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Abstract
Designing high efficiency microwave absorbers with frequencies in 1 GHz is still a huge
challenge in practical applications. We design and present a novel microwave metamaterials
absorber at six frequency points of 160, 442, 530, 723, 765 and 965MHz with absorptances up
to 90%, which is insensitive to polarization, viable at wide incidence angle and relatively simple
in structure. We demonstrate the absorption characteristics of the absorber and explain the
mechanism by means of equivalent impedance theory, surface current and energy distribution.
The experimental results verify the correctness of the simulation and provide valuable reference
for the design of broad-band microwave absorber in lower frequency band.
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1. Introduction

Artificial composite matematerials(MMs), which are precisely
arranged of block constructions whose unit size are small
compared with the incident electromagnetic (EM) wave. The
effective permittivity (eeff ) and effective permeability (meff ) of
the MMs are manual-controlled and have ordinary physical
properties that are not found in natural materials, such as
negative refractive index [1, 2], slow light [3–5], super
resolutions [6, 7] and invisibility cloaking [8, 9]. Giving the
credit to its satisfactory properties, MMs have attracted
attention of many researchers in recent decades and been used
in wide range from radio [10], microwave [11], THz [12],
infrared [13] to visible [14].

Since the perfect metamaterial absorber has been put
forward in 2008 by N I Landy [15] who had laid a solid
foundation for future generations, MMA broke through the
limitation of the traditional absorber and occupied the sights
of the researchers as an crucial embranchment of MMs
application. Thus, MMA has been applied to solar cell [16],
amplifiers [17], radomes [18], sensors [19], switches and etc.

In terms of MMA, controlling the impedance of the MMA by
changing the real and imaginary parts of the eeff and the meff

enables /m e=Zeff eff eff to faultlessly match with the free
space and thus reduce reflection. EM energy can be ideally
consumed by MMA in its interior by reducing reflection and
transmission.

Since the rise of MMA, absorbers for different frequency
ranges have been developed by a great many researchers in
different forms [20–22]. Researchers proposed a compact
quad-band polarization independent metamaterial absorber
which has four absorption peaks at 3.1 GHz, 5.5 GHz,
7.6 GHz and 10.98 GHz [23]. A perfect absorber with
polarization insensitive peaks at 7 GHz and 15 GHz also has
been proposed [24]. Due to the relatively narrow range of
applications of absorbers with individual absorption peak and
the inability to broaden the frequency band also being one of
the disadvantages of MMs, researchers have begun to focus
on the development of ultrawide-band absorbers [25, 26].
Thus a broadband absorber used the simplified multireflection
interference theory to analyze an ultra-broadband metama-
terial absorber appeared and the ultra-wideband water-based
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metamaterial absorber came across, which provides 90%
absorptance in the frequency range of 7.9–21.7 GHz stably at
different temperatures [27, 28]. Besides absorbers in fre-
quency of GHz band, researchers also employed two-
dimensional carbon nanotube materials graphene owing
excellent properties of optical and electrical mechanisms to
throw up a number of THz spectrum absorbers, such as some
graphene-based THz absorbers whose absorptance can reach
90% and a tunable polarization insensitive ultra-broadband
absorber based on the plasma metamaterial [29, 30]. In
addition, some magnetic materials-based absorbers such as
the Ferrite-based metamaterial microwave absorber with
absorption frequency magnetically tunable in a wide range
also appeared one after another [31, 32]. However, scanning
the research history and current status of MMA, designing
low frequency absorber is a rather difficult problem to solve
and a very hot topic. Therefore, it is a significant and arduous
task to complete an absorber at low frequency.

Researchers designed a dual/triple-band metamaterial
absorber at very low frequency which have two absorption
peaks at 305 and 360.5 MHz, respectively [33]. However, the
MMA they designed used lumped components, which made
the process relatively complicated and the ratio of unit size to
wavelength was / /l =a 1 1.5. They also designed an meta-
material absorber with a single absorption peak at 440MHz,
whose unit size is about l1 [34]. There is also a low-fre-
quency perfect sandwich meta-absorber which has single
absorption peak at 404 MHz and the length of its periodic unit
cell is 82.5 mm [35]. Another low-frequency metamaterial
absorber based on corrugated surface have a length of 45 mm
and an absorption peak at 362MHz [36]. It can be noticed
that researchers attach great importance to the dig of EM
applications at low frequency to conquer the shortcomings
like large size and complex structure and so on.

