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Applications
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Abstract: The EM analysis of multi-layered metamaterial based radar absorb-
ing structure (RAS) with dual-band characteristics in millimeter wave frequency
regime has been carried out in this paper using transmission line transfer matrix
(TLTM) method for TE and TM polarizations. The proposed metamaterial-based
RAS exhibits dual-band characteristics at centre frequencies 120 GHz and 175 GHz
with very low power reflection. It absorbs more than 90% power of incidence wave
over the frequency range from 111-131 GHz at first resonance and from 164.5-185
GHz at second resonance without metal backing plate, which is desirable for stealth
applications. It also showed very low (< 1.6%) transmission over the frequency of
interest for both TE and TM polarizations. The proposed metamaterial-RAS has
potential applications in the design of multi-band sensor systems and RCS reduc-
tion in millimeter wave frequency regime.
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1 Introduction

The radar absorbing materials (RAM) and structures (RAS) are widely used in
aerospace sectors to reduce the RCS of the aircraft, electromagnetic shielding of
high reflection surfaces and metal surfaces etc. The stealth technique is the most
typical application of electromagnetic (EM) wave absorption technology. Using
this technique, the aircraft and warships can evade detection by reducing their
radar cross-section (RCS). The conventional EM radar absorbers were designed
based on either lossy materials such as Dallenbach layer [Hatakeyama and Inui
(1984)] or resistive sheet separated by dielectric spacers such as Salisbury screen
and Jaumann absorber [Fante and McCormack (1988); Knott and Lunden (1995)].
These absorbers are thicker and absorb EM wave satisfactorily over narrow range
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of frequency or at single frequency. Moreover, the absorbers based on lossy ma-
terials such as magnetically loaded dielectric, is difficult to analyze at microwave
frequencies.

Recently, multi-band radar communication systems are used to detect and track
the aircraft and warships. This leads to the high demand of multi-band EM radar
absorbers with reasonable bandwidth in aerospace sectors. This can only be accom-
plished by metamaterial (MTM) based radar absorbing structures. Since the per-
mittivity and permeability of metamaterial structures are controlled independently
by varying the unit cell dimensions of its electric resonant and magnetic resonan-
t components [Narayan et al. (2012; Choudhury et al. (2012)]. The metamaterial
based structures can be impedance-matched to free-space to achieve perfect EM ab-
sorption [Lee and Lee (2012)]. The metamaterial based multi-band radar absorbers
are designed in two ways; one is metamaterial layer with multi-resonant unit cells
backed by metal sheet and another type of MTM-RAS is designed by cascading
of lossy DPS layers and metamaterial layers such as ENG, MNG, and DNG etc.
Although first method facilitates the design of very thin multi-band radar absorber-
s, such absorbers exhibit very narrow bandwidth at the resonances. For instance,
some metamaterial based multi-band thin radar absorbers were realized by Shen et
al. (2011), Zhu et al. (2010), and Singh et al. (2011) with metal backing plate in
microwave and millimetre wave frequency regimes, exhibit narrow bandwidth at
the resonances. Moreover, the metal backed absorbers may not be useful for stealth
applications because it enhances the RCS of the structure outside the band due to
the metal backing plate.

Later method is a better option to design multi-band radar absorber with reasonable
bandwidth for stealth applications since it does not use metal backing plate. In
view of this, Oraizi and Abdolali (2008) presented the design and analysis of wide-
band metamaterial RAS in microwave frequency region. Further, Narayan et al.
(2013) presented the EM analysis of metamaterial based single-band RAS designed
by cascaded lossy DPS and metamaterial layers without metal backing plate, for
millimetre wave stealth applications.

In the present paper, a metamaterial based radar absorbing structure has been pro-
posed for dual-band characteristics in millimeter wave frequency regime. The pro-
posed structure consists of cascaded MNG (mu-negative) and DPS (double posi-
tive) layers. The EM performance analysis of this structure is carried out based on
transmission line transfer matrix (TLTM) method for both TE and TM polariza-
tions. The proposed metamaterial-RAS shows excellent absorption (> 90%) over
the frequency range of 111-131 GHz at first resonance and from 164.5-185 GHz
at second resonance without metal backing plate. In addition, it shows very low
power reflection (< 6%) corresponding to both resonant frequencies.
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2 Theoretical Considerations

The side view of a six-layered metamaterial based RAS is shown in Figure 1, where
the EM wave is intended to incident on DPS layer at incidence angle θ inc. Accord-
ing to TLTM method, a multilayered metamaterial structure can be represented as
multiple sections of transmission line. The characteristic impedance and propaga-
tion constant associated to each section depends on the incidence angle, frequency,
and polarization of the incidence wave.
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Figure 1: Side view of dual-band MTM-RAS structure

In TLTM method, the transfer matrix of each layer is determined by cascading the
wave amplitude matrix of the layer and discontinuity matrix between the consec-
utive layers. The transfer matrix of entire structure is obtained by cascading the
transfer matrix of individual layer.

