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NOMENCLATURE
Г    Dissipation factor in Drude model
Jx  Electric current density 
Ky   Magnetic current density
ωpe   Electric plasma frequency
ωpm    Magnetic plasma frequency
k0     Wave vector correspond to mid band frequency
Δt   Time step in FDTD
Δz    Grid size in FDTD
λ0   Wave length corresponds to mid band frequency
c    Speed of light in vacuum 
ψhyz   Convolution term in CPML
αz, bz, kz, az  Convolutional parameters in CPML
σz    Conductivity profile in CPML
W    Energy density
n͂   Volume averaged zero refractive index  

1.  INTROdUCTION
Thermal emission in infrared region from an object gives 

the information about size and nature of target in the battle field 
via thermal imaging devices. Thermal emission of tanks and 
soldiers in the battle field can be clearly identified by thermal 
imaging devices operating in long-wave infrared region (LWIR) 
even in arenaceous environment. Heat seeking missiles which 
are guided by infrared imaging devices use mid-wave infrared 

(MWIR) to lock the moving target1-4. Infrared camouflage is a 
counter-measure to avoid opponent attack.  Intense research in 
the defence establishments is focussed on the thermal masking 
of an object from heat seeking and night vision sensors.

Thermal masking is possible by utilising photonic 
crystal based meta-materials and nano-materials. Numerical 
investigation and laboratory tests of thermal absorbers for 
camouflaging target in MWIR and LWIR regions show that 
absorbance does not cover entire infrared region4. Meta-
material based perfect absorbers fabricated from metal-
dielectric disks having multiband absorption in MWIR and 
LWIR5,6 regions can be used for thermal masking application. 
But their absorbance is high only at particular wavelengths. 
There may be leakage of other wavelengths in MWIR and 
LWIR regions. Another example of perfect absorbers of 
mid-wave infrared wave is multiplexed metal structures, 
which absorbs in a narrow window within MWIR region7. 
To overcome the leakage, an additional coating can be done 
for achieving zero transmission in the wide-band of MWIR 
and LWIR frequencies. The frequencies which leaks will get 
reflected back within the material and thereby camouflaging 
the object from heat seeking devices.

Apart from thermal camouflage, the wide-band reflection 
in infrared region can be used as a counter measure for missile 
jamming and shielding the missiles from high energy infrared 
lasers operating in MWIR and LWIR region. The wide-tunable 
mid-infrared quantum cascade lasers is used in airborne 
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defence systems is interfaced with missile warning systems 
in the aircraft. It is used for damaging the infrared imaging 
sensor in the heat seeking missiles8,9. This can be overcome by 
temporarily blocking mid-wave infrared laser with wide-band 
reflection coating.  The coating may reflect the high energy 
beam from the infrared laser directed towards the incoming 
missile, and it act as a shield for the missile.  

In this report thermal masking over wide range of MWIR 
and LWIR frequencies using photonic crystal made of Double 
positive (DPS) and  Double negative (DNG) materials is propose. 
Conventional photonic crystal consists of two materials having 
different dielectric constants arranged in periodic order and it 
can forbid particular range of frequencies10,11. The band-gap in 
this conventional photonic crystal is formed due to the Bragg 
scattering of fields from the periodic structure. Instead of two 
dielectric materials if one of the dielectric materials is replaced 
with a DNG medium, an unconventional photonic crystal is 
obtained. If volume averaged refractive index of this DPS-
DNG photonic crystal is zero, it shows high reflecting property 
for specific range of frequencies. The band-gap formed due 
to the volume averaged zero refractive index in these kind 
of structure is termed as zero-n͂ gap13,14. Both Bragg gap and 
zero-n͂ gap can be present in a DPS-DNG photonic crystal. 
Zero-n͂ gap is invariant of length scale changes15 and hence it 
can be differentiated from Bragg gap, which varies with the 
thickness of unit cell. This unconventional photonic crystal 
has a broader reflection range over the conventional photonic 
crystal12-17. Width of zero-n͂ gap in this unconventional photonic 
crystal can be controlled by properly choosing the appropriate 
separation between electric and magnetic plasma frequencies. 
Volume averaged zero refractive index in the proposed periodic 
structure, with wider stop-band for long-wave and mid-wave 
infrared regions has been achieved. These results are also 
compared with conventional photonic crystal with identical 
simulation parameters.

