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Abstract
In this paper, an ultra-thin compact hexa-band metamaterial absorber has been presented using single layer of dielectric. 
The proposed design is polarization independent in nature owing to its fourfold symmetry and exhibits high angular stability 
up to 60° angles of incidences for both TE and TM polarizations. The structure is ultrathin in nature with 2 mm thickness, 
which corresponds to λ/11.4 (λ is the operating wavelength with respect to the highest frequency of absorption). Six distinct 
absorption frequencies are obtained from the design, which can be distributed among three regions, namely lower band, 
middle band and higher band; each region consists of two closely spaced frequencies. Thereafter, the dimensions of the 
proposed structure are adjusted in such a way that bandwidth enhancement occurs at each region separately. Simultaneous 
bandwidth enhancements at middle and higher bands have also been achieved by proper optimization of the geometrical 
parameters. The structure with simultaneous bandwidth enhancements at X- and Ku-bands is later fabricated and the experi-
mental absorptivity response is in agreement with the simulated one.

1  Introduction

Owing to its unusual electromagnetic properties, metama-
terials have become the hot topic of research in different 
applications, viz., lens imaging, cloaking, antenna system 
and filter [1–5]. Due to the compact nature, metamaterial-
based absorbers have found potential applications in differ-
ent frequency regions from low frequency to optical domain 
[6–9]. Different types of structures have been proposed as 
absorbers, viz., electric field-driven LC resonator and closed 
ring resonator [10–15]. In both the cases, the incident elec-
tromagnetic wave has to travel across the thickness of the 
dielectric over which the patterns are designed. Due to the 

high Q nature of the resonators, the absorption bandwidths 
of these absorbers are quite narrow [11, 12, 16]. To achieve 
multiple as well as bandwidth-enhanced absorption through 
metamaterial absorber, many design methodologies have 
been proposed including array implementation of sub-unit 
cells as well as single unit cells [15, 17–19], combining mul-
tiple unit cells into a single one [12, 20], embedding one 
unit cell into other [21] as well and stacking of multiple 
layers into a single unit cell [22, 23]. However, all these 
approaches suffer from significant increase in terms of the 
lattice dimension. Potential applications like reduction of 
radar cross section require compact unit cells capable of 
achieving multiple absorptions. Recently, structures with 
quad-band and penta-band absorber applications have also 
been reported with polarization insensitivity [24–26].

In this paper, a compact solution to achieve hexa-band 
absorber is presented based on a single thin layer of dielec-
tric substrate. The hexa-band absorber structure has been 
developed by embedding one compact geometry into another 
one. The dimensions of the structure have been chosen in 
such a way that multiple absorption peaks are observed rang-
ing from S- to Ku-bands. The simulated absorption peaks 
are achieved at 3.16, 4.05, 7.35, 8.65, 11.88 and 13.12 GHz 
with peak absorptivities of 98.2, 99.5, 99.6, 96.1, 98.9 and 
98.8%, respectively. Surface current distributions at all these 
absorption frequencies are studied to explain the phenomena 
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of absorption. The structure has also been investigated with 
respect to the variation of polarization angle under normal 
incidence, where it is found to exhibit identical characteris-
tics for any angle of polarization, thus verifying the polari-
zation-independent nature of the structure. Additionally, the 
design has been studied under oblique incidences for both 
TE and TM polarizations, and found to have angular stability 
up to 60° angle of incidence.

The six absorption frequencies of the proposed structure 
can be categorized into three distinct regions in terms of 
frequency ranges, viz., lower band, middle band, and upper 
band, where each band comprises of two closely spaced 
frequencies. The dimensions of the unit cell are parametri-
cally optimized to achieve bandwidth enhancements at lower 
band, middle band and higher bands, which are separately 
placed at S-, X- and Ku-bands, respectively. Furthermore, 
bandwidth enhancements simultaneously at both X- and Ku-
bands have been achieved by proper parametric optimiza-
tion. The full width at half maxima (FWHM) bandwidth of 
0.88 GHz (8.35–9.23 GHz) and 1.2 GHz (12.65–13.85 GHz) 
has been achieved at X- and Ku-bands, respectively. The 
designed structure has also been fabricated and absorp-
tivities have been measured experimentally where FWHM 
bandwidths of 1.59 and 1.16 GHz have been observed at 
X- and Ku-bands, respectively.

2 � Design of the proposed structure

The proposed hexa-band absorber structure is based on two 
compact geometries embedded in single unit cell imprinted 
on a dielectric substrate. One of the compact structures is 
defined as compact absorber I; the top view of whose unit 
cell is shown in Fig. 1a. The geometrical dimensions of the 
unit cell are optimized as follows: a = 15 mm, d = 12.6 mm, 
w = 0.4 mm, d1 = 8.8 mm, p1 = 1.5 mm and g2 = 0.2 mm. 