Finally, the reflection and transmission coefficients of the entire structure are deter-
mined with the help of transfer matrix of the structure for different incident angles
and different polarizations.

The propagation constant (γlz)of lth section of the transmission line for both TE
and TM polarization can be expressed by Oraizi and Afsahi (2009)

γlz = jω
√

µlεl cosθl (1)
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where µl and εl represent the permeability and the permittivity of the lth layer
respectively. ω is the angular frequency. θl represents the incidence angle at the lth

layer.

By using the Snell’s law for lth and (l+1)th layer, the incidence angle at each layer
are related by

γl sinθl = γ(l+1) sinθ(l+1) (2)

The intrinsic impedance of the lth layer is determined by

ηl =

√
µl

εl
(3)

The transfer matrix of a multilayered metamaterial-RAS structure can be expressed
as

[T ](l+1) = [L](l+1) [I](l+1)l , l = 0,1, ...N−1 (4)

where N is the number of layers. The wave amplitude transmission matrix [L](l+1)
and discontinuity transfer matrix [I](l+1)l between two consecutive layers can be
computed using the expressions given in [Oraizi and Afsahi (2009)].

The transmission coefficient (t) and reflection coefficient (r) of the proposed struc-
ture are related by[

t
0

]
= [T ](N+1)0

[
1
r

]
(5)

where,

[T ](N+1)0 = [T ](N+1)N [T ]N(N−1) . . . [T ](l+1)l . . . [T ]10 (6)

The power reflection R, and power transmission T , of the proposed structure can
be calculated by

R = rr∗ (7)

T = tt∗ (8)

The proposed metamaterial-RAS consists of cascaded lossy DPS layers and MNG
layers. The complex permittivity of the lossy dielectric layers (DPS) is computed
by using the dispersion relation, given by Chen et al. (2004)

εc = ε
′
[
1− j

(
tanδ +

σ

ωε
′

)]
(9)
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where ε
′

is the real part of the complex permittivity. σ and tanδ represent the
conductivity and loss tangent of the dielectric material, respectively. Whereas the
MNG (mu-negative) layer consists of square split ring resonators (SSRRs) and its
relative permeability is determined by Lorentz and Resonance model [Pendry et al.
(1999)] as

µe f f = 1−
(

f 2
mp− f 2

m0
)

f 2− fm0− jΓm f
(10)

where fmo and fmp are the magnetic resonant frequency and magnetic plasma fre-
quency of the square SRR, respectively.

3 EM Design of Dual-band Metamaterial RAS

Figure 3: Schematic of a unit cell of square split ring 

resonator (SSRR) 

 

 

a 

w d 

lossy dielectric layers (DPS) is computed by using the 

dispersion relation, given by Chen et al. (2004) 

 

















'

'
c tanj




 1                        (9)               

where 
' is the real part of the complex permittivity.   and 

tan  represent the conductivity and loss tangent of the 

dielectric material, respectively. Whereas the MNG (mu-

negative) layer consists of square split ring resonators 

(SSRRs) and its relative permeability is determined by 

Lorentz and Resonance model [Pendry et al. (1999)] as 

 
fjff

ff

mm

mmp

eff





0
2

2
0

2

1                      (10) 

where mof  and mpf
 
are the magnetic resonant frequency  

and magnetic plasma frequency of the square SRR, 

respectively.  

 

    

             

 

3 EM Design of Dual-band Metamaterial RAS 

In the present work, a six-layered metamaterial-RAS 

structure is considered (Fig. 2), which consists of cascaded 

DPS and MNG layers. Both MNG layers of the proposed 

MTM-RAS are identical in terms of thickness and dielectric 

properties, and each MNG layer consists of square shaped 

split ring resonator with εr = 1.15. The design parameters of 

square SRR are optimized to be periodicity, p = 2.0 mm, side 

length of the square, a = 1.4 mm, separation between the 

rings, d = 0.034899 µm, and thickness of the ring, w = 0.09 

mm. The proposed MTM-RAS has four lossy DPS layers, 

where DPS layers 1 and 2 are identical in terms of thickness 

and dielectric properties.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The thickness of DPS layer 3 and 4 is considered to be λ/4 

and λ/2, respectively that act as the resistive sheet for the 

proposed MTM-RAS structure. The details of the layers of 

proposed metamaterial-RAS with optimized thicknesses are 

given in Table 1. 

