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Bandwidth in wavelength scale and ripple in passband region of Double Negative (DNG) material based photonic filter is 

analytically computed at 1550 nm. Transfer matrix technique is adopted for transmittivity computation after evaluating the 

band structure by Finite Domain Time Difference (FDTD) approach, and two different types of metamaterial, paired nanorod 

and nano-fishnet with elliptical void are considered for simulation. By suitably choosing the dimensions of constituent mate-

rials, passband ripple obtained is minutely small. Results show superiority with those similar filters even at polarized inci-

dence of electromagnetic wave with continuous passband region. Results are important for incorporating the filter as fre-

quency-selective-surface as well as utilizing in all-optical-integrated-circuit.  
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1. Introduction 
 

Ever since the conceptual formation of all-optical in-

tegrated circuit [1-2], requirement of photonic components 

is emerging day-by-day in order to replace the existing 

electronic counterparts [3] for better SNR, reliability, effi-

ciency or compatible integration with silicon-based devic-

es [4] for scalability and need of high-performance compu-

ting. This eventually leads to search of novel materials [5-

6] from performance improvement point-of-view, or for 

different scalable design methodologies with major focus 

on interconnect [7]. Here comes the importance of photon-

ic crystal, which makes a major breakthrough for design of 

photonic integrated circuits by enabling the possible reali-

zation of different digital [8-9] gates and optical compo-

nents [10-11]. Several known materials are already used in 

this purpose [12-13] considering the inherent feature of 

photonic crystal (PhC) of restricting electromagnetic wave 

of a few selected wavelengths and allowing others in the 

direction of propagation; and negative refractive index 

based materials are the new class added to enhance the 

selective feature for ultra-narrowband spectrum [14]. 

These materials, also classified as metamaterials, have not 

been researched to a good extent for PhC based devices, 

though extensively analyzed for antenna design [15-16] 

and also for frequency-selective-surface [17].  

Metamaterial based microstrip filter of OLR and SSR 

types are proposed [18] for antenna applications where 

geometrical parameter variations are investigated. DNG 

material based dual bandpass filter is proposed [19] for 

WLAN and WiMAX applications. Defected ground struc-

ture based wideband filter is designed [20] with signifi-

cantly low insertion loss at the desired region. Filter is also 

designed with higher transmission peak and very low re-

jection ratio [21] at THz range, which is applicable for 

only normal incidence. Filters are also designed at visible 

and near infrared regions [22] with high emissivity for 

thermo-photovoltaics applications. Dual band filters are 

designed [23] with very good stop-band performance. 

Low-loss filters are proposed [24] using fishnet structures. 

2D PhC based tunable filters are recently proposed [25] 

for WDM applications. However, most of the recent works 

as available in reputed literatures [26-28] are based on the 

positive refractive index-based materials, limited number 

of works are published with DNG materials [29-30] with 

continuous passband characteristics.  

In the present paper, metamaterial based bandpass fil-

ter is designed at optical communication wavelength with 

continuous passband characteristics, where amount of 

ripple in the desired region is very low. Also the rise and 

fall of the spectrum is very sharp which makes it suitable 

as near-ideal optical filter, far better than the designs 

available in existing literatures. Two different metamateri-

al structures, namely paired nanorod and nano-fishnet with 

elliptical void are considered for simulation purpose, and 

mathematical formulation is established from FDTD ap-

proach. Simulated findings are critical for design of pure 

photonic filter as constituent of all-optical integrated cir-

cuits.   
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2. Mathematical formulation 
 

For computation of photonic bandgap, we first ana-

lyze the band structure by finite-difference-time-domain 

approach, and then bandgap is evaluated. It is then verified 

by transfer matrix technique for calculation of transmittivi-

ty, and corresponding filter profile is plotted around the 

central wavelength. 

Maxwell’s equations in a conducting, homogeneous 

and isotropic medium are given by 
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Introducing central-difference scheme, we can re-

write the equations 
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Since electromagnetic waves of this form are general-

ly polarized, so Bloch conditions are required to compute 

the complex propagation characteristics.  

Results give the existence of electromagnetic bandgap 

in the band structure profile, and thus transmission profile 

is obtained.  