2.  FdTd MOdELLING OF dPS-dNG ANd 
dIELECTRIC PERIOdIC STRUCTURE
Veselago18 proposed a medium with negative values 

for dielectric permittivity and magnetic permeability 
simultaneously. For a dispersive medium where the permittivity 
and permeability are functions of applied frequency, the  
response of the medium depends on the history of the applied 
field. The response of the medium follows the applied field  
below the resonant frequency and is out of phase for the 
frequency above the resonance. If the resonant frequency region 
is made ultra-narrow, it is possible to achieve negative values 
for real part of effective permittivity and permeability19,20.

  Maxwell equation for a plane monochromatic harmonic 
wave is represented as 

 
0k H - E× = ωε ε    

0k E - H× = ωµ µ
            (1)

Electric field E,̅ magnetic field H̅ and propagation vector 
k ̅ form left hand orthogonal system at close to resonance 
frequency for material having real part of electric permittivity 
and magnetic permeability to be negative. Medium possessing 
these values are left handed medium (LHM) or DNG 

medium19,21. In DPS medium these vectors form a right hand 
system. The Poynting vector S̅, electric field E ̅and the magnetic 
field H̅ form a right hand orthogonal system both in the DPS 
and DNG medium. 

The equation of energy density for a DNG medium is

2 2( ) ( )W E H∂ εω ∂ µω
= +

∂ω ∂ω            (2)
The necessary condition for energy density with 

simultaneous negative permittivity and permeability18 is

( ) ( )0  0and∂ εω ∂ µω
> >

∂ω ∂ω
                                                (3)

This doesn’t require ε and μ to be simultaneously negative. 
But the DNG medium should necessarily be dispersive. Hence 
Drude dispersive model is used to simulate the DNG medium 
in this article.

The Maxwell’s equations for a DNG medium can be 
written as    

( )
0

1
t x z y xE H J∂ = −∂ −

ε

( )
0

1
t y z x yH E K∂ = − ∂ +

µ

                                                     (4)

where Jx is electric current density and Ky is magnetic current 
density and are written using Drude model21,22 as 

2
0t x x pe xJ J E∂ + Γ = ε ω

2
0t y y pm yK K H∂ + Γ = µ ω                                                     

(5)

where ωpe and ωpm are plasma frequencies of the material and Г 
is the dissipation factor. Г = 0 is used in this report.

Maxwell’s equations for a DPS medium is given by

( )
0

1
t x z yE H∂ = − ∂

ε

( )
0

1
t y z xH E∂ = − ∂

µ
                                                            (6)

Standard Yee algorithm23 is used in this paper to discretise 
electric and magnetic fields in leap frog arrangement in finite 
difference time domain (FDTD) lattice space.

FDTD method is a numerical technique to solve partial 
differential equation which describes the wave motion. It uses 
set of finite difference equations to solve time- dependent 
Maxwell’s equation with central difference approximation for 
numerical derivatives in space and time. FDTD method is used 
to solve the coupled Maxwell’s equation. 

Yee algorithm can be summarised as:
• Differential form of Ampere’s law and Faraday’s law are 

replaced with finite difference equations using central 
difference formula.

• The components of electric field Ē and magnetic field H̄ are 
interleaved in space and time which is referred as leapfrog 
arrangement. The fields are calculated from discretised 
finite difference updated equations. The unknown value 
of electric field is calculated using known value of electric 
field and past values of magnetic field, which is stored in 
the memory. Similarly future magnetic field is calculated 
from the known value of magnetic field and past values 
of electric field which is stored in computer memory. This 
process is repeated until desired time step is attained.  
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The electric field is located at the cell edges for integral 
time step and the magnetic field is located at the cell center for 
half integral time step. Electric and magnetic current densities 
are located at the cell centers21,22. Total field/Scattered field 
(TF/SF) formalism is used to introduce the source in the FDTD 
lattice. Total field region contains incident field, scattering 
object (periodic structure in this case) and scattered field 
whereas scattered field region contains only the field scattered 
by the object23.