In this paper, we introduce the MMA with multi-fre-
quency points within 1 GHz with a relatively small unit
structure. The lowest frequency of the absorber we designed
can reach 160MHz whose unit side length is / l1 14 . We
elucidate the mechanism of the absorption of the MMA and
manufacture the experimental samples by the method of PCB
(Printed Circuit Board).

2. Design and simulation

The three-dimensional unit cell of the MMA is presented in
figure 1(a). The proposed unit cell MMA be composed of four
layers. The front metallic-pattern layer and the bottom metal
layer have a conductivity of s = ´ -5.8 10 S m7 1 and
thickness of =t 0.035 mm.1 The second layer has a thickness
of =t 3 mm,2 which employed the FR4 with a dielectric
constant of 4.3 and a loss angle of 0.025 and it is separated
from the bottom layer by the third air layer with thickness of
=t 38 mm.3 Figure 1(b) shows the geometry of one piece

that rotate into four pieces to compose the metallic-pattern
layer of the MMA. The radius r of the quarter circle and the
geometric parameters of the rectangular strip are listed in
table 1 and all values are measured in mm. The short and the

long sides of the rectangular bar are b and l respectively. All
the short edges after b5 have the same value as b5. The values
of long sides from l9 to l10 are the arithmetic progressions
with tolerances of four. From l1 to l4, l5 to l6, l7 to l8 and l9 to
l10, four kinds of metal strips with width of w1, w2, w3 and w4

were used in MMA designing respectively. Bending the
square loop inward extends the surface area to increase the
inductance L and capacitance C. Increasing L and C enables f
to become small based on the equation of ( )/ p=f LC1 2 .

The proposed MMA was designed and simulated by CST
Microwave Studio which is based on the finite integral
method. In the simulation, the boundary condition was set to
be unit cell and open (add space) in the x, y and z direction,
respectively. Since the transmittance can be regarded as zero
because of the bottom layer, the equation ( ) ∣ ∣w = -A S1 11

2

Figure 1. (a) Perspective views of the unit cell structure. (b) One
quarter of the photograph of the structure.

Table 1. The geometric parameters of the unit cell structure.

r b1 b2 b3 b4 b5

25.0 5.3 2.7 6.6 4.9 3.1
l1 l2 l3 l4 l5 l6

26.0 54.0 61.0 70.3 74.0 71.0
l7 l8 l9 l10 l11 w1

67.9 65.0 62.0 30.0 27.5 2.6
w2 w3 w4 unit
1.2 1.1 1 mm

Figure 2. Absorptance simulation results of the absorber
within 1 GHz.
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can be used to calculate the absorptance, where ( )wA and S11

represent absorptance and reflectance, respectively.
The simulation results of the absorption of the MMA

proposed within the frequency of 1 GHz are shown in
figure 2. The MMA achieved the target to bring forth multiple
absorption peaks in the frequency range within 1 GHz, and
the lowest frequency is as low as 160MHz whose length of
the unit cell can reach /l 14. The absorptance was 99.5% at
160MHz, 98.6% at 442MHz, 91.6% at 530MHz, followed
by three absorption peaks with broadband absorption effect,
99.4% at 723MHz, 99.2% at 765MHz, and 97.2% of the last
absorption point at 965MHz.

Based on the data above, we only analyzed the absorp-
tion characteristics of the absorber in the case of normal
incidence of EM waves. In order to conform to the actual
circumstances, it is necessary to analyze the absorption per-
formance of the absorber when EM wave is incident at dif-
ferent angles. Thus, as is shown in figure 3, we analyzed the
absorption in TE and TM modes of the absorber respectively
in the range of incidence angle from 0° to 45°. From the
simulation results of TE wave in the figure 3(a), it can be seen
that the change of incident angle at the frequency point of
160MHz has little influence on the absorption performance.
At the second absorption peak there is little shift in frequency
and an easing in absorption in the course of the change in
incident angle. At the frequency of 530MHz, the absorption
trend of the absorber at different EM incidence angles is
roughly the same as the trend of the previous absorption peak.
From 723 to 965MHz, with the increase of incident wave
angle, the absorption presented an upward trend and gradually
evolved from independent absorption frequency points to a
small band of broadband absorption. In TE mode, the
absorber we designed performs very well in the case of wide
incident angle and even appears to be more favorable than
normal incidence.