Then, another geometry has been constructed termed as 
compact absorber II, whose top view of the unit cell is 
shown in Fig. 1b. The optimized geometrical dimensions 
are a = 15 mm, d2 = 7.6 mm, p2 = 1.5 mm, w1 = 0.5 mm, 
g1 = 0.4 mm, g2 = 0.2 mm and gap = 0.3 mm. Finally, the 
compact absorber has been designed by embedding com-
pact absorber II inside compact absorber I with geometri-
cal dimensions a = 15  mm, d = 12.6  mm, d1 = 8.8  mm, 
d2 = 7.6  mm, p1 = 1.5  mm, p2 = 1.5  mm, w = 0.4  mm, 
w1 = 0.5 mm, g1 = 0.4 mm, g2 = 0.2 mm and gap = 0.3 mm. 
The top view of the unit cell of the overall proposed absorber 
structure is shown in Fig. 1c. The periodic patterns have 
been printed on the top surface of a 2-mm-thick FR-4 dielec-
tric of permittivity 4.4 and loss tangent 0.02. The bottom 
side of the dielectric substrate is completely copper lami-
nated. The directions of the electric field, magnetic field and 
wave propagation are also shown in Fig. 1a–c.

The absorptivity of the structure can be evaluated from 
(1), where A(ω) ||S11(�)||

2 and ||S21(�)||
2 are the absorptiv-

ity, reflected power, and transmitted power, respectively, 
at an angular frequency ω. Due to the complete copper 
lamination at the backside, there is no transmitted power 
( ||S21(�)||

2
= 0 ). So, by minimizing the reflected power, the 

absorptivity of the structure is maximized

3 � Simulated results

3.1 � Compact absorber I

The unit cell of the compact absorber I shown in Fig. 1a is 
first simulated using Ansys HFSS for normal incidence of 
the electromagnetic wave by employing periodic boundary 

(1)A(�) = 1 − |
|S11(�)

|
|

2
− |
|S21(�)

|
|

2
= 1 − |

|S11(�)
|
|

2
.

Fig. 1   Top views of the unit cell of the a compact absorber I, b compact absorber II and c proposed compact hexa-band absorber containing 
absorber II embedded in absorber I
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conditions. The absorptivity response of the structure has 
been shown in Fig. 2, where a simple absorber consisting 
of simple square loop in a unit cell is also shown. The geo-
metrical dimensions of the square loop are exactly identical 
with that of the compact absorber I. It is seen that in compact 
absorber I, absorptions occur at 3.32, 8.72 and 12.84 GHz 
with peak absorptivities of 92.7, 85.5 and 94.4%, respec-
tively, while the simple absorber with square loop in the unit 
cell exhibits absorptions at 3.24, 10.88 and 14.80 GHz with 
peak absorptivities of 79.7, 70.1 and 93.6%, respectively.

The surface current densities at both the top and bottom 
surfaces of the compact absorber I at frequencies of peak 
absorptions are shown in Fig. 3. Different regions of the 
compact absorber I structure are responsible for absorp-
tions at the three distinct frequencies, viz., 3.72, 8.72 and 
12.84 GHz. It is seen that the surface currents are anti-
parallel at all the frequencies of absorption, thus producing 
magnetic excitations.

The structure is also studied for different polarization 
angles of the incident electromagnetic wave under normal 
incidence as shown in Fig. 4. Due to the fourfold geometri-
cal symmetry of the unit cell, the structure has been stud-
ied up to 45° polarization angle. It is seen from Fig. 4 that 
the absorptivity response remains identical for all angles of 
polarization, thus making the structure polarization inde-
pendent in nature.

3.2 � Compact absorber II

The compact absorber structure II whose unit cell is shown 
in Fig. 1b is also simulated using periodic boundary condi-
tion and the simulated absorptivity response is shown in 
Fig. 5. Absorption occurs at 4.28 and 11.70 GHz with peak 
absorptivities of 97.6 and 40.3%, respectively. Surface cur-
rent distributions at these two frequencies of absorptions 
are also illustrated in Fig. 6, where it is seen that different 

regions of the absorber structure II get excited at the two 
distinct absorption frequencies. Here also, the surface cur-
rents at top and bottom surfaces are anti-parallel at the two 
distinct frequencies of absorption, thus confirming the reso-
nance phenomena. The structure has also been studied under 
polarization angle variations under normal incidence, where 
the absorptivity response remains invariant as seen from 
Fig. 7, thus confirming polarization-independent nature of 
the structure.