Convolutional perfectly matched layer (CPML) absorbing 
boundary condition is used to terminate FDTD lattice. CPML 
is completely independent of host medium and hence is used 
to model different kinds of materials which are dispersive and 
anisotropic. Also, it effectively reduces the late time reflection 
from the boundary. The CPML boundary condition equation 
which is used to terminate 1D-FDTD23,24 grid, is given as

1 1

0 2
1/ 2 1/ 2( ) 1/ 2

n n n nH H H Hy y y y
r t

n nE E nx x
hyzkz z

+ +− −
µ µ + σ =

∆
+ +− +− + ψ

∆

                        (7)

1/ 2 1/ 2( )1/ 2 1/ 2                           
z

n nE En n x xb ahyz z hyz z

+ +−+ −ψ = ψ +
∆

   
(8)

exp
0

tzbz zkz

   σ ∆   = − + α
   ε    

( )( )1
2

za bz zk kz z z z

σ
= −

σ + α

2.1 Simulation Parameters
Periodic structure with alternate DPS and DNG layers 

are constructed with 15 periods. Each layer in the period 
has a thickness of   λ0/4 so chosen to obtain stop band in the 
region of LWIR (8 µm - 15 µm) and MWIR (3 µm - 5 µm). 
The reference wavelength λ0 is chosen as 12 µm and 4µm for 
LWIR and MWIR region respectively. Time differentiated 
Gaussian pulse of band width 110THz is incident at normal to 
the periodic structure. Ten cells at the left side and twelve cells 
at the right side are set as CPML region to terminate FDTD 
lattices. The conductivity and convolutional parameters in the 
CPML region is optimised to get minimum reflection from 
the terminating boundary24. The TF/SF boundary begins five 
cells away from the left boundary. Reflected field is recorded 
one cell before the TF/SF boundary and transmitted field is 
recorded one cell after the exit of the periodic structure. The 
reflection and transmission coefficients are calculated by taking 
the FFT of reflected and transmitted fields. Refractive indices 
for DPS-DNG periodic structure are chosen to be n1=9 and  
n2= -6 and for dielectric periodic structure refractive indices 
are chosen as n1=9 and n2=6. The thicknesses are calculated 
using the formula25.

 1 1 2 2 0 0/ 4 / 2n d n d c= = λ = π ω                                      (9)

where d1 and d2 are the thicknesses of the layer in periodic 
structure. 

3. RESULTS ANd dISCUSSION
The frequency dependence of electric permittivity and 

magnetic permeability are given by 
2

0( ) [1 ]
( )

pe

i
ω

ε ω = ε −
ω ω + Γ  

2

0( ) [1 ]
( )

pm

i
ω

µ ω = µ −
ω ω + Γ

                                     (10)

where ω is the frequency of incident field.
The real part of these frequency dependent permittivity 

and permeability, in LWIR frequency range, are plotted in 
Fig. 1; for plasma frequencies of ωpe = 496.73 THz, ωpm =351.24 
THz and Γ=0.  In region III of Fig. 1 both permittivity and 
permeability are positive which the case of conventional DPS 
materials is. In region II permittivity is negative and permeability 
is positive and the wave propagation is forbidden in this range 
of frequency, since the wave vector becomes imaginary. In 
region I both permeability and permittivity are negative for 
the above mentioned frequencies. In this frequency range, 
materials behave as DNG medium. The values of permeability 
and permittivity lying in region І is considered in this study.

Figure 2 shows the Fourier transform of reflected and 
transmitted field from conventional photonic crystal. It indicates 
the region where reflection is maximum and transmission is 
zero for small range of frequencies in LWIR region. Reflection 
and transmission coefficient are calculated and the band-gap is 
obtained in the region of LWIR from 22.88 THz to 26.82 THz as 
shown in Fig. 2(c). The total computational domain consisting 
of 2177 grids is discretised with FDTD lattice dimension of Δz 
=5.802 nm and lattice constant of a= 833.3 nm.

For the same photonic crystal, the reflection and the 
transmission coefficients for MWIR region is shown in Fig.3. 
We obtain the band-gap from 66.2THz to 84.02 THz. The 
lattice dimension used is Δz=5.802nm and lattice constant is 
a= 277.7 nm. 

For both the cases, width of the band-gap is very small, 
3.94 THz and 17.82 THz for LWIR and MWIR frequencies, 
respectively. For increasing the band-width of band-gap, 
unconventional DPS-DNG photonic crystal structure is used 
and the results are as follows.

Figure 1. Frequency dependent permittivity and permeability.
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Fourier transformed amplitudes of reflected and 
transmitted field for unconventional photonic crystal 
containing alternate DPS and DNG media are shown in 
Fig. 4. The plots show wider band-width in LWIR region 
than conventional photonic crystal as shown in Fig. 2.