For applicability of transfer matrix technique (TMT), 

we first consider TM mode of polarization which may be 

represented in the following form 
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which may be represented in FD form as 
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Solution of Eq. (3.2) for any arbitrary jth layer is given 

by 

 

( ) exp [ ] exp[ ]j j j j jH y a ik z b ik z           (4) 

Transfer matrix between two consecutive layers pro-

vides phase shift, represented in the form 

 

, 1 , 1

, 1

, 1 , 1

exp[ ] 0

0 exp[ ]

j j j j

j j

j j j j

ik d

ik d

 



 

 
   

 

  (5) 

 

Invoking boundary condition at the interface gives 
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Transmission matrix is defined as the product of the 

interface matrix with phase 
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For a periodic medium following Bragg’s law com-

posed of N no of elementary cells, total transmission matrix 

is given by 
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Final transmission coefficient is obtained as 
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3. Design and simulation 
 

In this section, we have briefly outlined the FDTD 

method adopted here for solving the Maxwell’s equation. 

This is a standard procedure, a s earlier adopted by re-

searchers following the preliminary work of Sullivan. For 

FDTD analysis, we have considered cell size of 1 nm, as 

the dimension of the structure is at the order of micron. 

This provides 1000 times’ larger structure than the cell 

size, and naturally the convergence condition is satisfied. 

The boundary conditions are the absorbing boundary con-

ditions, as mentioned by Sullivan, and for both the field 

equations respectively, i.e. for Eq. (2.2) and Eq. (3.2) are 

 

0 exp( )x xE E jk x                    (11.1) 
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0 exp( )y yH H jk y                      (11.2) 

 
 
4. Results and discussion 
 

Based on the mathematical formulation, we first com-

pute the band diagram for the EBG structure considering 

TM mode of propagation, as depicted in Fig 1. Photonic 

bandgap is highlighted which speaks that in that region, all 

the incident wavelengths are reflected. From the plot, it 

may be concluded that the portions with black color, de-

notes the stopbands of the filter, whereas rest of the region 

is passband. This is a normalized plot simulated for paired 

nanorod structure (n=-0.3), and corresponding transmit-

tivity profile is represented in Fig 2. 

 

 
 

Fig. 1. Band diagram for EBG constituted  

bypaired nanorod 

 

 
 

Fig. 2.Transmittivity with wavelength for oblique inci-

dence of TM mode in presence and absence of defect 

(color online) 

 

From the plot, it is found that with suitable choice of 

layer width, ripple in the passband can be made negligibly 

small, as evident from the plot. Also result is compared 

with the defected structure, where sharp natures of pass-

band sidewalls are little deviated. Here percentage of de-

fect is considered within tolerable range (3% line defect) 

so that the device can work efficiently as filter. Similar 

results for elliptical void structure are already reported 

[31], precisely for TE mode [32]. 

Transmissivity in TM mode is also calculated for dif-

ferent dimensions of the materials as well as different 

angle of incidence. Results are represented in Figs 3.1-

3.3From Fig. 3.1, it is seen that transmittance is decreased 

at the notches in the range 1.1 μm-1.3 μm and is also de-

creased at 1.6 μm-2.0 μm when propagation length of 

metamaterial layer is increased, which reveals the fact that 

suitable introduction of propagation length in alternative 

single layer enhances the filter characteristics. It may also 

be noted that ripple is reduced in passband. Comparing the 

plot with already published data for TE mode [32], we find 

that width of notch (in wavelength scale) is higher for TM 

wave which reduces width of passband, i.e., narrow band-

pass filter is obtained. Length of notch (in transmittance 

scale) is higher for TM wave which speaks about better 

passband characteristics. Also change of air-thickness 

modulates both ripple and passband width, as evident from 

Fig 3.2.  

 

 
 

Fig. 3.1.Transmittivity with wavelength for oblique incidence 

(7°) of TE mode in presence of defect for differentpropagation 

length ofair thickness for paired nanorod (color online) 

 



322                                                         Pampa Debnath, Arpan Deyasi, UjjwalMondal, Angsuman Sarkar 

 

 
 

Fig 3.2. Transmittivity with wavelength for oblique inci-

dence (7°) of TM mode in presence of defect for different 

length of airnano-fishnet with elliptical void (color 

online) 

From Fig 3.3, it is seen that with increase of incident 

angle, width in the passband region slowly increases, 

along with generation of unwanted ripple in passband. 

