!epB ¼ 1:7889� 1015 Hz and dB ¼ 50 nm; and for the middle sandwiched layer C (MNG),
!mpC ¼ 2:0494� 1015 Hz and dC ¼ 40 nm has been chosen. With these parameters, we can
achieve ZEP bandgap in the telecommunication region. It is important to recall that, ZEP bandgap
is independent of scaling [24], [25], [28]. Hence, to make the fabrication of this fiber more feasible,
the layer thicknesses chosen in this work can be scaled up without affecting the bandgap.

As mentioned before, to get ZEP bandgap, both types of SNG materials are required. Therefore,
layer A (MNG) and B (ENG) are incorporated in the unit cell. Furthermore, a third material is re-
quired to be placed between layer A and B to make the fiber broadband. The choice of materials is
either ENG or MNG. According to the method described in [29], we first proceeded with the ðABÞN
system. The upper band edge frequency comes at 1:47� 1015 Hz which corresponds to � ¼ 0
condition, and the lower band edge frequency would be 9:43� 1014 Hz that corresponds to � ¼ 0
condition. In this scenario, the third layer must be MNG to broaden the bandgap [29]. This is why,
we have proposed ðACBÞN system in which the layer C is comprised of MNG material.

Here, we have determined our PBG in the wavelength range where reflectivity is not less than
99% [43]. The normalized PBG width of �
n can be written as

�
n ¼ 2ð
U � 
LÞ=ð
U þ 
LÞ (7)

where 
U and 
L represent the upper and lower bandgap edge (UBGE and LBGE) wavelengths,
respectively.

3. Results and Discussion
The T-1DPC-based MTM fiber differs from B-1DPC-based MTM fiber. To demonstrate its basic
characteristics, firstly, the bandgap structure of the proposed ðACBÞN (T-1DPC) is compared
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with ðABÞN (B-1DPC) system. The PBG, represented by the overlapped wavelength range in
the omni-directional reflection spectra of TM and TE modes for 0� G �� G 89� is shown in Fig. 2.
These reflection spectra have been calculated using TMM. The bandgap generated by the multi-
layer cladding in this MTM based bandgap fiber, can be approximated to that of a planar multi-
layer structure [31], [43], [44]. In the following simulation, we set N ¼ 15 and damping factor
�mA ¼ �mC ¼ �eB ¼ 2	� 103 Hz. Other material parameters used in this simulation has been de-
scribed earlier in the previous section. In our ðACBÞN system, � ¼ 0 condition is satisfied at
1184 nm and � ¼ 0 condition is satisfied at 2210 nm. Theoretically, there should be a bandgap
between these two wavelengths.

The wavelength ranges of the PBG are marked in Fig. 2 by the pairs of dotted lines. Fig. 2(a)
shows, a ZEP bandgap that has been achieved in the B-1DPC structure between 1287 nm to
2010 nm wavelength with normalized PBG width of 0.4386. The ZEP bandgap for T-1DPC is in
the 1196 nm to 2165 nm range, as shown in Fig. 2(b). As can be seen from Fig. 2, when
N ¼ 15, the normalized PBG width for the T-1DPC is 0.5766 which is significantly larger than
the normalized width of 0.4386 for the B-1DPC.

A finite element (FE) simulation was also carried out using a commercial finite element solver
(COMSOL) to justify the prediction. we have considered the same structure described in
Fig. 2(b) for the FE analysis with 15 unit cells. We ensured at least 15 elements per wavelength
across the simulation domain to find the mode profiles. The perfectly matched layer (PML) is im-
plemented at outer boundary of the cladding to ensure zero reflection of the outgoing wave. Per-
fect confinement of HE11, TM01 and TE01 modes at 1.55 �m can be observed from Fig. 3.

Although MNG and ENG layers are individually capable of supporting surface plasmons for
TE and TM waves, respectively, the FE simulation results do not show any surface plasmons at
1.55 �m. This can be attributed to the fact that 1.55 �m is well within the ZEP bandgap region,
and no wave leaks out of the core into the cladding. The FE simulation also shows that 99.98%,
99.89% and 99.93% of the modal power are contained within the core for HE11, TE01, and TM01

mode, respectively. It proves that the leakage to the cladding is very less.
It is important to recall that the bandgap in the proposed system ranges from 1196 nm to

2165 nm. At outside of this bandgap region, the cladding is no longer reflective. Therefore, the
wave can leak out of the core, and the evanescent waves can trigger the surface plasmons in
the cladding as shown in Fig. 3(d) and (e). Another interesting phenomenon occurs when the fi-
ber is operating at outside of the bandgap region. FE analysis revealed that at outside of the