For the sake of delving into the operation rules of MMA
in different modes, we also conducted an in-depth analysis of
MMA in TM mode from 0° to 45° in figure 3(b). Similar to
the case in TE mode, the change in angle has very little effect
on absorption and frequency at the lowest frequency point.
The absorption reduction and the blue shift at the second
frequency point are rather trifling and the absorptance still
remains above 85%, which means that in this mode the MMA

is slightly worse only at 45°. The third frequency point is
confirmed to be much same with the previous frequency point
except that there was no significant frequency shift. From the
figure, it can be seen that the three waveforms we got from 0°
to 45° after 700 MHz almost all overlapped and there was
only a certain absorption reduction at 45°.

Although we designed MMA to be completely sym-
metric, whether it possess the characteristics of polarization
insensitivity needs to be verified likewise. Figure 4 is the
simulation results of absorption with polarization angle
varying from 0° to 45°. The diagrams demonstrated in the
figure indicated that all the graphs are almost coincident,
which manifested that the absorption performance of the
MMA is almost unchanged in the wake of altering of polar-
ization angle. This verified that the absorber is polarization-
insensitive.

3. Discussions and experiments

In order to further analyze MMA from the perspective of
essential current flow direction and state, we displayed the
simulation results of surface current at six major absorption
peaks within 1 GHz in figure 5. Firstly, in figure 5(a) the
surface current distribution and flow direction at 160MHz
and 442MHz are very similar. The current at these two fre-
quency points is mainly distributed on a large area of the strip

Figure 4. Simulation results of absorption in different polarization
angle.

Figure 3. Simulated results of absorption of MMA in different incident angles: (a) TE mode. (b) TM mode.
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loop and extends inward along the direction and edge of the
strip loop, starting from the junction of the outermost strip
loop and the quarter loop. The difference between them is that
the surface current at 160MHz mainly distributed along the
edge of the square bar at the middle position while the surface
current at 442MHz is principally circulated down the edge of
the inner square bar, and the surface current distribution at
442MHz is denser. The surface current performance at
530MHz is actually about the same as that at 160MHz
except that it is more evenly distributed across the various

stripes at 160MHz. As can be seen from the figures 5(b) and
(c), the surface currents of two frequency points at 723 and
765MHz start to decrease and mainly distributed in the
middle part of the strip rings. Regarding the center of the unit
cell as the origin, the surface currents are more inclined to
flow at the edges of the strip ring in the second and fourth
quadrants. And at 765MHz, what’s different from all the
other points is that the current is flowing in the opposite
direction to all the other frequency points. In figure 5(c), the
current distribution at 965MHz is mainly distributed at the

Figure 5. Surface current at six major absorption peaks:(a) 160 and 442 MHz. (b) 530 and 723 MHz. (c) 765 and 965 MHz.
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edge of the quarter disk and the central part of the strip rings.
From the research of surface current, it can be seen that the
existence of a central strip loop causes the current to flow in a
‘z’ shape, thus the increasing current flow path can reach the
goal of making the frequency move towards a lower direction.
Owing to this, the MMA is able to accomplish the task with a
relatively small size compare with the absorbed EM wave at
low frequency.

Due to the absorption effect induced by magnetic reso-
nance, we followed up with an in-depth study on the magnetic

energy distribution of the same six main absorption peaks. It
can be seen from figure 6 that the magnetic energy distribu-
tion at these six frequency points is basically consistent with
their surface current distribution. In figure 6(a) the magnetic
energy at 160 and 442MHz is strongly distributed around the
metal, while at 530MHz it begins to decay significantly.
Because the two frequency points 723 and 765MHz are close
to each other, the magnetic energy distributions displayed are
almost the same according to figures 6(b) and (c). The
965MHz magnetic energy is gathered at the connection

Figure 6. Magnetic energy distribution of six main absorption peaks: (a) 160 and 442 MHz. (b) 530 and 723 MHz. (c) 765 and 965 MHz.
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between the quarter disk and the strip. It is proved that the
absorbing effect generated from the magnetic resonance
according to the analysis of surface current and the verifica-
tion of magnetic energy distribution.

