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Despite widespread use for extending absorption bandwidth, the coexistence and coupling mechanism of multiple
resonance is not well understood. We propose two models to describe the multi-resonant behavior of a broadband meta-
material absorber with geometrical-array substrate (GAS). The multi-resonance coupling of GAS is well described by
logarithmic law. The interaction between metasurface and GAS can further broaden the absorption bandwidth by generat-
ing a new resonance which coexists with original resonances in substrate. The proposed models can thoroughly describe
this multiple-resonance behavior, highlighting guidelines for designing broadband absorbers.
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1. Introduction

Dielectric and magnetic materials of electromagnetic re-
sponse capability have drawn significant attention in the
aerospace industry due to the great applications in stealth
technology!!=! and energy usage.!! In the GHz frequency
range, traditional homogeneous absorbers!!%!2l mainly rely
on the establishment of resonance absorption, which is easy to
achieve high absorption at sub-wavelength thickness. How-
ever, the absorption is efficient only in a narrow frequency
band due to the thickness dependent resonance. With the pro-
gresses made in multiband or broadband communication tech-
nology, broadband absorption is highly desired. Many wide-
band absorbers with special structures are reported, including
porous, 3 multilayer,!'*! and pyramidal structures.!'>! Unfor-
tunately, these wideband absorbers were achieved at the sac-
rifice of the thickness.

absorbers enable offering absorption peaks in either a lower

At a given thickness, metamaterial

or a higher frequency range to extend the absorption band.
For instance, Wang et al.!'®! fabricated a metamaterial ab-
sorber with a thickness of 1.60 mm and an over 90% ab-
sorption from 8.85 GHz to 14.17 GHz. Sui et al.l'”l pro-
posed a topology design of a broadband frequency selective
surface absorber whose thickness is 3.60 mm for an effec-
tive frequency band from 6.68 GHz to 26.08 GHz. He et
al.'"® realized a tunable polarization-independent wideband
absorber owning a thickness of 4.15 mm for both C and X
bands. Consequently, the design of metamaterial absorbers is
considered to be a possible strategy for obtaining broadband
absorbing materials.!'2%] Nevertheless, the design of meta-
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material absorbers mainly focuses on periodically patterned
resonators with the spacers usually constructed by a uniform
dielectric sheet or air,[?’3!l resulting in a thick multilayer
structure corresponding to multiple resonance, which is neces-

32.33] 1t is critical

sary for achieving the broadband absorbers. !
to increase resonance numbers for extending the absorption
band at a limited thickness.?4371 In fact, the geometrical de-
sign of traditional absorption material is also able to extend
the absorption band at a limited thickness.33:39 Therefore,
a combination of single-layer metasurface with geometrical-
array substrate (GAS) would efficiently increase the absorp-
tion band within a small thickness.

To understand the coexistence and coupling mechanism
of multiple resonances in a broadband metamaterial absorber
with the geometrical-array substrate, in this work, we propose
the logarithmic law and equivalent circuit model to explain
the multi-resonance coupling and coexistence in the broad-
band metamaterial absorber with the geometrical-array sub-
strate. The consistence between the theoretical and simulated
results suggests good comprehension of the strategy for de-
signing broadband microwave absorption metamaterials.

2. Method

The simulations are all carried out in the microwave sim-
ulation software CST studio suite 2014. As shown in Fig. 1(a),
TEM wave along the z axis is normally incident on GAS. Ideal
electric field and magnetic field boundaries are used in calcula-
tion, all the diffraction beams are reflected, and only the intrin-
sic absorption of GAS is taken into the calculation of reflection
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loss. The GAS consists of two layers, where the top layer is
a periodic square array with the period a = 19 mm and side
length w = 13.4 mm, and the bottom layer is homogeneous.
The thickness values of the square array and bottom layer are

both 3 mm. The material of GAS has permittivity complying
with a single Debye dielectric relaxation law (Fig. 1(b)), where
static permittivity &p = 6.78, optical permittivity &, = 1.93,
and relaxation time T = 2.99 x 107!,
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Fig. 1. (color online) (a) Three-dimensional view and structure size of the GAS, (b) permittivity and dielectric loss of the material, (c) reflection
loss of GAS (orange line), 3 mm (black line) and 6 mm (blue line) plate, and (d) power loss of the GAS at 6.7 GHz (top), 17.7 GHz (middle), and

26.5 GHz (bottom).

3. Results and discussion

The absorption band (< —10 dB) of the GAS covers
7.76 GHz-30 GHz, which is much wider than those of the
3-mm and 6-mm plates (Fig. 1(c)). The widened absorption
band is mainly contributed by the multiple resonances at dif-
ferent thickness values, including A /4 resonance at 3 mm, A /4
and 31 /4 resonances at 6 mm. The properly coupled essential
(2n+ 1) A /4 resonances in different thickness values can effi-
ciently extend the absorption band. The coexistence of multi-
ple resonances is confirmed by distributions of power loss of
the GAS at different frequencies (Fig. 1(d)). The loss distribu-
tions along the z axis (top and middle of Fig. 1(d)) indicate the
A /4 resonances at 6.7 GHz in part A and at 17.7 GHz in part
B. The bottom of Fig. 1(d) shows that the double-layer dis-
tributed power loss at 26.5 GHz is caused by 34 /4 resonance
from part A. Nevertheless, the large loss intensity is observed
at the top corner, suggesting that the edge scattering at higher
frequency also affects the microwave absorption. The result
of loss distribution shows that when the structure size is less
than the microwave wavelength, the microwave absorption is

mainly associated with the multiple (2rn+ 1) A /4 resonances

of two thickness values.