Fig. 2. Reflectivity spectra of B-1DPC (a) and T-1DPC (b) as a function of wavelength and incident
angle for both TE and TM polarization. For T-1DPC: dA ¼ 130 nm, dC ¼ 40 nm, dB ¼ 50 nm, �A ¼ 1,
�A ¼ 1� !2

mpA=ð!2 þ j!�mAÞ; �C ¼ 1, �C ¼ 1� !2
mpC=ð!2 þ j!�mC Þ; �B ¼ 1� !2

epB=ð!2 þ j!�eBÞ, and
�B ¼ 1, where !mpA ¼ 1:73� 1015 Hz, !mpC ¼ 2:0494� 1015 Hz, and !epB ¼ 1:7889� 1015 Hz. For
B-1DPC, material A and B have exactly the same parameters as T-1DPC, except it does not have
layer C. In both cases, N ¼ 15.
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bandgap, this proposed fiber is capable of showing combined surface plasmon and classical
waveguiding phenomena as described in [19].

This phenomenon can be explained using the existence condition of hybrid modes of a hollow
core uniaxial MTM cladding fiber described in [45]. In order to excite hybrid modes in the core
along with surface plasmon polariton (SPP) modes in the cladding of the fiber, either the
(�r�z > 0, �r �z > 0 and �r�r G 1) or (�r�z G 0, �r �z G 0 and �r�r > 1) conditions have to be sat-
isfied. The dielectric based classical fibers can never achieve these conditions. Hence, this
combined phenomenon is exclusively for MTM fibers. Here, the subscript “r ” indicates the di-
rection perpendicular to the plane of the unit cell shown in Fig. 1(a), and subscript “z” indi-
cates the direction parallel to the plane of the unit cell shown in Fig. 1(a). In Fig. 4(a), the
material dispersion has been shown for �r�z , �r�r and �r �z for 930 nm to 1000 nm wavelength
range. Here, we have calculated the effective material parameters ð�r ; �z ; �r ; �zÞ for our cas-
caded unit cell structure using effective medium approximation [46], [47]. As per material and
design parameters, at 960 nm, �r�z , �r �z and �r�r are 0.3981, 0.3847, and 0.5515, respec-
tively. This clearly satisfies the first set of aforementioned conditions, thereby, supporting com-
bined SPP and Core modes in the proposed fiber as shown in Fig. 4(b). The second set of
conditions is satisfied in our system at longer wavelengths. Fig. 4(c) shows the material disper-
sion for �r�z , �r�r and �r �z from 2100 nm to 2400 nm wavelength range. At 2350 nm, the
quantities �r�z , �r �z and �r�r are −88.83, −0.1816 and 42.33, respectively. Since these values
satisfy the second set of conditions discussed above, the fiber again supports SPP and classi-
cal core modes simultaneously, as shown in Fig. 4(d).

To demonstrate the guiding properties of the fiber, we have also calculated the confinement
loss for different modes using TMM. First, we assume that the cladding is comprised of non-
absorptive materials by setting �mA ¼ �mC ¼ �eB ¼ 0. Later on, the effect of material absorption
on modal loss characteristics of the fiber will be studied. We can see from Fig. 5(b) that the low-
est lossy mode is HE11, and the lowest loss occurs at 1.45 �m. Also, at the wavelength range
of 1.2 to 1.4 �m, confinement loss pattern of HE11 is similar to that of TM01 mode. However,
with the increase of wavelength, loss associated with HE11 mode starts following the pattern of
TE01 mode. This is probably due to the fact that the TM component of the mixed mode is the
most dominant one at lower wavelength range. However, with the increase of wavelength, the
TE component of the mixed mode becomes more dominant.