We also analyze the absorber based on the traditional
impedance matching theory. S-parameters are extracted from
CST and utilized for impedance matching formula

( )
( )

= +
-

Z .eff
S

S

1

1
11

2

11
2 The equivalent impedance matching results

of the six absorption peaks are obtained from the above
formula and the specific values of the real and the imaginary
part are shown in figure 7. At 160, 442, 723, 765 and
965MHz, the real parts of the equivalent impedance are
approximately equal to 1 when imaginary parts are around 0.
The absorber keeps a good impedance match with the free
space at these frequency points and most energy is consumed
in the absorber to achieve efficient absorption. It can also be
seen from the figure that the closer the value of the real part is

to 1, the higher the absorptance of the frequency point will be.
Among them, in figure 7(c) the matching value of real part
equivalent impedance at 530MHz slightly deviates from the
value 1, indicating that its absorption is slightly weaker. The
disciplines of equivalent impedance curves are consistent
with the results of absorption frequency points, which shows
that the equivalent impedance obtained by parameter inver-
sion is correct.

The S11 parameters of the designed absorber are mea-
sured experimentally. In figure 8(a) we used a pair of
broadband horn antennas of model number OBH460, a vector
network analyzer of model number Agilent E8362B and a
square sample with a side length of 600 mm to get the
reflectance. The MMA with metal substrate is placed in front
of two horn antennas with a small angle around θ=6° to the
horizontal plane, one of which is used for receiving signals
and the other for transmitting signals. When placing exper-
imental equipment, the distance between the sample and the

Figure 7. The equivalent impedance matching results Zeff of MMA: (a) 160 MHz. (b) 442 MHz. (c) 530 MHz.(d) 723 MHz. (e) 765 MHz. (f)
965 MHz.
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antenna horn met the far field conditions is d=3m . The horn
antenna and the vector network analyzer are connected
through the coaxial line to complete the signal transmission
and reception as well as data processing so as to calculate the
reflection of the absorber. In figure 8(b), we present a part of
the measured sample. Due to the rigorous requirements of
low-frequency experiments and the fact that low-frequency
absorbers are highly susceptible to the external environment,
the experimental results we can provide are exceedingly
confined. Figure 8(c) is the experimental result of the S11 of
the absorber. Since the horn antennas used for measurement
ranging from 400MHz to 6 GHz, we can only give the test
results above 400MHz. It can be seen from figure 8(c) that
there is an absorption peak at 450MHz, whose result is
basically consistent with that at 440MHz in the simulation
results, but with a certain blue shift. In the experiment, the
result almost corresponds to the simulation result except for a
certain increase in absorption at 530MHz. For the absorption
peaks described above, compared with the simulation results,
the absorption of the experimental results increased in dif-
ferent degrees. In the figure of experimental results, a rela-
tively obvious absorption occurs at 640MHz. Based on the
situation of other frequency points, it can be basically

identified as a smaller absorption peak at 640MHz in the
simulation. There are two absorption peaks between 700MHz
and 800MHz, which basically correspond to the results at
723MHz and 765MHz in the simulation. The absorption
peak at 840MHz is the same as the result at 640MHz. In the
simulation results, there is also a small absorption peak at
840MHz but the absorption is enhanced in experiment so this
absorption result occurs. The absorption peak at 930MHz
also corresponds to the frequency point at 965MHz in the
simulation results. According to the above comparison
between simulation and experimental results, it can be seen
that each absorption peak in the simulation has its corresp-
onding absorption frequency point and absorption effect in
the experimental results. Although the matching degree of the
two waveforms is not particularly high, experimental results
can still be used as the proof of the correctness of the simu-
lation results.

In that the low frequency experiment has very strict
requirements and the EM wave is very sensitive, which means
it is easy to be fluctuated due to external interference, there
are certain differences between the experimented and the
simulated results. The dielectric constant of FR-4 in simula-
tion is 4.3, but the dielectric parameter of the tested material

Figure 8. (a) Schematic diagram of experiment settings. (b) Part of the measured sample. (c) The comparison between experimental and
simulation result of the S-parameter of the absorber.
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might not be 4.3. The difference between the materials used in
the experiment and the simulation may result in the frequency
shift of the frequency points. In addition to the limited
manufacturing accuracy, uneven surface, rough edges of
MMA sample and the coupling effect between the horn
antenna used in the experiment resulted in some deviations
between our experimental results and the simulation results,
but experimental results verify the correctness of the
simulation.

4. Conclusion

We proposed a low frequency absorber with multiple
absorption frequency points within 1 GHz, which is insensi-
tive to polarization and has better absorption performance
under the condition of wide incidence angle. We explain the
mechanism of these absorption formation from the aspects of
surface current, magnetic energy distribution and impedance
matching and verify the simulation results with the exper-
imental results, which are roughly consistent with the simu-
lation results. Therefore, the MMA has broad application
prospects in electromagnetic shielding and other fields.
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