http://cpb.iphy.ac.cn
http://iopscience.iop.org/cpb

Chinese Physics B

Equivalent electromagnetic parameters for microwave metamaterial absorber using a new

symmetry model

Junming Zhang(5k124%), Donglin He(ff] 2 7%), Guowu Wang(E E ), Peng Wang(Ef§), Liang Qiao(F77%), Tao Wang(FE
%), Fashen Li(Z= & {1

Citation:Chin. Phys. B . 2019, 28(5): 058401. doi: 10.1088/1674-1056/28/5/058401

Journal homepage: http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb

What follows is a list of articles you may be interested in

“Refractivity-from-clutter” based on local empirical refractivity model

Xiaofeng Zhao(# /)N i)
Chin. Phys. B . 2018, 27(12): 128401. doi: 10.1088/1674-1056/27/12/128401

Perpendicularly oriented barium ferrite thin films with low microwave loss, prepared by pulsed
laser deposition

Da-Ming Chen(I% A #]), Yuan-Xun Li(Z=76), Li-Kun Han(@##i3#), Chao Long(Je#8), Huai-Wu Zhang(5k M)
Chin. Phys. B . 2016, 25(6): 068403. d0i: 10.1088/1674-1056/25/6/068403

Improved dichotomous search frequency offset estimator for burst-mode continuous phase
modulation

Zhai Wen-Chao, Li Zan, Si Jiang-Bo, Bai Jun
Chin. Phys. B . 2015, 24(11): 118402. doi: 10.1088/1674-1056/24/11/118402

Study of a millimeter-wave squint indirect holographic algorithm suitable for imaging with large
field-of-view

Gao Xiang, Li Chao, Fang Guang-You
Chin. Phys. B . 2014, 23(2): 028401. d0i: 10.1088/1674-1056/23/2/028401

A novel four-leqgged loaded element thick-screen frequency selective surface with a stable
performance

Tang Guang-Ming, Miao Jun-Gang, Dong Jin-Ming
Chin. Phys. B . 2012, 21(12): 128401. doi: 10.1088/1674-1056/21/12/128401


http://cpb.iphy.ac.cn/EN/abstract/abstract73939.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract73939.shtml
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn/EN/abstract/abstract73279.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract67427.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract67427.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract65856.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract65856.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract57693.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract57693.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract50942.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract50942.shtml

Chin. Phys. B Vol. 28, No. 5 (2019) 058401

Equivalent electromagnetic parameters for microwave
metamaterial absorber using a new symmetry model”

Junming Zhang(5KI2%%)!, Donglin He(fi] 42 #%)!, Guowu Wang(E [ER)!, Peng Wang(E)!,
Liang Qiao(7775%)!, Tao Wang(FE#)!>7, and Fashen Li(Z= & {#)!

1Key Laboratory for Magnetism and Magnetic Materials (Ministry of Education), Lanzhou University, Lanzhou 730000, China

2 Key Laboratory of Special Function Materials and Structure Design (Ministry of Education), Lanzhou University, Lanzhou 730000, China

(Received 23 January 2019; revised manuscript received 4 March 2019; published online 4 April 2019)

Transmission line theory uses the complex nature of permeability and permittivity of a conventional magnetic absorber
to evaluate its absorption properties and mechanism. However, because there is no method to obtain the electromagnetic
parameters of a metamaterial-absorber integrated layer (composed of a medium layer and a periodic metal array), this
theory is seldom used to study the absorption properties of the metamaterial absorber. We propose a symmetry model to
achieve an equivalent complex permittivity and permeability model for the integrated layer, which can be combined with
the transmission line theory to calculate metamaterial absorption properties. The calculation results derived from both the
transmission line theory and the high-frequency structure simulator are in good agreement. This method will be beneficial
in practical investigations of the absorption mechanism of a metamaterial absorber.
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1. Introduction

