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The equivalent medium theory of metamaterials provides a way to obtain their effective constitutive parameters. How-
ever, because of its non-reciprocity, the complexity of the electromagnetic coupling, and a metallic bottom layer, it has been
challenging to retrieve them from a metamaterial absorber. In this paper, we propose a method without any approximation
to obtain them, in which the non-reciprocity and the strong electromagnetic coupling are included. Compared with the
three methods such as symmetric metamaterial method, asymmetric metamaterial method and metasurface method, our
method can reveal the metamaterial absorber’s electrical and magnetic resonance and show its electromagnetic coupling
coefficients. To deal with a metamaterial absorber with a metallic bottom layer, four corners of the metallic bottom layer
in the unit cell are removed, making it possible to retrieve the electromagnetic parameters. Surprisingly, these results show
that the metamaterial absorber with a metallic bottom layer in our example operates in a negative refraction state at the half
absorption frequencies, which helps further understand the absorbing mechanism of these metamaterial absorbers.

Keywords: effective constitutive parameters, metamaterial absorber, negative refraction
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1. Introduction

Since Landy et al.!" proposed the concept of the perfect
metamaterial absorber in 2008, they have attracted wide at-
tention, and a large number of articles have been published
on their behavior. Their absorption spectrum covers mi-
crowave, terahertz, ?! infrared, 3! visible light,*! and the ultra-
violet band.[>! Three explanations have been proposed for their
behavior: the effective medium theory,!!! the transmission line
theory,[® and the multi-reflection interference theory.l”! Al-
though the transmission line theory and the multi-reflection
interference theory can partially explain the absorbing mecha-
nism, the magnetic response and the electromagnetic coupling
effect is not considered. On the contrary, the effective medium
theory indicates that if the metamaterial absorber’s effective
permittivity is equal to its effective permeability, impedance
matching to free space can be achieved. Simultaneously,
if its loss factor is large enough, perfect absorption can be
achieved.!®! This requires the effective constitutive parameters
to reveal its magnetic response and the electromagnetic cou-
pling effect.

The retrieval of effective constitutive parameters for
metamaterials, which are symmetric in the direction of elec-
tromagnetic wave propagation, was firstly proposed in 2002
by Smith et al.'! Symmetric metamaterials conform to reci-
procity, S11 = S22, and S31 = S12. The S-parameters of the
symmetric metamaterial are obtained through simulation or

measurement, and then the relative impedance and refractive

DOI: 10.1088/1674-1056/abft27

index are calculated through the transfer matrix

(1+811)° — 83,
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where k = @/c is the wave number of the incident wave, and
d is the effective thickness of the metamaterial. For passive
materials, the real part of the relative impedance Re (z) > 0,
so the signs of the impedance can be determined.[’! The in-
dex has multiple branches. The proper branch can be deter-
mined by K-K relationship!'”! or phase unwrapping.!'!! Then,
the effective permittivity and permeability can be obtained by
e=n/zand u = nz.

In 2005, Smith et al.!'?! proposed the retrieval of effec-
tive constitutive parameters for metamaterials that are asym-
metric in the direction of electromagnetic wave propagation.
Asymmetric metamaterials are non-reciprocal structures, that
is, S11 # S22, and Sp; = Sy2. Similarly, the S parameters of the
asymmetric metamaterial are obtained through the simulation
or measurement. The 7" matrix can be expressed as

(I4+S11) (1 —82) + 8521512

T = 3
1 255, 3)
Tpp = (14-511)(14-522)—5215'127 @
2851
1—S11)(1—Sp) —
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The relative impedance is

(Tro —Ti1) ¥\/(T22 —Ti)? +4Ti2To
7= : @)

where + and signs denote the two opposite directions of wave
propagation, respectively. In contrast, the refractive index of
asymmetric metamaterials has a unique value

o %ﬂ(l—SnSzerS%l) . (8)
The same method can be used for passive materials to deter-
mine the impedance sign, select the proper index branch, and
calculate their effective permittivity and permeability.

