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Metamaterial absorber (MA) is of particular interest due to its numerous potential applications in
sensing, microwave detection, energy harvesting, miniaturized electronic components, bolometers, and
thermal detectors. In this paper, a new MA has been provided. The proposed MA is a microwave structure
consisting of a network of four split ring resonators (SRRs) of magnetic resonance and negative permeabil-
ity (1< 0): one central SRR has a triangular shape and three other SRRs have a square shape and the
same dimensions. All SRRs are printed on the upper surface of the FR_Epoxy substrate (& =4.4;
tgd= 0.02), its dimensions are chosen to obtain the resonance at the X-band frequency. To eliminate
transmission, we add a copper conductive metal plate that will be etched on the upper face of the same
substrate. The main advantage of this study based on the proposed structure is that it is possible to control
its absorption percentage for X-band radar applications.
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1. INTRODUCTION

During the last decade, wireless communication
systems using microwave devices have undergone re-
markable development. The study of most microwave
devices requires considerable knowledge of the physical
characteristics of electromagnetic waves when they
propagate in structures. These electromagnetic charac-
teristics are reflection, transmission, refraction, radia-
tion, diffraction and also absorption [1-3]. Absorption of
electromagnetic (EM) waves has been the subject of
several recent studies [4-6], the control of the absorp-
tion percentage is becoming more and more essential to
meet the needs of absorber performance. Nowadays,
metamaterial absorbers (MAs) occupy a prestigious
position in the area of telecommunications, especially
for antennas [7] and radars [8].

Metamaterials are artificially designed materials
with different properties than natural materials. This
kind of medium was introduced for the first time by
Victor Veselago [9] in 1967 after the Second World
War. He showed that the propagation of electromagnet-
ic waves in metamaterials is carried out in the opposite
direction to that of natural materials. Previously, left-
handed metamaterials, whose permittivity and perme-
ability are negative [10], have been a favorite topic for
millimeter-wave and microwave applications because of
their unique unusual phenomena, such as negative-
index refraction [11] and surface plasmon generation.

In this work, we propose a new MA consisting of
four split ring resonators (SRRs). The overall shape of
our MA is based on a central SRR of a triangular shape
surrounded by three SRRs of a square shape and also
of the same dimensions (engraved on the upper face of
the used substrate) in order to obtain resonances in the
X-band. These square SRRs are spaced apart by an
inter-resonator distance (e), one of these three SRRs is
coupled to an etched copper conductive plate to prevent
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transmission of the overall structure. The polarization
of our MA is transverse electric (TE) for different inci-
dences, and the study is based on the EM coupling of
the triangular SRR to square SRRs to have different
absorption levels at the same X-band frequency.

The rest of the paper is organized as follows. In sec-
tion two, the design procedure of the proposed MA is
presented based on a detailed description with the
impact of different design steps, while the simulation
results and discussion are described in section three.
Conclusions are included in section four.

2. MA DESIGN PROCEDURE
2.1. Depiction

SRR is a metamaterial resonator proposed for the
first time by J. Pendry and his research team [12].
Geometrically, SRR is formed by two outer and inner
split rings with two opposing interrupts to create a
capacitive effect. Physically, SRR can support too small
wavelengths of the order of a few microns [13].

2.1.1. Triangular SRR

Triangular SRR of period P1 is a metamaterial res-
onator formed by two inner and outer rings. The two
rings have a triangular shape (equilateral triangle) of a
and b ribs for the outer and inner rings, respectively.
All interruptions of the rings have the same value,
which is gi, the width W is the same for both rings. The
proposed triangular SRR is represented in Fig. 1, its
dimensions are given in Table 1.

The study of the elementary components of the
metamaterial resonator shows that the origin of the
resonance comes mainly from the Lorentz dispersion
[14], which led us to propose an equivalent electrical
scheme for each resonator, this scheme is based on a
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resonant circuit. The equivalent electrical circuit of the
triangular SRR is composed of three resonators, each
formed by inductance Li and capacitance Ci, these
three resonators represent the outer ring of our trian-
gular SRR. The inner ring corresponds to the resonator
formed by inductance L2 and capacitance Cz. Capaci-
tance Cp represents the coupling between the two inner
and outer rings of the triangular SRR.
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Fig. 1 — Representation in rings of the proposed triangular SRR