The schematic of a unit cell of square split ring resonator is 

shown in Figure 3. It consists of two concentric square 

shaped rings with gap in between them on opposite side of 

each ring. Here, a represents the side length of the outer 

square ring, w denotes the width of the square loop, and d is 

the distance between the rings. When magnetic field is 

applied perpendicular to the plane of the ring, the ring begins 

to conduct and leads to current flow. The current flowing 

through the rings will enable it to acts as an inductor and the 

dielectric gap (d) between the rings will lead to mutual 

capacitance [Vidyalakshmi and Raghavan (2010)]. Hence the 

equivalent circuit of the SSRR will be a parallel LC resonant 

circuit (Fig. 4). 
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1. DPS layer 1 4.4 0.02 1.2 

2. MNG layer 1.15 0.001 0.5 

3. DPS layer 2 4.4 0.02 1.2 
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Figure 2: Schematic of dual-resonant MTM-RAS 

structure  
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Figure 2: Schematic of dual-resonant MTM-RAS structure

In the present work, a six-layered metamaterial-RAS structure is considered (Fig.
2), which consists of cascaded DPS and MNG layers. Both MNG layers of the
proposed MTM-RAS are identical in terms of thickness and dielectric properties,
and each MNG layer consists of square shaped split ring resonator with εr = 1.15.
The design parameters of square SRR are optimized to be periodicity, p = 2.0 mm,
side length of the square, a = 1.4 mm, separation between the rings, d = 0.034899
µm, and thickness of the ring, w = 0.09 mm. The proposed MTM-RAS has four
lossy DPS layers, where DPS layers 1 and 2 are identical in terms of thickness and
dielectric properties.
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The thickness of DPS layer 3 and 4 is considered to be λ /4 and λ /2, respectively
that act as the resistive sheet for the proposed MTM-RAS structure. The details of
the layers of proposed metamaterial-RAS with optimized thicknesses are given in
Table 1.
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Figure 4: Lumped equivalent circuit model of square SRR

The schematic of a unit cell of square split ring resonator is shown in Figure 3.
It consists of two concentric square shaped rings with gap in between them on
opposite side of each ring. Here, a represents the side length of the outer square
ring, w denotes the width of the square loop, and d is the distance between the
rings. When magnetic field is applied perpendicular to the plane of the ring, the
ring begins to conduct and leads to current flow. The current flowing through the
rings will enable it to acts as an inductor and the dielectric gap (d) between the



Polarization Independent Dual-band Metamaterial 223

Table 1: Designed details of layers of dual-band metamaterial-RAS structure

Sl. No Type of layers
Dielectric properties Thickness (mm)
Relative
dielectric
constant

(εr)

Loss
tangent
(tanδ )

1. DPS layer 1 4.4 0.02 1.2
2. MNG layer 1.15 0.001 0.5
3. DPS layer 2 4.4 0.02 1.2
4. MNG layer 1.15 0.001 0.5
5. DPS layer 3 3.5 0.026 3.725
6. DPS layer 4 4.4 0.02 7.5

rings will lead to mutual capacitance [Vidyalakshmi and Raghavan (2010)]. Hence
the equivalent circuit of the SSRR will be a parallel LC resonant circuit (Fig. 4).

The magnetic resonance of square SRR can be determined by equivalent lumped
LC resonant circuit (Fig. 4). The resonant frequency of LC resonant circuit is
calculated by

f0 =
1

2π
√

LCs
(11)

where, Cs represents the equivalent capacitance and L is the effective inductance
due to both square rings.

The magnetic plasma frequency of the structure is given as

ωmp =
ω0√
1−F

(12)

where F = 4(a/p)2 is the fractional volume occupied by the unit cell. Here p
represents the periodicity of SSRR unit cell.

The expressions for effective inductance of LC resonant circuit is given by Vidyalak-
shmi and Raghavan (2010)

L =
4.86µ0

2
(a−w−d)

[
ln
(

0.98
ρ

)
+1.84ρ

]
(13)

where, ρ is the filling factor of inductance and is given as

ρ =
w+d

a−w−d
, (14)
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The effective capacitance of LC resonant circuit is expressed by

Cs =

[
a− 3

2
(w+d)

]
Cpul (15)

where, Cpul represents the capacitance per unit length between the rings and is
given by

Cpul = ε0εe f f

K
(√

1− k2
)

K (k)
(16)

where, εe f f is the effective dielectric constant of the SRR medium, expressed as

εe f f =
εr +1

2
(17)

and K(k) denotes the complete elliptical integral of the first kind.

Using the above expressions, the magnetic resonance frequency and plasma reso-
nance frequency of the square SRR can be determined.
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Figure 5: Effective permeability of designed square SRR unit cell for the proposed
metamaterial-RAS

The effective permeability of square SRR is computed using equation (10). The
frequency response of effective permeability of SRR is shown in Figure 5. It is
observed that the proposed SRR resonates at 20 GHz and beyond this frequency,
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it exhibits negative permeability. The magnetic resonant frequency and magnetic
plasma frequency of the square split ring resonator are computed by equations (11)
and (12), respectively. Here, the square split ring resonator is designed for the
magnetic resonant frequency f0m = 20 GHz, magnetic plasma frequency fmp =
28.22 GHz, and magnetic damping factor Γm = 0.45473 GHz.