In 2011, Holloway e al.!"3! proposed a method to re-
trieve the effective constitutive parameters of metasurfaces.
The surface electrical susceptibility and magnetic susceptibil-
ity, which can be obtained from the S parameters, are defined
by

2j Si1+Sa—1
S =T e T 1 ©)
ko S11+S21 +1
2 Sii =S +1
= 10
Ams = S =S — 1 (10
The effective permittivity and permeability are
Xes
e=14+=, 11
+5 1D
Xms
=1 . 12
p=1+= (12)

Compared with other metamaterials, metamaterial absorbers
have three notable characteristics. One characteristic is their
non-reciprocity.!'*] Metamaterial absorbers have different re-
sponses to the electromagnetic waves depending on the inci-
dent direction. They show a strong absorption in one direc-
tion but a strong reflection in the opposite direction, that is,
S11 # S2. Therefore, although there are some articles, [3:15-171
using the method of symmetric metamaterials to retrieve the
effective constitutive parameters, this method is not suitable
for metamaterial absorbers. It is worth mentioning that there
is some confusion in determining the impedance in the two op-
posite direction near the absorption frequency when the asym-
metric metamaterial method is adopted, which makes the re-
trieved constitutive parameters meaningless (details will be
presented in Section 2). Therefore, this method requires ap-
proximate treatment of impedance, z= (1+S1;) /(1 —S1;),!%
otherwise the symmetric metamaterial method is still the best
choice. 18261

The strong internal electromagnetic coupling produces
the second characteristic of these materials. At the absorption
frequency, the current generated in the bottom layer is opposite
to that of the electric resonance layer. This phenomenon leads

to the magnetic response.?”! In 2014, Bhattacharyya et al.!*}!
proposed that the metamaterial absorber has only one unit cell
in the wave propagation direction. The total thickness is very
thin relative to the wavelength, so the metasurface method can
be used to retrieve the constitutive parameters. >33 How-
ever, Chen et al.3*! verified that the constitutive parameters
retrieved from a unit cell in the wave propagation direction
can represent the properties of metamaterials. When the meta-
surface method is applied to the metamaterial absorber, the re-
trieved constitutive parameters are inconsistent with the elec-
trical resonance and magnetic resonance because the electro-
magnetic coupling is not considered (details will also be pre-
sented in Section 2).

The third characteristic of the metamaterial absorbers is
that most of the metamaterial absorbers have a metallic bottom
layer. In this case, their transmittance is equal to 0, making it
impossible to retrieve the constitutive parameters.

In this paper, a retrieval method is proposed based on
these three characteristics. This new method is helpful to fur-
ther understand the absorption mechanism of metamaterial ab-
sorbers.

2. Retrieval of effective constitutive parameters
for metamaterial absorbers with a cut-wire
bottom layer

The constitutive equation of a metamaterial absorber,

considering both the non-reciprocity and electromagnetic cou-
pling, can be expressed as

D =¢E+EH, (13)
B=uH-+(E, (14)

where & and § are the electromagnetic coupling coefficients.
According to the retrieval method for a one-dimensional ac-
tive metamaterial proposed by Popa et al.,[*> the model and
its signal flow diagram are shown in Fig. 1.

air metamaterial air
absorber
Y
L, d
T
+ o +
ae Tz > ® e Ikid »© T o ob
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Fig. 1. Analysis model of one-dimensional metamaterial absorber and
its signal flow.
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The S parameters can be written according to the Mason’s

formula as

S _ Etl’ _R+ TIETIERzrleij(kJr‘H{i)d 15)

U TR, T TR ISRy Ry e itk (
Ey _  T,T R, e itkithk)d

Sp =L =R+ 2122 (16
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where d is the thickness of the metamaterial absorber. The +
and signs indicate the direction of propagation. The subscripts,
i and j, suggest that the wave goes from medium i to medium
J, where medium 1 is air, and medium 2 is the metamaterial
absorber.