Table 1 — Triangular SRR dimensions

Parameter a b gt w P
Value (mm) 6.4 | 2.64 0.2 0.2 7.2

2.1.2 Square SRR

As triangular SRR, the square SRR is also formed
by two rings: inner of radius R1 and outer of radius Rz
for a square shape. The period of the proposed square
SRR is P2, [ represents the spacing between the two
rings that have the same width d, interruption gaps gs
have the same value as the interruption g: for the tri-
angular SRR. The proposed square SRR and its equiva-
lent circuit model are illustrated in Fig. 2, the SRR
dimensions with [ = d are shown in Table 2.
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Fig. 2 — Square SRR: (a) representation in rings, (b) equiva-
lent circuit model

Table 2 — Square SRR dimensions

Parameter 8s d R Re Ps
Value (mm) 0.2 0.2 2.8 3.2 6.8

A square SRR can be mainly considered as a mag-
netic dipole, its equivalent circuit model behaves like
an LoCo resonator excited by a magnetic field perpen-
dicular to the plane of the rings [15].
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2.2. Proposed MA

Our proposed MA consists of four metamaterial
SRRs; three SRRs of a square shape (with dimensions
shown in Table 2) are centered on a triangular SRR
(with dimensions shown in Table 1) and are separated
from each other by an angle ¢ = 120°. These resonators
(square and triangular) are engraved on the upper face
of the used substrate, a metal plate (made of copper) is
etched on the upper face of the same substrate to pre-
vent transmission of the overall structure.

The dimensions of this plate are optimized at
a1=a=2R2=6.4 mm and W1 =1.5 mm. We polarize the
proposed MA to have TE polarization and we will study
the absorption as a function of the inter-resonator EM
coupling distance (e) between each square SRR and the
central triangular SRR. Then, we will study the absorp-
tion according to the numerical values of the incidence
angle (). The optimized dimensions of the proposed MA
are mxn mm?2 with m =279 mm and n =32 mm. Fig. 3
represents our proposed MA.

Fig. 3 — Top view of the proposed MA

3. RESULTS AND DISCUSSION
3.1. Triangular SRR Behavior

In [16, 17], M. Berka et al. have done a comparison
between three types of the dielectric substrate, while
FR_Epoxy is the most suitable for our design (high
absorption coefficients for various designs). On the
upper surface of this substrate (& = 4.4, tgd=0.02) of
thickness h = 1.53 mm, a triangular metamaterial SRR
is printed for a metallization thickness ¢ = 15 pm.

On the simulator, we polarize the three triangular
SRRs in the OZ direction and fix the boundary condi-
tions for the electric and magnetic fields. The boundary
conditions for the simulation of our triangular SRR on
HFSS are maintained in our configuration (polarization
along the OZ axis) as follows. For the electric wall, we
place PEC 1 and PEC 2 (two perfect electrical conduc-
tors) on the two faces perpendicular to the electric field
E. For the magnetic wall, we place PMC 1 and PMC 2
(two perfect magnetic conductors) on the two faces
perpendicular to the magnetic field H. For the two
faces perpendicular to the direction of propagation, we
place WAVEPORT1 and WAVEPORT?Z, respectively.

The module and phase of the reflection coefficient
(S11) are shown in Fig. 4.
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Fig. 4 — Reflection coefficient of the triangular SRR: amplitude
and phase

Fig. 4 shows the behavior of the triangular SRR
based on its S11 parameter (amplitude and phase). By
the amplitude of this parameter, we note that it is
about two resonance frequencies in the X-band [8-12]:
frequency fr1 = 8.91 GHz of the low resonance associat-
ed with the inner ring of the triangular SRR and fre-
quency fr2 =9.73 GHz of the high resonance associated
with the outer ring.

For the Si1 argument, we notice that the values
vary in the interval [~ 7, + 7] for the same resonance
frequencies.

The triangular SRR has a characteristic impedance
Z(w) defined by the relation:

Z(o)= |~ Op 1)

where () and &(w) are the relative permeability and
the relative permittivity of the triangular SRR, respec-
tively, and Zo represents the characteristic impedance
of vacuum (Zo ~ 377 Q.) We note that the triangular
SSR is adapted for Z(w) = Zo.