The optimized thickness of each layer of the proposed metamaterial-RAS is given
in Table 1. The total thickness of the proposed MTM-RAS is found to be 14.625
mm at the operating wavelength (λ ) of 14.9 mm. In order to achieve dual-resonant
characteristics, the thickness of the DPS layer 3 and 4 are considered to be 7.5 mm
(λ /4) and 3.725 mm (λ /2), respectively that acts as the resistive layer. The dual-
resonant characteristics are obtained by the optimization of thicknesses of MNG
layers and DPS layers.

4 EM Performance Analysis

In the present paper, the EM performance analysis of metamaterial based RAS for
dual-band characteristics has been carried out for both TE and TM polarizations
based on TLTM method. The reflection characteristics of proposed metamaterial-
RAS are investigated at normal as well higher incidence angles (30◦ and 45◦) for
both TE and TM polarizations as shown in Figure 6 and 7. It is observed that the
proposed MTM-RAS exhibits dual-band characteristics at centre frequencies 120
GHz and 175 GHz. It shows less than 6% power reflection over the frequency
range of 112.5-130 GHz at first resonance and less than 5% power reflection over
the frequency range of 166-184 GHz at second resonance for both polarizations.

Further, the absorption characteristics are studied at different incident angles (0◦,
30◦, and 45◦) for TE and TM polarizations (Figures 8 and 9). It is observed that the
proposed metamaterial-RAS exhibits dual-resonant absorption at frequencies 120
GHz and 175 GHz with excellent power absorption for both polarizations. More-
over, it absorbs more than 90% power of incidence wave over the frequency range
of 111-131 GHz at first resonance and from 164.5-185 GHz at second resonance
w.r.t. incident angles 0◦, 30◦, and 45◦ for TE and TM polarizations.

The transmission characteristics of the proposed structure are also studied at dif-
ferent incident angles (0◦, 30◦, and 45◦) for TE and TM polarizations as shown in
Figures 10 and 11. It is observed that the power transmission through the MTM-
RAS is extremely low (<1.6%) over the frequency of interest corresponding to first
and second resonant frequencies. Thus the proposed MTM-RAS exhibits dual-band
characteristics in millimeter wave frequency regime with wide bandwidth and ex-
cellent absorption at the resonances.
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Figure 9:  Power absorption characteristics of dual-band 

MTM-RAS for TM polarization at different incident angles  
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Figure 7: Power reflection characteristics of dual-band 

MTM-RAS for TM polarization at different incident angles 

(0, 30, and 45) 
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Figure 9:  Power absorption characteristics of dual-band 
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Figure 10:  Power transmission characteristics of dual-

band MTM-RAS for TE polarization at different incident 

angles  
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Figure 11:  Power transmission characteristics of dual- 

band MTM-RAS for TM polarization at different incident  

angles 
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millimeter wave frequency regime with wide bandwidth and 

excellent absorption at the resonances.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5 Conclusions 

The EM analysis of a polarization independent dual-band 

metamaterial based radar absorbing structure (RAS) has been 

carried out in this paper using transmission line transfer 

matrix method. The proposed metamaterial-based RAS 

showed very low reflection at both resonant frequencies and 

excellent absorption (> 90%) over the frequency range of 

111-131 GHz at first resonance and from 164.5-185 GHz at 

second resonance for TE and TM polarizations without metal 

backing plate. It also showed very low (< 1.6%) transmission 

over the frequency of interest for both TE and TM 

polarizations. Thus the proposed metamaterial-RAS find 

potential applications in millimeter wave frequency regime 

such as (i) RCS reduction of airborne platforms, (ii) Energy 

absorption for imaging, and chemical and biological sensing, 

(iii) EMI shielding in multi-band wireless communication 

systems to control multi-band EM radiation.  
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5 Conclusions

The EM analysis of a polarization independent dual-band metamaterial based radar
absorbing structure (RAS) has been carried out in this paper using transmission
line transfer matrix method. The proposed metamaterial-based RAS showed very
low reflection at both resonant frequencies and excellent absorption (> 90%) over
the frequency range of 111-131 GHz at first resonance and from 164.5-185 GHz at
second resonance for TE and TM polarizations without metal backing plate. It also
showed very low (< 1.6%) transmission over the frequency of interest for both TE
and TM polarizations. Thus the proposed metamaterial-RAS find potential appli-
cations in millimeter wave frequency regime such as (i) RCS reduction of airborne
platforms, (ii) Energy absorption for imaging, and chemical and biological sens-
ing, (iii) EMI shielding in multi-band wireless communication systems to control
multi-band EM radiation.
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