3.3 � Proposed hexa‑band compact absorber

The compact structure I and II are then embedded in sin-
gle unit cell geometry to obtain the proposed hexa-band 
absorber as shown in Fig. 1c. The unit cell geometry is sim-
ulated in Ansys HFSS using periodic boundary conditions, 
which results in six distinct absorption peaks occurring at 
frequencies 3.16, 4.05, 7.35, 8.65, 11.88 and 13.12 GHz with 
the respective peak absorptivities of 98.2, 99.5, 99.6, 96.1, 
98.9 and 98.8%, respectively, as shown in Fig. 8.

The surface current distributions at the peak absorption 
frequencies are shown in Figs. 9 and 10 at the top and bot-
tom surfaces of the proposed structure. Different regions of 
the concentric loop are responsible for absorptions as evi-
dent from the figures. It is noted that at 8.65 GHz, the cou-
pling between the outer and inner loops produces absorption 
as seen from Fig. 10.

The structure has also been studied under polarization 
angle variations. Due to fourfold symmetry of the proposed 
structure, the absorptivity response has been studied only 
up to 45° angle of polarizations. The absorptivity remains 
invariant with the polarization angle variation as evident 
from Fig. 11, thus revealing the polarization-independent 
nature of the hexa-band absorber.

The proposed structure has also been studied under 
oblique incidences till 60° in a step of 5° for both TE and 

Fig. 2   Simulated absorptiv-
ity response of the compact 
absorber I with respect to 
another absorber structure 
consisting of simple square loop 
in its unit cell
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Fig. 3   Surface current distributions at 3.72, 8.72 and 12.84 GHz at a top and b bottom surfaces of the compact absorber I whose unit cell is 
shown in Fig. 1a
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TM polarizations. In case of TE polarization, the electric 
field direction remains unchanged, while the directions of 
magnetic field and wave propagation vector vary. On the 
contrary, electric field and wave vector direction change 
and magnetic field direction remains constant during TM 
polarization. The absorption spectra of the structure under 
oblique incidences for TE and TM polarizations are shown 
in Fig. 12a, b, respectively. It is observed that the proposed 
structure behaves as a hexa-band absorber up to 60° angle of 
incidences in both the cases. The slight variations of absorp-
tions at higher angular incidence for higher frequencies can 
be attributed due to the mutual coupling of the resonators 
[27].

The scattered fields have been studied for oblique inci-
dences over the range 30°–60° as the diffraction mode is 
significant for oblique incidences greater than 30° [28, 29] 
and shown in Fig. 13. It is observed from Fig. 13 that the 
scattered fields are very less in magnitude and hence can 
be ignored.

The proposed structure is compact in terms of the dimen-
sions of the unit cell and thickness in comparison to the 
earlier reported multi-band absorber structures as stated in 
Table 1. It is also observed from Table 1 that the proposed 
structure exhibits six distinct absorption peaks using a single 
unit cell while unit cells of many other multi-band absorber 
structures are composed of multiple sub-cells.

4 � Bandwidth‑enhanced absorbers

The proposed structure exhibits six distinct absorption peaks 
in three different frequency zones, where each zone consists 
of two closely spaced frequencies, e.g., lower band consists 
of first two absorption peaks (3.16 and 4.05 GHz), mid-
dle band comprises next two absorption peaks (7.35 and 
8.65 GHz) and higher band has the last two absorption peaks 
(11.88 and 13.12 GHz). Bandwidth enhancements at these 
three distinct zones individually have also been achieved by 
optimizing geometrical parameters of the unit cell design. 
Parametric optimization in Ansys HFSS has been carried out 
for enhancement of the bandwidths in each band.

4.1 � Bandwidth enhancement at lower band

A bandwidth-enhanced absorber structure has been 
obtained by optimizing the geometrical dimensions of the 
proposed structure as follows: a = 15 mm, d = 13.1 mm, 
d1 = 10.7  mm, d2 = 8.7  mm, p1 = 0.7  mm, p2 = 2  mm, 
w = 0.5 mm, w1 = 0.45 mm, g1 = 0.64 mm, g2 = 0.5 mm and 
gap = 0.7 mm. Six distinct absorption peaks are observed 
in this case along with bandwidth enhancement at lower 
band. A FWHM bandwidth of 0.35 GHz (3.36–3.71 GHz) 
in S-band has been achieved, where peak absorptivities of 
99.6 and 95.3% are observed at 3.43 and 3.62 GHz, respec-
tively, as shown in Fig. 14. In this case, fractional of 10.2% 
is realized with respect to frequency with higher absorption 
peak (3.43 GHz).