The wave number and relative impedances can be ob-
tained according to Egs. (15)—(18) as

Z+::|:1/(t2—[1), (19)
Z,Z:lzl/(l‘z—‘rtl), (20)
] (1—S1])Zf+1+511 :|
ke ==|1 2mm| , 21
¥ d[“ DSy " @D
j [ (1=8n)zy +1+85» ]
ko ==|1 2mm| , 22

d[ (Z++1)512 +em (22)

where m can be any integer and

t1 = (S11—522) /13, (23)
h=\/t} +14/13, (24)
t3=(14+5811) (1+52) — S22, (25)
ts=(1-S11)(1—S8»)—S125. (26)

For passive metamaterial absorbers, the same method can be
used to determine the signs of impedance and select the proper
wave number branch.

Because the electromagnetic properties of non-reciprocal
metamaterials in the +x direction and —x direction are very
different, we believe that the average effective constitutive pa-
rameters in the two directions cannot represent their electro-
magnetic properties in one direction. For a metamaterial ab-
sorber, we only care about its electromagnetic properties in the
direction of wave absorption. Assuming that it absorbs elec-
tromagnetic waves in the +x direction, then the permittivity
and permeability can be written for this direction as

& =ky/ (koz+), (27)
Wy =kizy /ko. (28)

The coupling coefficients are as follows:

kg —kzy

N ko (z4++2-) ’ 29)

. k+Z+ — k_Z_
ko(z++2z-)

Next, we use the metamaterial absorber proposed by Landy

(30)

et al." to verify this retrieval method. The dimensions of
the absorber are a; = 4.2 mm, a; = 12 mm, W = 3.9 mm,
G =0.606 mm, t =0.6 mm, L =0.7 mm, and H = 11.8 mm.
The two copper layers’ thickness is 0.017 mm, while the FR4
middle layer’s permittivity & = 4.2 x (14 0.0251). The Floqut
port of HFSS is used for simulation, and the absorptance, the
reflectance and the transmittance in the +x direction are shown
in Fig. 2. The maximum absorptance A (@) = 99.7905% oc-
curs at 10.076 GHz, and the minimum reflectance R (ap) =
0.5693% occurs at 10.078 GHz.

1.0
0.8F
0.6F — absorptance
— reflectance

0.4f — transmittance
0.2f

0 T

8 10 12 14 16 18

Frequency (GHz)

Fig. 2. Absorbance, reflectance, and transmittance of the metamaterial
absorber proposed by Landy et al.

We now compare the electromagnetic parameters re-
trieved by the symmetric metamaterial method, the asymmet-
ric metamaterial method, the metasurface method, and our
method. The metasurface method does not involve the re-
trieval of relative impedance, thus the results from the other
three methods are shown in Fig. 3. In the +x direction, the
relative impedance retrieved by the symmetric metamaterial
method (Fig. 3(a)) and our method (Fig. 3(c)) is different in
the non-absorbing frequency bands but agrees in the absorbing
frequency band. At the minimum reflection frequency wy =
10.078 GHz, the symmetric method has z =0.8611 —0.02841,
and our approach has z = 0.8610 — 0.0285i. It can be ex-
plained that S,, approaches 1 while S>; and Sy, approach O at
the absorption frequency. Therefore, Eq. (19) can be simpli-
fied to z = (1+S11) /(1 —S11), which coincides with Eq. (1).
Clearly, our method is valid in the entire frequency range,
while the symmetric metamaterial method is only approximate
near the absorption frequency. The impedance retrieved by the
asymmetric metamaterial method is shown in Fig. 3(b). There
is some ambiguity in the two opposite directions at 8.621 GHz,
9.896 GHz, 11 GHz, and 12.67 GHz, which affects the re-
trieval of effective permittivity and permeability in the next
step.