The effective reduced impedance of the triangular
SRR is defined by

Ze/f(a))zzéw): (05, (@) -3 () )

v (-8, (@) -8 (0)

For zero transmission S21(w) = 0, then

3)

and also
Z(0) =Re{Z (o)} +ilm{Z(0)| = Z'(0)+iZ" (o). (4)

In HFSS simulator, we directly select both parts,
namely the real with Z'(w) > 0 and the imaginary char-
acteristic impedance. Fig. 5 shows the variation of
these two impedance parts.
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Fig. 5 — Real and imaginary parts of the characteristic imped-
ance for the triangular SRR

As shown in Fig. 5, at the resonance frequency, the
real part of the characteristic impedance of the triangu-
lar SRR has a value of 379 Q. So, it approaches the
vacuum impedance (i.e., approximately 377 Q), while
the imaginary part tends to 0. So, energy that is not
reflected is trapped and absorbed in the resonator. The
triangular SRR absorption is given by [18]:

2

A, =1-R-T-|S,, (o) ~|S,, (o) , (5)
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Fig. 6 — Reflection and absorption of the triangular SRR

Fig. 6 shows the absorption (As) and reflection (R) of
the triangular SRR. We note that at two magnetic res-
onances of the triangular SRR (fi1=8.91 GHz and
fr2=9.73 GHz), we have two absorptions A1 =49.76 %
and Ap1 = 49.98 %, respectively. It can also be noted that
the absorption of this SRR is modest, where the largest
is associated with the smallest reflection of — 8.64 dB.
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3.2. Square SRR Behavior

On the upper surface of the same substrate used for
the triangular SRR, the square metamaterial SRR is
etched for the same thickness (¢ = 15 pm). For the same
boundary conditions, the reflection and absorption of
the square SRR are shown in Fig. 7.
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Fig. 7 — Reflection and absorption of the square SRR

In Fig. 7, we note the presence of one resonance (in
the X-band) associated with frequency f-=10.15 GHz,
the maximum absorption estimate of this SRR at the
indicated resonance frequency is Ap = 96.47 % with a
thickness of the order of 4/19. It is also noted that the
absorption is obtained for a narrow band of the order of
0.49 GHz.

3.3. EM Characteristics of the Proposed MA

According to the inter-resonator spacing value
(e =0.1, 0.2 and 0.3 mm), we have done three simula-
tions of the proposed MA (for normal incidence) and for
a fixed value of the spacing between the metal plate
and one of the three square SRRs (S =0.2 mm). Then,
we searched for the absorption of the proposed MA for
TE polarization for both normal incidence (6= 0°) and
three oblique incidence angles (6= 30° 45° and 600).
The absorption of our MA according to the inter-
resonator spacing and incidence angle (for TE polariza-
tion) is shown in Fig. 8.

In Fig. 8a, we note that our proposed MA has three
absorption peaks in the X-band, which correspond to
three square SRRs. For e =0.1 mm, we have three ab-
sorptions of 97.14 %, 97.56 % and 96.11 % for three
resonances at 9.96 GHz, 10.26 GHz and 10.78 GHz,
respectively. We also note that the most important
absorption among the three indicated is that which is
around the resonance of the square SRR (previously
estimated of the order of 96.47 % around 10.15 GHz). It
is noted in the same figure that the absorption of the
proposed MA increases when the value of the spacing e
decreases, which proves that the absorption is greater
for considerable EM coupling between the metamateri-
al SRRs in the absorber.

Fig. 8b shows the simulated absorption of the pro-
posed MA in the X-band for normal incidence (6= 0°)
and oblique (for three values of 6. We notice in this
figure that the absorption has always three peaks. For
normal incidence, it is noted that the absorption is
estimated by the highest percentage of 98.76 % at a
frequency of 10.19 GHz (around the resonance of the
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square SRR), the other two peaks represent two ab-
sorptions estimated by 91.82 % and 87.86 % at reso-
nances of 9.48 GHz and 10.44 GHz, respectively. We
also note that the absorption for TE polarization de-
creases as the angle of incidence increases, the absorp-
tions around the resonance of the square SRR are es-
timated by 92.77 % (0= 45°) and 79.65 % (0= 60° 60) at
frequencies of 10.12 GHz and 10.11 GHz, respectively.