A metamaterial absorber (MMA), which is composed of
an artificial subwavelength periodic metal array, a medium
layer, and a backed metal plate, is a novel electromagnetic
(EM) wave absorbing material.l'-?! By adjusting the geometric
construction of the metal array, EM characters of MMA could
be controlled to obtain the desired absorption property, 36!
which makes it a preferred type of absorber. Several re-
search methods, including finite element method!”! and time
domain finite difference method,® have been used to study
the MMA’s absorption mechanism and the underlying absorp-
tion phenomena. In previous studies that used simulation
software-based analog computations, a group of anti-parallel
electric currents were found on the surface metal array and
backed metal of the MMA, which, according to the authors,
may have resulted in the observed magnetic resonance and
the subsequent attenuation of wave energy.>% %1 Recently, an-
other research group reported that wave’s multiple reflections
causes the observed antiparallel electric current on the surface

(11

metal array.!'!] The authors also pointed out that the absorp-

tion peak emerges from destructive interference, which is the
same as that in the traditional absorber.[!?]

EM parameters including complex permittivity and com-
plex permeability are prerequisite when discussing the absorp-
tion properties and mechanism of traditional electromagnetic
absorbers. The microwave absorbing characteristics of these

absorbers can be obtained using the EM parameters in the
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transmission line theory for a designed absorber thickness.
Furthermore, the change in regularity of the absorption peak
frequency and intensity with respect to the absorber thickness
can also be measured for a more thorough investigation of
the absorption mechanism.[!'3l For MMA, the backed metal
plate is uncoupled with the rest of its parts.['*l The other
parts of MMA, which act as an integrated layer, are similar
to that in the traditional absorber layer in terms of structure
and function. However, the transmission line theory is sel-
dom used to investigate the absorption properties and mech-
anism of MMA due to the lack of the integrated layer’s EM
parameters. Several studies have attempted to find out the
EM parameters of the integrated layer in the MMA. For in-
stance, Huang et al. in his work considered the integrated
layer as a homogeneous medium and extracted the equivalent
EM parameters.!'>! However, their study did not consider the
asymmetry in the integrated layer along the EM wave prop-
agation line that causes a significant difference between the
values of reflection loss (RL) obtained from transmission line

(161 This means that the equiv-

theory and simulation software.
alent electromagnetic parameters obtained using the Huang’s
method cannot be substituted into the transmission line theory
to obtain valid microwave absorption performance character-
istics. In this paper, we propose a new symmetry model that
is used to derive accurate equivalent electromagnetic param-
eters of the integrated layer in MMASs and solve this prob-

lem. Our results reveal a strong consistency between the
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microwave-absorbing performances obtained by substituting
the electromagnetic parameters into the transmission line the-
ory and those obtained from the HFSS simulation.

2. Theoretical and experimental methods

Figure 1(a) is a schematic representation of an MMA
unit. The figure shows the backed metal plate (bottom layer),
medium layer (middle layer), and metal period array (top
layer). The integrated layer mentioned above consisting of a
metal period array layer and a medium layer is shown in the
dashed box in Fig. 1(a). The new symmetry model is con-
structed through the combination of two integrated compos-
ite layers in mirror symmetry, which is shown in Fig. 1(b).
The front and back surfaces of the model for a normally inci-
dent EM wave are identical. For our symmetry model, the
impedance (z) and refractive index (n) can be obtained by
HFSS and then the equivalent permeability (1) and permittiv-
ity (€) are computed by the relations established in Refs. [17]-
[19] as follows:

£=—, U=nz (1)

n
z
When an electromagnetic wave is normally incident on a com-
posite layer, its reflection and transmission characteristics can
be described by S parameters (511,512,522, and S»1). The sym-
metry model is symmetrical along the direction of wave prop-
agation, meaning, Sy; equals to Sy, and S»; equals to Sy,. For
a sample with thickness 2¢, the S parameters can be expressed
by the following equations:

1
Si1=8»= : .y ;2
cos (2nkt) — 5 (z+ ;) sin(2nkt)
i/1
Syl = 12 = % (Z —z> sin(2nkr), 3)

where k donates the wave number of the incident wave in free
space, and n and z can be described in terms of the S parame-
ters by inverting Egs. (2) and (3) as