Since the metasurface method also does not involve the
retrieval of refractive index, the results retrieved by the other
three methods are shown in Fig. 4. The index retrieved by
the symmetric metamaterial method (Fig. 4(a)) is different in
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the +x and —x directions, while the result retrieved by the
asymmetric metamaterial method (Fig. 4(b)) is unique. In our
method, the index can be obtained by n = k/kq. Figure 4(c)
shows that the index is the same in the +x and —x directions
and is equal to the value retrieved by the asymmetric meta-

material method. In addition, the index retrieved by the sym-
metric metamaterial method has a significant deviation at low
frequencies in the +x direction, and a small peak appears at
the maximum absorption frequency. The deviation and peak
are caused by the assumption of S1; = S27.

1.0 1.0 1.0

8 (a) ——Re(z) along + direction 8 (b) Re(z) along +z direction 8 (C) Re(z) along +z direction
g — — Im(z) along +x direction g — — Im(z) along +z direction a — —Im(z) along +x direction
o 0.5 ——Re(z) along —z direction| T 0.5 ——Re(z) along —z direction -g 0.5 ——Re(z) along —x direction
& : — — Im(z) along —z direction g_‘ : — — Im(2) along —z direction 8 . — —Im(z) along —z direction
E 2 2
[ [} o)
> > > Op_ = -z
“ 2 2 - =~
< S~a < =] A S~
—_— - —_ — A} ~ -
o R o Y -

~ o | S~

= —-0.5 L

14
Frequency (GHz)

16

Frequency (GHz)

8 10 12
Frequency (GHz)

16

Fig. 3. The relative impedance of the metamaterial absorber retrieved by (a) symmetric metamaterial method, (b) asymmetric metamaterial method and

(c) our method along the +x and —x directions.

50 40

(a) Re(z) along +x direction ——Re(n) (c) Re(z) along +z direction
o 40 = = Im(z) along +z direction - = Im(n) = = Im(z) along +z direction
19 Re(z) along —z direction gj 5 30 Re(z) along —z direction
E 30 = = Im(z) along —x direction { Fg g = = Im(z) along —x direction
2 2 2
5 £ B
A 3 . G
= = Seo 9
m i) S -

10 12 14 16 18 8 10 12 14 16 18 8 10 12 14 16 18

Frequency (GHz)

Frequency (GHz)

Frequency (GHz)

Fig. 4. The index of the metamaterial absorber along the +x and —x directions retrieved by (a) symmetric metamaterial method, (b) asymmetric

metamaterial method, and (c) our approach.
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2 2
2 2
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5 -400 i — S

2 ] Re(u) 1 3

= _600 ] --Im(u) m

8 10 12 14 16 18 8 10 12 14 16 18

Frequency (GHz) Frequency (GHz)

Fig. 5. The effective permittivity of the metamaterial absorber retrieved by (a) the symmetric metamaterial method, (b) asymmetric metamaterial
method, (c) metasurface method, and (d) our approach. The corresponding effective permeability is shown in (e)—(h).

Next, the effective permittivity and permeability in the +x
direction retrieved by the four methods are shown in Fig. 5.
The effective permittivity retrieved by our method (Fig. 5(d))
shows that the metamaterial absorber has two electrical reso-
nances. One resonance is about 10 GHz, which corresponds
to the top ERR’s electrical resonance (electric ring resonator)
layer. The other resonance is about 12.7 GHz, which corre-

sponds to the bottom cut-wire layer’s electrical resonance. The

retrieved effective permeability (Fig. 5(h)) shows a magnetic
resonance about 10 GHz, which is consistent with the ERR
layer’s electrical resonance. At 10.078 GHz, € = 3.3818 +
15.99531, and p = 3.2902 + 11.67941, which means that the
impedance is matched well to free space, so there is a min-
imum reflectance. It can be seen that the permittivity and
permeability retrieved by our method are very consistent with

the characteristics of the metamaterial absorber. The effective
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permittivity (Fig. 5(a)) and permeability (Fig. 5(e)) retrieved
by the symmetric metamaterial method are similar to those of
our approach, but the values are larger and the first electrical
resonance has an apparent redshift. The effective permittivity
retrieved by the asymmetric metamaterial method (Fig. 5(b))
only shows one strong electrical resonance around 12.7 GHz,
caused by the obfuscation of its impedance in the two oppo-
site directions. Although the effective permittivity retrieved by
the metasurface method (Fig. 5(c)) has two peaks, its trend is
opposite to an electrical resonance. The negative permittivity
at low frequencies is not consistent with the characteristics of
the metamaterial absorbers. Similarly, the retrieved effective
permeability (Fig. 5(g)) also does not agree with the traits.