Fig. 3. Electric field distribution inside the core at 
 ¼ 1:55 �m (inside bandgap region) for different
core modes from (a)—(c). (d) and (e) Electric field distribution of the surface plasmon modes at out-
side of the bandgap region. The real and imaginary part of the effective mode index of the mode
shown in (d) are Reðneff Þ ¼ 0:996727 and Imðneff Þ ¼ 1:50103� 10�6, respectively. The same quan-
tities for the mode shown in (e) are Reðneff Þ ¼ 0:996108 and Imðneff Þ ¼ 2:15499� 10�7, respec-
tively. Design parameters for T-1DPC: dA ¼ 130 nm, dC ¼ 40 nm, dB ¼ 50 nm, rc ¼ 5 �m, and
N ¼ 15.
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To compare the waveguiding properties of T-1DPC-based and B-1DPC-based MTM fiber, the
loss characteristics of the two structures have been investigated for HE11 mode. The material
and design parameters used here are the same as that of Fig. 2. For N ¼ 15 in both cases, the
radiation loss is 3 orders of magnitude lower at 1.55 �m in the T-1DPC-based MTM fiber than
that in the B-1DPC-based, as shown in Fig. 6(a). For N ¼ 15, T-1DPC-based MTM fiber has
more SNG thickness (3300 nm) than that of B-1DPC, which is 2700 nm. One might argue that
the reason for the lower loss in T-1DPC-based MTM fiber is the greater SNG thickness. Hence,

Fig. 5. (a) Effective index. (b) Confinement losses and corresponding electric field distributions for
HE11, TE01, and TM01, modes. The fiber design parameters are dA ¼ 130 nm, dC ¼ 40 nm,
dB ¼ 50 nm, rc ¼ 5 �m, and N ¼ 15.

Fig. 4. (a) Dispersion of �r�z , �r�r , and �r �z from 930 nm to 1000 nm wavelength. (b) Electric field
distribution inside the core of the mode with Reðneff Þ ¼ 0:985583 and Imðneff Þ ¼ 1:306083� 10�7 at

 ¼ 960 nm. (c) Dispersion of �r�z , �r�r , and �r �z from 2100 nm to 2400 nm wavelength. (d) Elec-
tric field distribution inside the core of the mode with Reðneff Þ ¼ 0:946116 and Imðneff Þ ¼
4:060086� 10�9 at 
 ¼ 2350 nm. The fiber design parameters are dA ¼ 130 nm, dC ¼ 40 nm,
dB ¼ 50 nm, rc ¼ 5 �m, and N ¼ 20.
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another simulation is performed to compare the two structures considering the same thickness
of the cladding for both T-1DPC and B-1DPC-based system. If N ¼ 9 is chosen for T-1DPC and
N ¼ 11 for B-1DPC, both fibers would have the same cladding thickness of 1980 nm. Again, as
Fig. 6(b) shows, the confinement loss in T-1DPC-based fiber is at least 1 order of magnitude
lower than that of B-1DPC at 1.55 �m. This can be attributed to the fact that T-1DPC bandgap
has higher reflectivity, even with a smaller number of unit cells ðNÞ. This indicates that the num-
ber of unit cells in the T-1DPC-based MTM fiber may be reduced for the same loss.

From designer's point of view, it is vital to know the effect of physical parameters of the fiber
on its guiding properties. For this fiber, the core size and number of unit cell in the cladding are
two factors that designers can play with given that materials are fixed. To study the effect of the
core size on the confinement loss of the fiber, we varied the core radius from 2 to 10 �m keeping
the other parameters same as those used in Fig. 2(b) for the T-1DPC-based MTM fiber. With N
fixed at 15, confinement loss at 1.55 �m wavelength is calculated for HE11, TE01 and TM01 mode
as plotted in Fig. 7(a). In this case, the loss decreases with the core radius in 1=r 3c fashion. The
loss variance as the core radius varies is similar in manner as Bragg fiber [48]. Moreover, simula-
tion reveals that for T-1DPC-based MTM fiber, at 1.55 �m wavelength, HE11 mode achieves the
maximum confinement in the hollow core at a relatively lower core radius than TE01 and TM01

mode as shown in Fig. 7(b). TE01 mode has the weakest confinement in the hollow core, and it
achieves maximum confinement at a greater core radius than TM01 mode. In Fig. 7(c), we also
have shown the effect of core radius on dispersion of the fiber. We calculated the dispersion of
the fiber for the core radii of 2, 4 and 6 �m. As the core radius increases, dispersion becomes in-
creasingly flat. This can be attributed to the fact that at greater core radius, the confinement is
tighter. Hence, the greater core radius shows flat dispersion profile. On a different note, from fab-
rication perspective, it is always desirable to minimize the number of cladding layers. Therefore,
we investigated the effect of number of unit cells in the cladding on confinement loss of the fiber
as shown in Fig. 7(d). It turns out that for HE11, TM01 and TE01 modes, confinement losses are
below 0.2 dB/km with cladding comprised of 10, 11, and 12 unit cells, respectively. It is important
to note that the silica-based glass fibers exhibit losses about 0.2 dB/km.

