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IInpOKONONOCHBIH COBEPIICHHBIH MOMIOTUTEIb U3 METaMaTepuala UMEeT LIMPOKHE MEePCHEeKTUBBI MPUMEHEHHs ULt obecrie-
YEeHHsI HeBHAUMOCTH 1NN IS Pajiapa, B 00JIacTsIX KOHCTPYHUPOBAHHS aHTEHH H DJIEKTPOMAarHUTHOU 3amuThl. CylecTBYIOMMit
MHOIOYACTOTHBIH MOTJIOTUTENb YBEJIMYUT Pa3sMep WM TOJLIMHY CTPYKTYphl. B 3TOH cTaThe mpejcTaBieH IHPOKOIOIOCHBIH
HEYYBCTBUTEIBHBII K ITOJIPH3ALHN COBEPIICHHBIH MTOTIOTUTEIb U3 METaMaTepuaia Ha OCHOBE (ppaKTaIbHON CTPYKTYphl. bia-
rozapst KOMOHHAIMY (PAaKTaTbHOH M KPYroBOil CTPYKTYp, pabodas Iojoca 4acTOT PacIIMpsSeTcs 0e3 yBeIHdeHHs pa3Mepa
cTpykTypsl. [IpeuiokeHa mpocras MoJieilb SKBUBAJICHTHON CXEMBI, OIHMCHIBAIOLIAs SBJICHUE MOTMIOIEHHUS, U1 OLIEHKH YaCTOTHI
HOTJIONIEHHS [IPEe/IaraeMoro HOIJIOTHTENs. PaccunTaHHbINH pe3yIbTaT OKa3bIBACT, YTO OTHOCUTEIbHAS MOJIHAS LIMPHUHA [0JIO-
CBI IIOTJIOTHUTENS Ha YPOBHE IOJOBHHHON aMILTHTYABI cocTaBiseT 11.7%. PabGoune yriel, Ipu KOTOPEIX CTPYKTypa MeTaMare-
puana MoxeT noyiepxkuBath 50% koadduunenta nornomenus, pasusl 50 rpagycam. O6nagas CTPYKTypoil ¢ BpalateabHOH
CHMMETpHEH, IIOTTIOTHTEb HEYYBCTBUTEIICH K MOJISIPU3ALMK. DTa CTPYKTypa CO3[aHa U n3MepeHa B X-uarna3oHe, pe3yabTaThl
SKCIIEPHMEHTA XOPOIIO COBIAAAIOT C Pe3yIbTaTaMH MOJCTUPOBAHHS.

Knroueswvie cnosa: Memamamepuai, mupoxon(mocnblﬂ COE@pW@HHbZIZ nozciomumeis, d)paKma,’lea}? cmpyKkmypa.

Broadband perfect metamaterial absorber has broad application prospects in the fields of radar target stealth, antenna design
and electromagnetic protection. The existing multi frequency absorber will increase the size or thickness of the structure. This
paper presents broadband polarization insensitive perfect metamaterial absorber based on fractal structure. Through the combi-
nation of fractal and circular structures, the bandwidth is extended without increasing the size of the structure. A simple equiva-
lent circuit model has been proposed describing the absorption phenomenon to estimate the frequency of absorption of the pro-
posed absorber. The simulated result shows that the absorber’s relative full width half maximum is 11.7%. The operating angles
which the metamaterial structure can maintain 50% of the absorbance are 50 degrees. With rotational symmetry structure, the
absorber is insensitive to the polarization. This structure is made and measured at X-band, the experimental results coincide

well with the simulation results.
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Introduction

Artificial stealth materials have wide applica-
tions in areas such as radar target stealth, antenna
design and electromagnetic protection etc. However,
absorber based on traditional structures for the radar
targets stealth application face big challenges on
absorbing frequency, bandwidth, bulky and poor
flexibility and other practical problems. Fractal
structures different from the traditional structures, it
has self-similarity, can have fine structures in any
small scale , if it can be used in the designing of mi-
crowave absorber combined with characteristics of
surface filling curves and will break through existing
barriers.

The design of broadband absorbers is the main
problem that needs to be solved in applications. Bao
[6], Zou [7], Li [8], etc. use the same absorbing
structure of different scales to periodically align in
the plane to achieve the effect of broadband absorb-
ing. Such a structural plane utilization rate is not
high, which is equivalent to expanding the size of a
single periodic structure.
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Wen Qiye [9] Wang [10], Ghosh [11], Ding
[12], etc. using multi-layer structure, superposition
or multi-layer metal nesting in the thickness direc-
tion to achieve broadband absorption, but it has high
processing precision, complicated preparation proc-
ess and high processing cost. The thickness affects
the application of the absorbing screen. Huang [13],
Liu [14], Luo [15], etc. had a variety of absorbing
structures in the periodic unit, and reduced the dou-
ble absorbing peak spacing to achieve a single-layer
absorbing body bandwidth expansion. Mainly using
a number of small size structures to absorb electro-
magnetic waves, the principle and the first method
do not differ much. Qu Shaobo [16], [17] teams
achieve wide-band absorbing by loading lumped
resistance or magnetic absorbing materials. Al-
though this method greatly increases the absorbing
band width, it is difficult to process and it has a
heavy structure.