50

@;  —Re
' = = Im(e)

8 10 12 14 16 18
Frequency (GHz)

50} (b) — Re(u)

= = Im(p)

-50

8 10 12 14 16 18
Frequency (GHz)

Fig. 6. The electromagnetic coupling coefficient of the metamaterial
absorber from our method.
The electromagnetic coupling coefficients obtained by
our method are shown in Fig. 6. Strong electromagnetic cou-
pling appears at 9.4 GHz and 11.5 GHz. These two elec-

tromagnetic couplings correspond to the two electrical reso-
nances of the metamaterial absorber. Besides, it can be seen
from Fig. 6 that § = —{. For passive media, £ and { are equal
in size. Therefore, the retrieved coupling coefficients are con-
sistent with the theory. It is also consistent with the derivation
of the constitutive parameter matrix for magnetoelectric cou-
pling metamaterial by Xu ez al.13°]

In summary, by considering the non-reciprocity and elec-
tromagnetic coupling, the effective constitutive parameters re-
trieved by our method are consistent with the characteristics
of the metamaterial absorber.

3. Retrieval of effective constitutive parameters
for metamaterial absorbers with a metallic
bottom layer

When the metamaterial absorber has a metallic bottom
layer, S2; = S12 = 0, the denominators of symmetric meta-
material method, asymmetric metamaterial method, and our
method are 0. That value makes it impossible to retrieve the

(151 proposed that since the

constitutive parameters. Ye et al.
electrical resonance structure of the metamaterial absorber is
located in the center of the unit cell, creating openings in the
four corners of the metallic bottom layer in the unit cell will
not significantly change its absorption performance and result
in 81 = 812 # 0. Therefore, we can use this method to retrieve
its constitutive parameters.

When a cut-wire bottom layer is changed to metallic,
the maximum absorbance and corresponding frequency of the
metamaterial absorber becomes significantly altered. In order
to rematch the impedance to free space, the dimensions are
adjusted to a; = a» = 4.9 mm, w = 3.9 mm, g = 0.606 mm,
and t = 0.6 mm. The results are shown in Fig. 7. When f =
8.194 GHz, the maximum absorbance A (@) = 99.9945%,
and the minimum reflectance R (@) = 0.0055%. The max-
imum absorbance and minimum reflectance are at the same
frequency.

@ T e [ ]

I )
T
E
—w—o

I_ 1.0 (d)

0.8

— absorptance
- reflectance
— transmittance

0.6
0.4

0.2

|_ 0
4 6 8 10 12 14

- 1O

k I ay ]

I —ftt—

—tb— Frequency (GHz)

Fig. 7. The metamaterial absorber with four square openings around the metallic bottom layer in the unit cell: (a) top view, (b) side view, (c)
bottom view, and (d) absorbance, reflectance, and transmittance when b = 0.

Next, we investigate the maximum absorbance, minimum
reflectance, transmittance, and the corresponding frequencies
when four square openings with a side length of b are created

in the metallic bottom layer (Fig. 7(c)). As shown in Table 1,

when b < 1 mm, the frequencies of the maximum absorp-
tion and minimum reflection are the same. However, when
b becomes larger, the maximum absorption frequency blue

shifts, and the maximum absorbance decreases while the min-
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imum reflectance increases. When b decreases to 0.01 mm,
the maximum absorption and minimum reflection frequen-
cies are consistent with the metallic bottom layer metamate-
rial absorber. The maximum absorbance is only decreased
by 0.0004%, while the minimum reflectance is increased by
0.0004%, and the transmittance is zero. It is worth noting
that the side length b of the opening is about 1/4000 of the
wavelength at the maximum absorption. These tiny openings
not only ensure the successful retrieval of effective construc-
tive parameters, but also make the transmittance equal to 0 at
the accuracy of 0.000001. Thus, the metamaterial absorber
properties in this condition are almost the same as the metallic
bottom layer metamaterial absorber.