However, width is narrower as compared with that ob-

tained for TE mode. Similar variations are observed for 

nano-fishnet with elliptical void structure [31].  

 
 

Fig 3.3. Transmittivity with wavelength for oblique inci-

dence of TM mode in presence of defect for different  

incident anglefor paired nanorod (color online) 

 

In Table 1 and Table 2, we have made a comparative 

study with the data obtained for different photonic filter 

structures designed at different communication wave-

lengths. Results are compared with the proposed structure 

in terms of bandwidth, ripple and maximum transmittivity. 

All the computations are taken from the transmittivity 

profile. Table 1 deals with metal-dielectric structures, 

whereas Table 2 consists of dielectric-dielectric structures.  

From the dataset, we may conclude that the proposed 

structure provides maximum transmittivity which is de-

sired for any filter structure, and simultaneously minimum 

ripple in the narrow passband region. This optimum per-

formance is yet to be achieved by the metal-dielectric PhC 

structures as published in different literatures. The band-

width for the various structures as reported are wider com-

pared to our result which accounts for higher ripple in 

either side of passband. Thus SNR is reduced with the 

additional factor that in all the reported results, maximum 

transmittivity is less than the desired value; which ac-

counts for further detoriation in filter performance. Similar 

comparative study is performed with dielectric-dielectric 

structures, as shown in Table 2. In both the sets, compari-

son is made for normal and all types of polarized incidenc-

es.  

In Table 3, defected structures are considered as it is 

more practical compared with the ideal structure, and 

comparison is carried out. Results are only computed for 

normalized incidence, and are compared with both the 

metamaterial based structures. Significant improvement is 

seenfor all the cases.  
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Table 1. Comparative study of filter performance for MPC structures 

 

Material Type of incidence Maximum 

transmittivity 

Bandwidth 

[nm] 

Average ripplein 

passband [normal-

ized scale] 

Ag-SiO2 [33] p-polarization (50°) 0.9 275 0.15 

Ag-SiO2 [33] s-polarization (50°) 0.75 250 0.2 

Au-SiO2 [33] p-polarization (50°) 0.7 325 0.02 

Au-SiO2 [33] s-polarization (50°) 0.6 275 0.08 

Cu-SiO2 [33] p-polarization (50°) 0.45 275 --- 

Cu-SiO2 [33] s-polarization (50°) 0.25 225 --- 

Li- SiO2 [33] p-polarization (50°) 0.75 250 0.02 

Li- SiO2 [33] s-polarization (50°) 0.6 230 0.05 

Cryolite-Silver [34] normal 0.9 150 0.2 

Cryolite-Silver [34] p-polarization (10°) 0.9 200 0.35 

Cryolite-Silver [34] s-polarization (10°) 0.9 175 0.2 

Proposed structure 

using paired nanorod 

normal 1.0 205 0.03 

Proposed structure using 

paired nanorod 

p-polarization (50°) 1.0 200 0.02 

Proposed structure 

using paired nanorod 

s-polarization (50°) 1.0 198 0.02 

Proposed structure 

using paired nanorod 

normal 1.0 200 0.02 

Proposed structure 

using paired nanorod 

p-polarization (10°) 1.0 198 0.03 

Proposed structure 

using paired nanorod 

s-polarization (10°) 1.0 198 0.02 

 

Table 2. Comparative study of filter performance with DPC structures (without defect) 

 

Material Type of incidence Maximum 

transmittivity 

Bandwidth 

[μm] 

Average ripple in 

passband [normal-

ized scale] 