In order to achieve broadband absorption of the
absorber, while having a wide angle of incidence,
the polarization is independent. In this paper, a de-
scription of the designed microwave absorber with a
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ring and ring fractal combination structure is pre-
sented. By using the fractal structure to increase the
structural length of the absorbing unit and simulta-
neously zooming in on the two absorbing points, the
expansion of the absorbing bandwidth is realized.
The ultra-thin thickness of the perfect absorber is
maintained, the structure is simple and small, so that
the absorber to have a wide range of applications.
The research in this paper lays the foundation for
further application of broadband perfect absorber in
electromagnetic stealth.

2 Design and Simulation

2.1 Structural properties

The same-layer multi-frequency resonant struc-
ture is realized by tiling multiple resonant structures.
According to the literature [18], the resonant fre-
quency is related to the length of the metal wire

f~1/ JeL. Where ¢ is the dielectric constant of

the dielectric layer and L is the length of the metal
line, so the structure size is inversely proportional to
the resonant frequency. Designing multiple struc-
tures of similar size in the same plane enables
broadband absorption. In order to narrow two reso-
nance points without increasing the size of the unit,
the resonant structure is usually very close, and there
is coupling between the resonant structures, and the
coupling is too large, which leads to detuning. The
plurality of annular square rings and the like can
realize multi-frequency absorption in the same unit,
but it is difficult to achieve wide-band absorption
due to coupling. Fractal can extend the length in a
small size. Based on this, a microwave absorber with
a ring and a ring fractal structure is proposed, which
can achieve similar lengths in different sizes and
reasonable design distances, and can close two reso-
nance points.

The designed absorber consists of three layers,
the bottom layer is a metallic copper plane, the cop-
per thickness is 0.035 mm, and the conductivity is
5.8x10" S/m. The dielectric layer FR4 is in the mid-
dle (dielectric constant is 4.3, dielectric loss thick-
ness is 0.025), and the top layer is a ring and a circu-
lar fractal structure. The structure is shown in Figure 2.1,
where the parameters are ¢ =10 mm, 7 =2.95 mm,
rp,=145mm, r,=09mm, ~=185mm, ¢=13mm
All copper wires have a width of 0.1 mm.

According to the calculation of the length of
the ring is 18.12 mm, the length of the circular frac-
tal structure is 19.64 mm, and the lengths of the two
are very close, so that double-frequency absorption
can be achieved. In order to explain the absorbing
mechanism of the absorbing body, the equivalent
circuit model of the designed absorber is given, as
shown in Figure 2.2.

According to the equivalent circuit theory, each
absorbing structure can be equivalent to a combina-
tion of RLC circuits, wherein the resistance of each
path is shown as follow

Problems of Physics, Mathematics and Technics, Ne 3 (36) 2018

_1-0’L(C+C)
2joC, (1-0’L(C,~-C,))

_1-0'L(G,+C,)

P 2joC,(1-0’L,(C,-C,))

T
= F

1

b

Figure 2.1 — The cell structure of the proposed
absorber
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Figure 2.2 — Equivalent circuit model

The coupling capacitance between the ring and
the circle fractal is C,, the coupling capacitance of
the surface copper structure and the dielectric layer
is C,, and the equivalent impedance of the final
absorberis, Z=2//Z,//joC,.

According to the literature [19], the resonant
frequency point needs to satisfy the equation
Im{1/Z(®)} =0, simplifying the equivalent imped-
ance equation to obtain the equation

o' (LL,(CC,(4C, +C,) +
+C§ (C,-4C,)+C,C,(C +C))—
—o” (LG, +L,G,)(4C, +C,)+C,C, (L, + L,))
+4C,+C,) =0,
b’ —4ac = (L(G4C,+CH+C,CH-
-L,(C,(4C,+C))+ CpCd))2 + 4-16L1L2C2 > 0.
Since the quadratic equation satisfies

b*> —4ac > 0, there are two solutions for the equa-

tion, so there are two absorbing resonance points.
According to the simulation statistics, the resonant
frequency is only inversely proportional to the
length of a simple ring or square ring. In this type of
structure, C ~ewl/t, L~ putl/w [20]-[22], where

[ is the length of the wire, w is the width of the wire,
and ¢ is the thickness of the dielectric layer.
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Figure 2.3 — The simulation results of the proposed absorber (a)
and absorptivity under different polarization angle (b)
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Figure 2.4 —Different incidence angles for (a) TE and (b) TM polarizations

The path of the fractal structure can extend the
length of the surface current flowing, so that the
resonance frequency is reduced, but the complex
structure like the circular structure is not completely
in accordance with the above formula. Therefore, the
length of the circle is larger than the ring, but the
resonance frequency is higher.