4.2 � Bandwidth enhancement at middle band

The structure is further optimized to obtain bandwidth-
enhanced absorption at X-band. The optimized geometri-
cal dimensions are as follows: a = 15 mm, d = 13.06 mm, 
d1 = 9.26 mm, d2 = 8.02 mm, p1 = 1.5 mm, p2 = 1.5 mm, 
w = 0.4  mm, w1 = 0.6  mm, g1 = 0.57  mm, g2 = 0.2  mm 
and gap = 0.58 mm. An enhanced FWHM bandwidth of 
0.89 GHz ranging from 7.72 to 8.61 GHz has been obtained 
as shown in Fig. 15. Two distinct absorption peaks are also 
observed at 7.94 and 8.51 GHz with peak absorptivities 
94.2 and 89.3%, respectively. Here, a fractional bandwidth 
of 11.2% has been achieved with respect to frequency having 
higher absorption peak (7.94 GHz).

Fig. 4   Absorptivity response of the compact absorber I under various 
angles of polarization with normal incidence

Fig. 5   Absorptivity response of the compact absorber II whose unit 
cell is shown in Fig. 1b
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Fig. 6   Surface current distributions at 4.28 and 11.74 GHz at a top and b bottom surfaces of the compact absorber II whose unit cell is shown in 
Fig. 1b

Fig. 7   Absorptivity response of the compact absorber II for various 
angles of polarization under normal incidence

Fig. 8   Simulated absorptivity response of the proposed compact 
absorber whose unit cell is shown in Fig. 1c
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4.2.1 � Bandwidth enhancement at higher band

To obtain bandwidth enhancement at higher band, the 

geometrical dimensions of the proposed absorber are fur-
ther modified as: a = 15 mm, d = 12.4 mm, d1 = 8.6 mm, 
d2 = 7.4  mm, p1 = 1.5  mm, p2 = 1.5  mm, w = 0.4  mm, 

Fig. 9   Surface current distributions at 3.16, 4.05 and 7.34 GHz at a top and b bottom surfaces of the compact absorber whose unit cell is shown 
in Fig. 1c
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w1 = 0.52  mm, g1 = 0.49  mm, g2 = 0.24  mm and 
gap = 0.3 mm. FWHM bandwidth of 1.41 GHz ranging 
from 12.38 to 13.79 GHz has been realized at Ku-band 
along with peak absorptivities of 95.5 and 91.8% at 12.69 

and 12.87 GHz, respectively, as shown in Fig. 16. In this 
case, fractional bandwidth of 11.1% has been realized with 
respect to 12.69 GHz, the frequency having higher absorp-
tion peak.

Fig. 10   Surface current distributions at 8.65, 11.88 and 13.12 GHz at a top and b bottom surfaces of the compact absorber whose unit cell is 
shown in Fig. 1c
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4.3 � Simultaneous bandwidth enhancements 
at middle and higher bands

The geometrical dimensions of the proposed hexa-band 
absorber have also been modified to attain bandwidth 
enhancements at middle and higher bands simultane-
ously. Only the geometrical dimensions d = 12.11  mm, 
d1 = 8.31 mm, d2 = 7.11 mm and g1 = 0.38 mm have been 
tailored keeping other dimensions unaltered in the hexa-
band absorber structure. It is inferred from the simulated 
absorptivity response that the structure exhibits FWHM 
bandwidths of 0.88 GHz (8.35–9.23 GHz) at X-band and 
1.2 GHz (12.65–13.85 GHz) at Ku-band as shown in Fig. 17. 
Fractional bandwidths of 9.9 and 8.8% have been realized in 
X-band and Ku-band, respectively, in this design referring 
to frequencies with higher absorption peaks, viz., 8.9 and 
13.56 GHz.

Since parametric optimization has been done in the 
geometry of the two resonators individually having three 
and two absorption peaks, respectively, to obtain enhanced 
bandwidth absorptions, the notch is due to the effect of cou-
pling between the two resonators nested one between the 

other. The individual absorption bands are narrow in nature, 
having high Q. So, it cannot be improved in this case even 
with the best possible parametric optimization. At the notch 
frequencies, minimum absorptions of 60% have been real-
ized for all designs of the unit cells discussed in this section.