Extending the absorption band by multiple A/4 res-
onances in a patterned microwave absorber is confirmed
experimentally. 3331 The GAS can be equivalent to a com-
posite material comprised of parts A and B (Fig. 1(d)). Con-
sidering that the defect size is much smaller than EM wave-
length, part B is treated as a homogeneous effective dielectric
with the same thickness as part A. So the total electromagnetic
response can be characterized through the combination of part
A and the effective part B. When part A is combined in paral-
lel with part B (left of Fig. 2(a)), there is a linear relationship
between the surface densities of polarization charges in differ-
ent parts (05 = 05| + 0252). As 6 = & (& — 1) E, the effec-
tive permittivity of the composite material can be described as
Eeff = X1€1 +Xx2&, where x1 and x, are the area ratios of parts
AandB,ie., x; = SA/(SA +SB) and x; = SB/(SA +SB), with
Sa and Sp being the areas of parts A and B, and & and &
are the permittivities of parts A and B, respectively. Simi-
larly, when part A is combined in series with part B (middle
of Fig. 2(a)), the permittivity relationship can be expressed
as 1/&q = x1/€ +x2/€. Thus, the permittivity of com-
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posite dielectric material can be concluded as Lichtenecker’s
equation: [4041]

e = €'x1 + &'x2, (D)
where the power m varies within the [—1,1] range. m = 1 and
m = —1 for the parallel and series combination of parts A and
B, respectively. When the two kinds of combinations coex-
ist in the proposed patterned absorber (right of Fig. 2(a)), m

should be close to 0 and the differential form of Eq. (1) is

men ! dege = mxi €] deg +mxael " dey. 2)
Duetom =0,
deg de de
= 2, 3)
Eeff € &
and
In (geff) =x1ln (81) +xp1n (82) . 4)
So, the permittivity of GAS can be expressed as(*?)
log e.f = xloge; + (1 —x) log e, (5)

(a)

where x is the area ratio of part A, i.e., x = x. The relationship
between refractive indexn and resonance frequency f is

_ Y

where vg is the velocity of light. Because € approximately
equals n” for nonmagnetic material, and the effective permit-
tivity of part B equals & = [vo/ (16hf>)]%, the relationship be-
tween resonance frequencies can be expressed as

log f = xlog fi + (1 —x)log f2, (7)

where f; = 6.75 GHz and f, = 18.32 GHz are the resonance
frequencies at 6-mm and 3-mm thickness, respectively. More-
over, figure 2(c) shows the plots of the area ratio dependence
of peak frequency in Fig. 2(b), and the simulated data (red
empty box) are in good agreement with theoretical results
(black line).
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Fig. 2. (color online) (a) Schematic diagram of parallel (left), series (middle), and series-parallel combinations (right) of composites. (b) Frequency
dependence of reflection loss of GAS with different area ratios, (c) area ratio dependence of peak frequency of the GAS; (d) comparison of calculated
reflectivities with (including absorption) and without diffraction beam (including absorption and scattering), and (e) electric field distributions of 10.65 GHz

and 27 GHz at area ratio x = 0.5.
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In order to clarify the influence of structure scattering, the
typical Floquet port and unit cell boundary are used to calcu-
late the reflectivity without diffraction beam. With structure
size and material parameters fixed, the calculated reflectivities
with (including absorption) and without diffraction beam (in-
cluding absorption and scattering) are compared in Fig. 2(d).
At two different area ratios, the structure scattering has a little
influence on the lowest coupled resonance peak, implying the
validity of Eq. (7) for the lowest resonance frequency calcu-
lation. With the enhancement of structure scattering at higher
frequency, which can be confirmed by electric field distribu-
tion (Fig. 2(e)), the influence of structure scattering on the re-
flection peak becomes obvious. So, equation (7) is not applica-
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ble for calculating other absorbing peaks at higher frequency.
To enhance the absorption of the GAS at low frequency, a
square copper ring is assembled on the top of each geometrical
array. The thickness of the metasurface is as thin as 0.1 mm.
The side length / and width d of each of copper ring are set to
be / =8 mm and d = 0.5 mm, respectively. The minimum fre-
quency of reflection loss < —10 dB for the GAS is 7.76 GHz
(Fig. 3(a)), and it is extended to 4.75 GHz due to the introduc-
tion of the metasurface (Fig. 3(b)). Apparently, the essential
absorption peak (8 peak) frequency of GAS is 10.65 GHz.
The new absorption peak (o peak) induced by interaction be-
tween metasurface and GAS appears at 5.45 GHz (Fig. 3(b)).
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Fig. 3. (color online) (a) Reflection loss of GAS, (b) reflection loss of metamaterial absorber with GAS at / = 8 mm and d = 0.5 mm, (c) reflection losses at
different side lengths, and (d) reflection losses at different widths for metamaterial absorber with GAS.