2.2 Simulation and analysis

In order to study the performance of the pro-
posed broadband absorber, the structure was simu-
lated by the software CST Microwave Studio based
on the finite difference time domain method. On the
four faces around the metal structure of the unit were
set periodic unit cell boundary conditions. The

transmittance is T(T :|7:|2 =|S21|2), and the rela-

tionship between the reflectance R(R = |1"|2 = |S” |2)

and the absorptance A is A+T + R =1. The bottom
layer is a copper plane, so there is no transmission

wave, and the absorption ratio is 4 =1—|S21|2. The
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simulated absorbing rate is shown in Figure 2.3 (a).

As can be seen from the figure, the perfect ab-
sorber at the frequency of 9.62 GHz, 10.24 GHz
produced 90.7%, 98.4% of the peak of the absorp-
tion rate. The full width half maximum is 1.16 GHz
(9.32 GHZ — 10.48 GHz). The figure also simulates
a single circle and a single circular structure, each
with a resonant frequency of 9.63 GHz and 10.36
GHz. A reasonable design distance can be achieved
by using a coupling capacitor to reduce the resonant
frequency of the circular fractal to achieve broad-
band absorption.

The absorptivity of the electromagnetic wave
incident on the electromagnetic wave with different
polarization angles is shown in Figure 2.3 (b). The
polarization angle 0 is the angle from the clockwise
rotation to the X-axis in the electric field E direction,

gradually increasing from 0° to 90°, and the ab-

sorption peak. The frequency and amplitude are ba-
sically unchanged, mainly because the absorber unit
structure has rotational symmetry and thus has
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polarization insensitivity. The absorption of the TE
polarization and TM polarization electromagnetic
waves by the absorbing body at different oblique
incident angles is shown in Figure 2.4 ¢ is the angle

between the electromagnetic wave vector and the
normal of the absorbing body.

As shown in the figure, for the TE polarized
wave, as the incident angle increases, the absorbing
frequency does not change, and when the incident
angle is 50°, the absorbing effect of 3 dB or more is
maintained. For TM polarized waves, as the incident
angle increases, high absorption is maintained, and
after a large angle, the absorption frequency pro-
duces a certain movement. The main reason for this
phenomenon is that the electromagnetic wave loss is
mainly the current loss generated by the magnetic
field, so that as long as the incident angle of the
magnetic field is constant, high loss can be main-
tained at all times.

3 Experimental Verification

In order to verify the correctness of the simula-
tion the printed circuit board technology is used. The
model produced is actually 20x20 cycle units. The
sample size is 200x200 mm. The sample plot and
measurement schematic are shown in Figure 3.1.

>>))

Antenna

i

b)
Figure 3.1 — Photograph of the fabricated absorber
(a) Photograph of measured environment (b)

In the microwave anechoic chamber, a pair of
standard gain horn antennas (8-12 GHz) is con-
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nected to a vector network analyzer (PNA-
XN5244A) that is used to measure the reflectivity of
the proposed absorber. To ensure the remote field
conditions, the distance between the absorber and
the antenna is set as 1 m.

The absorber and the metal plate of the same
size are sequentially measured, and the results from
the metal plate are used as a reference, and the
measurement results are compared with the simula-
tion results. As can be seen from the Figure 3.2, the
actual measurement and simulation are in good
agreement. The measured results present two obvi-
ous absorption peaks at 9.58 GHz, 10.34 GHz with
peak absorption rates of 90.47%, 95.68%, respec-
tively. The resonant frequency of the circular struc-
ture is high, and the main cause of the difference is
that it is limited by the manufacturing limit, and the
partial structure is too small, resulting in an increase
in the resonant frequency.
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Figure 3.2 — Simulated and measured absorptivity
for the proposed absorber

Conclusion

In summary, a bandwidth-enhanced metamate-
rial absorber is presented. Instead of using the array
of scaled structures or multi-layer structures, the
proposed absorber has been realized by designing
multiple closed lines with similar lengths. The
closed line is extended by fractal so that it can avoid
mismatch due to closeness. Then, the size of the
absorber became much smaller and compact com-
pared with the similar absorber. According to the
measurement results, it can be concluded that the
fractal structure effectively increases the length of
the resonant structure and reduces the resonant fre-
quency. By designing the lengths of two similar
structures and pulling the resonance point, the pur-
pose of broadband absorption is achieved. At the
same time, it has good rotational symmetry, so it is
not sensitive to the polarization of the incident wave.
When the incident angle reaches 50° in TM mode, it
still maintains high absorbing rate. The absorber has
a thickness of 1/25 of the center wavelength and has
the advantages of large angle absorption and it is
ultra-thin. The design is simple in structure, easy to
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manufacture and low in cost. The broadband ab-
sorber body has great application in the electromag-
netic stealth of the X-band. The next step is to use a
multi-partition structure to achieve ultra-wideband
absorber.
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