Figure 5(a) shows spatial averaged refractive index 
(n͂) plot for one unit cell of DPS-DNG photonic crystal 
in the LWIR region. The refractive index is calculated 
numerically by using the formula21.  

( )
( )
( )

2

0 2 1 1

,1 ln
,

x
FDTD

x

E z
n

ik z z E z
 ω

=  
− ω  

                

(11) 

where Ex (z2, ω) and Ex (z1,ω) are the electric fields recorded 
at z1 and z2..

The value of nFDTD is close to zero for certain range 
of frequencies. Small deviation from near zero value is 
observed in some region. This is due to the numerical 
calculation of refractive index using the calculated 
electric field in the medium which propagates through 

discretised FDTD lattice .This field interfere with electric 
field reflected from each slab in the photonic crystal, and as 
a result there is small fluctuations in the obtained numerical 
refractive index. 

 Figure 5 (b) is a plot of reflection and transmission 
coefficient of the field in the LWIR region. . The band-gap 
from 17.75 THz to 36.29 THz in the plot corresponds to 
zero n͂. This region is called zero n͂ gap regions. Here the 
band gap is nearly five times wider than that of conventional 
photonic crystal as seen in Fig. 2(c). This wider band- width 
is due to the high reflecting property of volume averaged 
refractive index n͂ = -3.60E-4 which is close to zero. This 
value is consistent with n͂= 2.324E-4 is given14. Two 
more band-gaps from 71.79 THz to 98.61 THz and from  
108.9 THz to 148.87 THz are observed in the plot. The 
thickness of periodic structure layer is varied and the band-
gaps are tested. It is seen that when the thickness varies 
the width and position of the band-gaps does not change, 
which confirms that the gaps are due to zero-n͂. The results 
are as shown in Table 1.

Figure 2. (a) FFT of reflected wave, (b) FFT of transmitted wave, and 
(c) Reflection and transmission coefficient for conventional 
photonic crystal in LWIR region.

Figure 4.  (a) FFT of reflected wave and (b) FFT of transmitted 
wave, for DPS-DNG photonic crystal in LWIR 
region.

Figure 3.  Reflection and transmission coefficient for conventional 
photonic crystal in MWIR region.

Figure 6 (a) is the plot of numerically calculated refractive 
index of DPS-DNG structure in MWIR region and Fig. 6(b) 
is plot of reflection and transmission coefficient for MWIR 
region. Fig. 6(b) gives a zero-n͂ gap from 59.9 THz to 92.3 
THz which is more than that of conventional photonic crystal 
in MWIR region as seen in Fig. 3(c). In the figure two more 

Table 1. Bandgap values for different thickness of dPS and 
dNG photonic crystal in LWIR region 

Thickness 
of dPS 
(nm)

Thickness 
of dNG 

(nm)

Band gaps (THz)

First Second Third

333.3 500 17.75 - 36.29 71.79 -98.61 108.9-148.87
339.3 506 17.75 - 36.29 71.79 -97.43 108.9 -148.7
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band-gaps are noticed from 30.77 THz to 40.6 THz and from 
134.9 THz to 157.7 THz as shown in Table 2. Here when the 
thickness of periodic structure changes, the width of third band 
gap shifts from 134.1 THz to 150.3 THz which shows that this 
band-gap alone is due to Bragg scattering.

photonic crystal in LWIR and MWIR frequencies are studied. 
With proper choice of electric and magnetic plasma frequencies 
for DPS-DNG photonic crystal, near zero value for volume 
averaged refractive index, n͂ is achieved. This n͂ gives a zero-
n͂ band-gap for certain range of frequencies. This zero-n͂ gap 
is compared with the Bragg gap formed in dielectric photonic 
crystal and it is observed that zero-n͂ gap is wider than Bragg 
gap. The position and the width of zero-n͂ gap are examined 
by changing the thickness of unit cell in DPS-DNG photonic 
crystal. It is shown that unlike Bragg gap, position and width 
of zero-n͂ gap do not change with thickness of the unit cell. For 
DPS-DNG photonic crystal optimised in the MWIR frequency, 
both zero-n͂ gap and Bragg gap are observed. Width of this 
Bragg gap is found to be dependent on the thickness of unit 
cell.
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