(1+811)° 83,
(1=Sn)* -}
Lo

1
= %COS Fll(l _S%l +S§1) . (5)

“)

n

For passive materials, the real part of z (Re(z)) and imaginary
part of n (Im(n)) must be larger than zero. The requirement of
Re(z) > 0 can fix the sign of Im(z) in Eq. (4). Meanwhile, the
limiting condition suggests an unambiguous result for Im(n),

1
Im (n) = £Im (cos

| ! 2 @2
o [2511(1—511‘#5‘21)}). (6)

The real part of refractive index n is ambiguous, which can be
obtained by

1 [ 1
Re(n) = £Re (Zktcos ! [25” (l—S%l—FS%l)])
2wm

R (N

where m is an integer. According to formulas (1)—(7), the
equivalent EM parameters can be calculated.
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Fig. 1. (a) Schematic of MMA and (b) symmetry model of the inte-
grated layer.

To verify this method, three MMAs with different peri-
odic metal structures are presented in this paper. First, car-
bonyl iron composite material with a volume fraction of 35%
is selected as the MMA medium, whose electromagnetic pa-
rameters are shown in Fig. 2. Different periodic metal patterns
including round, cross, and concentric ring are exhibited. The
geometrical parameters of the three structures are optimized.
By optimizing the parameters, the reflection loss curves with
different characteristics are obtained. Here, the metal of the
periodic array is copper and its thickness is 1 um. Their dia-
grams are shown in Figs. 3(a), 3(c), and 3(e), respectively.
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Fig. 2. (a) Complex permittivity and (b) complex permeability of car-
bonyl iron composite with V, = 35%.
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Fig. 3. (a), (c), (e) Diagrams of MMA units with different patterns: (a)
round: L = 10 mm, ¢ = 1.5 mm, and variable r from 0 to 4 mm; (c) cross:
L =12 mm, @ = 0.6 mm, t = 5.4 mm, and variable » (1.8 mm, 3.0 mm,
4.2 mm, and 5.4 mm); (e) concentric annulus: L = 10 mm, r; = 3 mm,
t = 1.5 mm, and variable r, from 1.4 mm to 2.6 mm. (b), (d), (f) The
symmetry models for the three patterns, respectively.

The RL curves of the structures are generated using HFSS
and are shown in Figs. 4(a), 4(c), and 4(e). The geometrical
parameters of the MMA with periodic round pattern include
the fixed length (L) of 10 mm, thickness (¢) of 1.5 mm, and
variable radius r. As the radius increases from 0 to 4.0 mm
(the curve of r = 0 means that there is no round pattern in
the medium), the RL peak moves from 10.0 GHz to 3.4 GHz,
which can be seen in Fig. 4(a). The absorption peak moves
to low frequency with the increase of the radius. It is be-
lieved that the increase of the radius will increase the capaci-
tance of the periodic metal array, which leads the absorption
peak to move to low frequency. The geometrical parameters
of the MMA with periodic cross are L = 10 mm, t = 1.5 mm,
a =6 mm, and a variable length (b) that changes from 1.8 mm
to 5.4 mm. The microwave absorption results show that the
RL peak of this type of MMA is in the low frequency range
and the peak position moves to lower frequency with increas-
ing b. An increase in the length of b will decrease the spac-
ing of the adjacent cross, which will increase the capacitance
and shift the resonance to low frequency. The geometrical pa-
rameters of the MMA unit with concentric ring pattern are
L=12 mm, t = 1.5 mm, r; = 3 mm, and variable inner di-
ameter rp. Multiple absorption peaks appear in this structure.
The low-frequency peak is influenced by the distance of the
outer diameter of the circle between adjacent cells, and the
high-frequency peak is influenced by the inner and outer di-
ameter distance of the concentric circle in the cell. Because ry
remains unchanged and r;, increases from 1.4 mm to 2.6 mm,
the absorption peak in the low frequency range is nearly con-

stant and wider in the high-frequency range.