Cryolite-Silicon [34] normal 1.0 400 0.35 

Cryolite-Silicon [34] p-polarization (10°) 1.0 225 0.35 

Cryolite-Silicon [34] s-polarization (10°) 1.0 275 0.35 

Si-SiC [35] normal 1.0 840 0.1 

SiO2-TiO2 (AB)16 [36] normal 0.9 390 0.15 

SiO2-TiO2 (ABBA)8 

[36] 

normal 0.8 200 0.15 

SiO2-TiO2 

(ABBABAAB)4 [36] 

normal 0.8 375 0.2 

Proposed structure 

using paired nanorod 

normal 1.0 200 0.02 

Proposed structure 

using paired nanorod 

p-polarization (10°) 1.0 198 0.03 

Proposed structure 

using paired nanorod 

s-polarization (10°) 1.0 198 0.02 
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Table 3. Comparative study of filter performance with DPC structures (with defect) 

 

Material Type of 

inci-

dence 

Maximum 

transmit-

tivity 

Band-

width 

[nm] 

Average 

ripple in 

passband 

[normal-

ized 

scale] 

SiO2-TiO2 

(AB)16 [36] 

normal 0.9 500 0.1 

SiO2-TiO2 

(ABBA)8 [36] 

normal 0.9 400 0.15 

SiO2-TiO2 

(ABBABAAB)

4 [36] 

normal 0.9 425 0.15 

Proposed struc-

ture 

using paired 

nanorod 

normal 1.0 200 0.03 

Proposed struc-

ture 

using nano-

fishnet with 

elliptical void 

normal 1.0 195 0.03 

 

Next bandwidth of the proposed structures is comput-

ed form transmittivity profile, and results are graphically 

represented in Figs. 4.1-4.2 Various structural as well as 

external parameters are tailored within experimentally 

realizable range,and continuous profile is obtained though 

monotonous change is not achievable for all the cases. 

The critical factor in designing a PhC based filter is 

the determination of performance for various angle of 

incidence, as it is that external factor which is beyond the 

control of tuning when the component is embedded in all-

optical circuit. However, care is always taken so that the 

deviation should be as less as possible. In Fig. 4.1, results 

are plotted for different lengths of the structure at 7° angle 

of incidence for nano-fishnet structure, whereas in Fig. 4.2 

the same is computed for paired nanorod. A brief compari-

son shows that tailoring of the gap (air thickness) in the 

structure makes a smooth monotonous variation of band-

width, whereas random fluctuation is observed when 

length of the material is changed. This is due to the fact 

that widening the gap does not disturb the E-field or H-

field, whereas these are directly associated with the struc-

ture is concerned.  

For void geometry, bandwidth is also computed for 

three different angles of incidence, and represented in 

Fig.5. Shape of the ellipse is tailored at different angle, 

and corresponding bandwidth is measured around 1550 

nm. For 7° angle, result is already shown in Fig 4.1. We 

have further simulated for 10° angles. By keeping the 

structure constant, bandwidth is also measured with re-

spect to change of incidence angle within practical limit. 

This is plotted in Fig. 6.  

 

 
(a) 

 
(b) 

Fig 4.1. Bandwidth with length of the structure for nano-

fishnet structure at 7° angle of incidence (a) for different 

air thickness; (b) for different length of metamaterial 

(color online) 
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(a)                                                                                            (b)  

Fig 4.2. Bandwidth with length of the structure for paired nanorod at 7° angle of incidence (a) for different air thickness; (b) for 

different length of metamaterial (color online) 

 

 
(a)                                                                                           (b) 

Fig.5. Bandwidth with length of the structure for nano-fishnet structure at (a) 7° angle of incidence (b) 10° angle of incidence 

 

 
Fig.6. Bandwidth with wavelength for TM mode in pres-

ence of defect for different incident angle (color online) 

 
 

5. Conclusion 
 

Simulated findings shows that metamaterial structure 

provides better performance as filter at 1550 nm when 

compared with the filters constituted by materials with 

positive refractive indices. Higher transmittance is ob-

served at passband region compared with the other struc-

tures with minimum ripple in passband, and sharp transi-

tion regions. Also suitable choice of material dimension 

makes it a narrow passband filter which effectively helps 

to enhance signal-to-noise ratio. In order to take into real-

istic design, presence of point defects is considered for 

computation purpose. Variation of angle of incidence is 

taken care to observe the practical range of bandwidth 

when implemented in all-optical integrated circuit.  
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