In Table 3, we present a comparison between our
proposed MA and proposed MA in literature.
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Fig. 8 — Absorption of the proposed MA: (a) according to the
inter-resonator spacing, (b) according to the angle of incidence

Table 3 — Performance comparison of the designed filter with
literature

Reference [19] [20] This work
Asymmetric | Gap coupled | Triangular and
Absorber shape| .\ 121 SRR |hexagonal SRR| square SRRs
Center fre- 4.1/11.3/13.45 |  4.27/12.4  |9.96/10.26/10.78
quency (GHz)
Absorbance (%) 97.9 98.81 97.56
Absorber area |0.1110x0.11640| 0.1440x0.1440 | 0.9210x1.0640
Frequency C-. X-, Ku- S X- X.
band
o m}lltlband m}lltlband RADAR
Applications microwave microwave
systems
systems systems

4. CONCLUSIONS

In this work, we have proposed a new microwave
structure that is a MA. Our proposed MA is based on
the EM coupling between three square SRRs and one
central triangular SRR. All dimensions of these meta-
material SRRs are chosen to have magnetic resonances
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in the X-band and thus have the necessary absorption
in the same band. We used a printed metal plate on the
upper face of the used substrate to prevent transmis-
sion of the structure. We polarized our MA to have TE
polarization (for different angle of incidence). During
our study, we also varied the inter-resonator spacing.
In our results, we always found three absorption peaks
relative to the coupling between the triangular SRR
and the three square SRRs, where the biggest peak
appeared around the resonance of each square SRR for
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Maiike imeaspHuil MmeTamarepianbuuii norauuad 3 TE moaspusaniero, mo
3apAIKaeThCd TPUKYTHUMH PO3Pi3HUMHU KiJIbIIEBUMH PE30HATOPAMHU
1A momaTkie i omepanii X-miammasony

M. Berkal?, AY. Rouabhi2, A. Bendaoudi2, Z. Mahdjoub?

L Department of Electrotechnic, University MUSTAPHA STAMBOULI of Mascara, 29000 Mascara, Algeria
2 Laboratory E.P.O, 22000 Sidi Bel Abbés, University of S.B.A, Algeria

Meramarepianpuwnit morsuaay (MA) mpencraBiisie 0COOIMBHN 1HTEPEC 3aBISKU MOT0 YNCIEHHUM TIOTEH-
IIAHAM 3aCTOCYBAHHSAM B 30HJIYBaHHI, HAJ[BUCOKOUYACTOTHIN J1ed)EeKTOCKOII, aKyMyJIIOBAHHI eHeprii, MiHia-
TIOPHUX €JIEKTPOHHMX KOMIIOHEHTaX, 00JIOMeTpax 1 TeIlJIOBHX JETeKTOpax. ¥ CTATTI 3aIpOMOHOBAHO HOBUHI
MA. Biu siBnsie co0010 HaJIBHUCOKOYACTOTHY CTPYKTYPY, IO CKJIAJAETHCA 3 YOTHPHOX PO3PI3HUX KIIBIIEBUX
pesonaropie (SRRs) marmitHOro pesonancy Ta meratuBHOI mpoHUKHOCTI (1< 0): ommH menTpanbauii SRR
Mae TPUKYTHY dopmy, a Tpu inmn SRRs marors kBampaTHy dopmy 1 omHarosi posmipu. Yei SRRs posraro-
BaHl Ha BepxHiil moBepxHi migraankn FR_Epoxy (& = 4,4; tgd= 0,02), ii poamipu migiOpaHi A OTpUMAHHSI
pesoHaHcy Ha 4acToTi X-mianasony. 1o ycyHyTu mepemady, Mu 101a€M0 MITHY €JIEKTPOIPOBIIHY METAJIEBY
IJIACTUHY, sika Oy/1e BUTpaBJIeHA HA BEePXHIH moBepxHi Tiel sk minkiaankn. OCHOBHA IepeBara JIOC/IKeHHS,
3aCHOBAHOTO HA 3aIIPOIIOHOBAHIM CTPYKTYPi, IOJIATAE B TOMY, 1[0 MOKHA KOHTPOJIIOBATH BIJICOTOK MO0 IIOT-
JIMHAHHS JJIS PAJi0JOKAIIIMHNX 3aCTOCYBAHD X-I1aIa3oHy.

Kmiouosi cinosa: ITormmuau, Meramarepiai, [Iporuknicts, Pospisai kinbiesi pesonaropu (SRRs), ITome-

peuna enexrpuuna (TE) monsapusaris.
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