The symmetry models of the corresponding integrated
layers are shown in Figs. 3(b), 3(d), and 3(f). The S1; and
S»1 of the symmetry models are obtained through HFSS.
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Fig. 4. (a), (c) (e) The RL curves simulated from HFSS and (b), (d),(f)
the RL curves calculated by the transmission line theory based on equiv-
alent EM parameters.
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Fig. 5. (a), (c), (e) The real parts and (b), (d), (f) imaginary parts of
equivalent complex permittivity in Figs. 3(b), 3(d), and 3(f), respec-
tively.

The equivalent EM parameters for the integrated layer are
calculated using Sy; and $>; and the symmetry model’s thick-
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ness from formulas (1)—(7). The calculated results are shown
in Figs. 5 and 6. Based on these equivalent EM parameters,

the RL can be calculated using the transmission line theory!!3]

Zin = Zo(1e/ &)/ tanh [j (27Zﬂ> (rer)"! 2] . ®
RL = 20log|(Z,,—Z0)/(Zi, + Z0)) - 9)

The calculated RL shown in Figs. 4(b), 4(d), and 4(f) is
highly consistent with the results of HFSS simulation shown
in Figs. 4(a), 4(c), and 4(e), which indicates that the equiva-
lent EM parameters obtained from the symmetric model are
fit to be used with the transmission line theory to investigate
the microwave absorption properties of the MMA integrated
layer.
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Fig. 6. (a), (c), (e) The real parts and (b), (d), (f) imaginary parts of
equivalent complex permeability in Figs. 3(b), 3(d), and 3(f), respec-
tively.

3. Results and discussion

From the EM parameters shown in Fig. 5 and the RL
curves in Fig. 4, it can be deduced that € at the peak frequency
of the strong absorption peak is not equal to y. This conclu-
sion is different from other studies on MMA, in which € at the
absorption peak frequency was found to be equal to t.?%211 In
these studies, [?%?!] the entire structure of the MMA, including
backed metal plate, was considered. In this case, the match-
ing electrical impedance means impedance Z = \/m =1
and the electromagnetic waves could enter the microwave ab-
sorber unimpeded and without any resistance or losses (re-
flected wave). However, that method could not reveal the

wave energy propagation direction inside the MMA, and hence

made understanding the absorption mechanism difficult. A
report!!!l showed that EM waves cannot completely enter a
microwave MMA due to the partial reflection at the front in-
terface. It also showed that the backed metal plate in this case
played an important role in the formation of the strong absorp-
tion peak, which was caused by the interference cancellation
of multiple reflected waves. The origin of the absorption peak
in MMA in this case is arguable. To negate these issues in our
work, we exclude the backed metal plate from the integrated
layer and extract the EM parameters of the rest of the layer.
The microwave absorbing characteristics of the metamaterial
absorber based on the transmission line theory are calculated
accurately using these EM parameters. The results reveal that
€ # U at the peak frequency, which is consistent with that of
the traditional absorber.!?223] For the traditional absorber, the
absorption mechanism based on the transmission line theory
was analyzed with respect to the wave energy flow direction
and phase.!'3] The practical absorption mechanism of MMA
needs a more detailed investigation based on the symmetry
model and transmission line theory, which will be the subject
of our future work.

4. Conclusion

In summary, the EM parameters of the microwave MMA
integrated layer were successfully extracted. These EM pa-
rameters can be used with the transmission line theory to char-
acterize the MMA microwave-absorption properties at various
frequencies. The absorption performance of three MMAs was
simulated on HFSS and calculated using the transmission line
theory based on the EM parameters. The two sets of results
were found to be consistent. The equivalent parameters of
the backed-metal-plate-excluded integrated layer of the MMA
will help in the scientific understanding of its microwave ab-
sorption mechanism and serve as a guide to design the reso-
nance circuit needed for future experimental studies.
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