5 � Experimental verification 
of the hexa‑band absorber 
with bandwidth‑enhanced absorption 
at middle and higher bands

The proposed compact absorber structure having simulta-
neous bandwidth enhancements at X- and Ku-bands (dis-
cussed in Sect. 4.4) has been fabricated on a 2-mm-thick 
FR-4 dielectric substrate with dimensions 240 mm × 240 mm 
with 16 × 16 unit cells using printed circuit board (PCB) 
technology. The complete fabricated prototype is shown in 
Fig. 18a while its zoomed view is shown in Fig. 18b.

To measure the experimental absorptivity, the fabri-
cated prototype is kept in an anechoic chamber. Initially, 

Fig. 11   Absorptivity response of the proposed hexa-band absorber 
under polarization angle variation with normal incidence

Fig. 12   Absorption spectra of the proposed hexa-band absorber under oblique incidences with a TE polarization and b TM polarization
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Table 1   Comparison of the proposed structure with earlier reported multi-band absorbers

Absorber structure No. of layers No. of absorption 
peaks

Unit cell size (with respect to lowest 
absorption frequency)

Thickness (with respect 
to lowest absorption fre-
quency)

[30] 1 2 λ0/2.18 λ0/46
[19] 1 2 λ0/2.93 λ0/29.3
[10] 1 3 λ0/3.1 λ0/46.1
[16] 1 3 λ0/3.1 λ0/54.9
[31] 2 3 λ0/3.51 λ0/63
[15] 1 4 λ0/3.2 λ0/57.4
[25] 1 4 λ0/3.19 λ0/49
[24] 1 4 λ0/4.9 λ0/72
[26] 1 5 λ0/6.3 λ0/88
Proposed structure 1 6 λ0/6.3 λ0/47.5

Fig. 14   Absorptivity response of the proposed absorber structure 
with bandwidth enhancement at lower band (S-band) under normal 
incidence
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Fig. 15   Absorptivity response of the proposed absorber structure 
with bandwidth enhancement at middle band under normal incidence

Fig. 16   Absorptivity response of the proposed structure with band-
width enhancement at higher band (Ku-band) under normal incidence

Fig. 17   Absorptivity response of the proposed structure with band-
width enhancement at middle band (X-band) and higher band (Ku-
band) simultaneously under normal incidence
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the reflection from a copper surface of identical geometrical 
dimensions to the absorber structure has been considered as 
reference. A pair of broadband horn antennas (LB-10180-SF 
operating in 1–18 GHz) is used to measure the reflected 
power in this purpose, where one antenna has been used to 
transmit the power while the other one acts as the receiver. 
The antennas are connected with a vector network analyzer 
Agilent N5230A to measure the reflection coefficient of the 
sample. The reflectivities of the fabricated prototype and 
the copper plate have been measured separately and the 
difference between the two gives rise to actual measured 
reflection coefficient of the structure, which in turn gives 

rise to the absorptivity. The measured absorptivity response 
is shown in Fig. 19 where it is compared with the simulated 
absorptivity response of the structure. The measured result 
exhibits FWHM bandwidths of 1.59 GHz (8.56–10.15 GHz) 
and 1.16 GHz (13.68–14.84 GHz) at X-band and Ku-band, 
respectively, with absorption peaks realized at 9.26, 9.9, 
14.19 and 14.32 GHz corresponding to peak absorptivities 
96.9, 81.2, 83.4 and 79.9%. The small deviation between 
the measured and the simulated responses, particularly at 
high frequency ranges, are due to the fabrication tolerance 
and non-linear behavior of dielectric substrate properties. 
The permittivity and loss tangent of FR-4 structure are func-
tions of frequency in practice. In the simulation, they are 
assumed to be constant. Thus, slight deviations of absorptiv-
ity response at higher frequencies are observed.

6 � Conclusions

A compact hexa-band metamaterial absorber has been 
designed by embedding two compact geometries in single 
unit cell imprinted on a single layer of dielectric substrate. 
The proposed hexa-band absorber structure is polarization 
independent and angularly stable up to 60° incident angles 
for both TE and TM polarizations. The design has also been 
optimized in such a way that bandwidth enhancements are 
obtained at S-, X-, and Ku-bands separately as well as at 
X-band and Ku-band simultaneously. The measured absorp-
tivity response of the fabricated prototype is also in good 

Fig. 18   a Complete fabricated prototype of the proposed absorber structure with bandwidth enhancements at middle and higher bands along 
with b its enlarged view

Fig. 19   Comparison of measured and simulated absorption responses 
of the proposed absorber structure with simultaneous bandwidth 
enhancement at middle band (X-band) and higher band (Ku-band) 
under normal incidence
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agreement with the simulated response. The proposed struc-
ture is suitable for applications including reduction of radar 
cross section and electromagnetic interference (EMI)/elec-
tromagnetic compatibility (EMC).
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