Next, the constitutive parameters are retrieved when b is
set to 0.01 mm. The results in the +x direction are shown in

greater than 1, indicating a strong magnetic response. Sur-
prisingly, Fig. 8(b) shows a region where the index is neg-
ative above 8.2 GHz. This behavior shows that half of the
absorption is taking place in a double negative region. At
the maximum absorption frequency of 8.194 GHz, the relative
impedance is z = 1.0155 — 0.00031, the index n = 0.6876 +
194.32341, the permittivity € = 0.6196 + 191.35221, and the
permeability u = 0.7575 4 197.3407i. It can be seen that this
enormous imaginary part of index is the reason for the absorp-
tion of the metamaterial absorber. This result is consistent with
the analysis of Landy et al.[®!

Table 1. The maximum absorbance, minimum reflectance, transmit-
tance, and corresponding frequencies of the metamaterial absorber as a
function of b.

b(mm)  f(GHz)  A(w) (%)  R(a) (%) T (w) (%)
Fig. 8. Figure 8(c) shows that the metamaterial absorber has 0 8.194 99.9945 0.0055 0
an electrical resonance at 8.2 GHz. Both below and above this 0.01 8.194 99.9941 0.0059 0
. . T . . . 0.1 8.195 99.9932 0.0068 0
frequency, its effective permittivity is negative. This value is
i ) o ) 0.2 8.196 99.9924 0.0076 0
consistent with the characteristics of a metamaterial absorber 04 3.198 99.9891 0.0107 0.0001
with a metallic bottom layer. Besides, Fig. 8(d) shows that the 0.6 8202 99.9808 0.0172 0.0020
absorber has a magnetic resonance at 8.2 GHz. Both below 0.8 8.217 99.9498 0.0363 0.0139
and above that frequency, the effective permeability is much ! 8.263 998125 0.1209 0.0606
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Fig. 8. The constitutive parameters of the metamaterial absorber with a metallic bottom layer retrieved by our method: (a) relative impedance,
(b) index, (c) permittivity, and (d) permeability. The constitutive parameters retrieved by the metasurface method for the same absorber: (e)

permittivity and (f) permeability.

The effective permittivity and permeability retrieved by
the metasurface method are shown in Figs. 8(e) and 8(f). The
trend of effective permittivity and permeability is the opposite
of the electrical and magnetic resonance at the maximum ab-
sorption frequency. Meanwhile, the permittivity is positive,
while the permeability is negative above and below the max-
imum absorption frequency. This status is inconsistent with
Although

the metasurface method is not affected by zero transmittance,

the characteristics of the metamaterial absorber.

which is very convenient to retrieve the effective constitutive
parameters, it is inconsistent with the characteristics of the
metamaterial absorber.

4. Conclusion and perspectives

The effective constitutive parameters of the metamaterial
absorber are fundamental to understand its absorbing mecha-
nism. Compared to these three retrieval methods, the consti-
tutive parameters retrieved by our method are more success-

117803-6



Chin. Phys. B Vol. 30, No.

11 (2021) 117803

ful in describing the characteristics due to the consideration of
its non-reciprocity and electromagnetic coupling. For a meta-
material absorber with a metallic bottom layer, the effective
constitutive parameters are successfully retrieved by creating
openings in the metallic bottom layer. Besides, the influence
of a side length in the opening is analyzed. It is found that this
small opening allows one to obtain the constitutive parameters
successfully and that no frequency shift occurs at the max-
imum absorption frequency. From the retrieved constitutive
parameters, it is also found that the electromagnetic coupling
is very strong at the absorption frequency and that the sizeable
imaginary part of the index produces the wave absorption. Fur-
thermore, there is a double negative absorption region above
the maximum absorption frequency, which is of great signifi-
cance to the understanding of the absorption mechanism.
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