From above observations, it is obvious that the TE01 mode has the lowest confinement in the
core compared to the other modes. This can be explained by a careful investigation into our pro-
posed structure. The layer thicknesses of the proposed T-1DPC unit cell are: dA ¼ 130 nm,

Fig. 6. (a) Comparison of confinement loss for HE11 mode in T-1DPC-based and B-1DPC-based
MTM bandgap fiber. Here, N ¼ 15 for both T-1DPC-based and B-1DPC-based system. (b) Compar-
ison of confinement loss for HE11 mode in T-1DPC-based and B-1DPC-based MTM bandgap fiber.
Here, N ¼ 9 for T-1DPC-based system and N ¼ 11 for B-1DPC-based system, making the cladding
thickness same (1980 nm) in both cases. The fiber design parameters for T-1DPC are
dA ¼ 130 nm, dC ¼ 40 nm, dB ¼ 50 nm, and rc ¼ 5 �m; for B-1DPC, they are dA ¼ 130 nm,
dB ¼ 50 nm, and rc ¼ 5 �m.
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dC ¼ 40 nm, dB ¼ 50 nm. It is important to recall that layer A and layer C of the proposed
T-1DPC unit cell are MNG materials while layer B is ENG material. This means, 77% of the clad-
ding material is comprised of MNG material while only 23% of the cladding material is ENG. Since
the ENG materials reflect specifically TE light [17] and the percentage of the ENG material in the
cladding is relatively low, the TE01 mode exhibits the weakest confinement in the core.

As shown earlier, the proposed fiber exhibits sufficiently lower confinement loss than that of
silica-based fiber in the communication region. However, the effect of material absorption loss
also needs to be taken into account for this MTM fiber. So far, we have demonstrated the guid-
ing property of the fiber assuming the materials are non-absorptive, but now, we investigate the
effect of material damping factor on the loss characteristics of our fiber. For simulation, we con-
sider the same structure as used in Fig. 2(b), but we varied the damping factor which contrib-
utes to the material loss.

Fig. 8 shows the dependence of loss in the fiber on material damping factor for HE11 mode.
We have simulated for damping factors �mA ¼ �mC ¼ �eB ¼ 0; 106; 109; 1012 Hz. The result
shows strong dependence of fiber loss on material properties. The cladding material absorption
loss plays a vital role in the waveguiding. The modal loss increases very rapidly with the in-
crease of material damping factor.

On the other hand, since the cladding of our proposed fiber is structured, structural losses will
also be present. However, since the optical wave is getting reflected from the interface of the
core and cladding, the structural loss may not play a significant role in this type of fiber.

Fig. 7. (a) Confinement loss of HE11;TE01;and TM01 mode as a function of core size in T-1DPC-
based MTM fiber at 1.55 �m. (b) Percentage of power in the hollow core as a function of core radius
for HE11, TE01, and TM01 mode at 1.55 �m. (c) Dispersion of the fiber as a function of wavelength
for core radii of 6, 8, and 10 �m. (d) Confinement loss at 1.55 �m for HE11, TE01, and TM01 mode as
a function of N (number of unit cells). In (a)–(c), N ¼ 15.
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4. Conclusion and Future Work
A single negative T-1DPC-based MTM cladding fiber is demonstrated as a robust architecture
for achieving broadband transmission. The cladding of the fiber is made of a series of unit cells
consisting of different Mu and epsilon negative materials. By employing TMM and FE methods,
we numerically investigate the PBG and modal loss characteristics of the fiber. The T-1DPC-
based MTM cladding can effectively broaden the PBG. For most of the PBG range, the confine-
ment loss of the T-1DPC-based MTM fiber can be significantly reduced compared with that of
the B-1DPC-based fiber. The lower loss in the fiber is essentially due to the higher reflectivity
obtained in the T-1DPC-based cladding than that in the B-1DPC-based. We have also shown
that the fiber is capable of demonstrating simultaneous classical core wave guidance and sur-
face plasmon propagation. This property of the fiber may pave way to ultra-fast communication
and biosensing. From the study of material absorption in fiber, it can be concluded that future
fabrication techniques should address the material absorption issue in order to make the fiber
practical for real world application. However, as metamaterials are artificially engineered mate-
rials, it is possible to tune the damping factor to such value that the cladding absorption loss
does not play a significant role. We believe, this type of fiber can be physically realized using
the fiber drawing technique described in [20] and [21] in a pixelated ring Bragg fiber [49].
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