The o peak is dominated by side length / and width d.
As shown in Fig. 3(c), the frequency of the o peak is mainly
dependent on the side length I, while the frequency of the f3
peak remains unchanged. As !/ increases from 6 mm to 10 mm,
the « resonance frequency decreases. The peak frequency of
the o peak shifts from 7.89 GHz to 4.4 GHz. However, the
frequencies of the o and B peaks are almost independent of
the width d (see Fig. 3(d)). On the other hand, the width d
has influences on the absorption intensity of both o and S

peaks. When d increases from 0.2 mm to 1 mm, the inten-
sity of the B peak is weakened while the o peak is enhanced.
The diminishing of the 8 peak with increasing d results from
the impedence mismatch between metasurface and air at high
frequency, so d should be optimized to both enhance low-
frequency absorption and keep the high-frequency absorption.
Therefore, the frequency and intensity of the a peak can be
adjusted by changing / and d, respectively.

Figures 4(a) and 4(b) show the power loss and the surface
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current of the metamaterial absorber with GAS at 5.45 GHz.
The energy loss is mainly distributed nearby the metal ring ar-
rays of the metamaterial absorber with GAS (see Fig. 4(a)),
which supports that the absorption peaks appear at lower fre-
quencies in Fig. 3(d). On the basis of the surface current dis-
tribution (see Fig. 4(b)), an equivalent RLC series resonance
circuit model*! is used to describe the interaction between
the metasurface and GAS. The resonance frequency is known
to have the following form

1

= 5 8

f 2V LC ®)

where, the equivalent inductance L can be expressed as fol-
lows: -
muol N

L=—-— 9

41 ©)

and the equivalent capacitance C can be written as the follow-

ing form
Cc— depgld +n

4hy
where h; = 6 mm is the thickness of dielectric material, [ and

(10)

d are the side length and width of square copper ring, respec-
tively, N = 1 the number of rings in the propagation direction
of the microwave, n = 0.78 and m = 1.53 are the correction
factors for the fringe capacitance and the shape coefficient of
the inductance of square ring, respectively; & = 8.85 x 10~!2
and oy = 1.26 x 107 are the vacuum permittivity and per-
meability, respectively. The relative permittivity & of GAS

— Eq. (12)

9 [0 simulation

Peak frequency/GHz
N

3 1 1 1
6 8 10 12

Side length/1073 m

material is given by Debye equation

1)

& = Eo + (8;0 _Eroq) m

By combining Egs. (8), (9), (10), and (11), the relation can be
written as

% = \/Fl(Fz +F312)+\/F4l2+F5(F2+F3l2)2. (12)
Here, the coefficients are F; = —83.33, F» = 2.11 x 10722,
F;=-376x10"18 F, =1.25x 1073, and F5s = 6.94 x 103,
which are theoretically calculated from the simultaneous equa-
tions.

According to the Taylor formula, equation (12) can be
simplified into the following form

1
i —2.87x107"114+2.55%x 1078.

13)

Figure 4(c) shows the dependence of the side length of
the copper ring on the resonance frequency induced by the pe-
riodic ring array. The prediction results of Eq. (12) are in good
agreement with simulation data. Moreover, the relationship
between side length and reciprocal of frequency can be well
described by the linear Eq. (13) in the investigated frequency
range (Fig. 4(d)). Therefore, the equivalent circuit model is
valid for describing the dependence of this resonance on the
surface metallic cell size.
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Fig. 4. (color online) (a) Power loss and (b) surface current of metamaterial absorber with GAS at 5.45 GHz, (c) peak frequency versus side length, and (d)

reciprocal of peak frequency versus side length.
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4. Conclusions

In this work, a broadband metamaterial absorber with ge-
ometrical substrate is proposed. The GAS broadens the ab-
sorption band by coupling multiple A /4 resonances, and the
area ratio dependence of resonance frequency for GAS is well
described by logarithmic law. The interaction between meta-
surface and GAS generates a new resonance coexisting with
original resonances in the substrate, resulting in the further
increase of absorption bandwidth. According to the equiva-
lent resonance circuit, we develop a quantitative model that
completely describes the dependence of this resonance on the
surface metallic cell size. This work, therefore, is helpful for
understanding and utilizing multiple resonances in broadband
absorption metamaterials.
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