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A wideband metamaterial absorber based on a magnetic

resonator loaded with lumped resistors®
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A wideband metamaterial absorber (MA) based on a magnetic resonator loaded with lumped resistors is presented.
It is composed of a one-dimensional periodic array of double U-shaped structured magnetic resonators loaded with
lumped resistors, a dielectric substrate, and a metal plate. We simulated, fabricated, measured, and analyzed the MA.
The experimental results show that the reflectance (S11) is below —10 dB at normal incidence in the frequency range
of 7.7 GHz-18 GHz, and the peak value is about —20 dB. Simulated power loss density distributions indicate that

wideband absorption of the MA is mainly attributable to the lumped resistors in the magnetic resonator. Further

investigations indicate that the distance between two unit cells along the magnetic field direction significantly influences

the performance of the MA.
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1. Introduction

Metamaterials (MM) are novel artificial materials
with special properties that arise from their structure
rather than their constituent materials. They are cre-
ated by manipulating extreme magnitudes of physical
conditions during synthesis and manufacture. MMs
with interesting electromagnetic properties have an in-
homogeneity scale that is much smaller than the wave-
length of interest, and their electromagnetic (EM) re-
sponse is expressed in terms of the parameters of ho-
mogeneous materials.[!! Interest in MMs has grown in
the past decade because they enable unusual manipu-
lations of and interactions with EM waves. MM prop-
erties, such as negative refractory indices, 23! have led
researchers to come up with new types of microwave
devices,*®! super-lenses, %7 and absorbers. =11

Prior to the introduction of MMs, most of the
work on EM absorbers was focused on absorptive ma-
terials commonly found such as carbon-loaded foam
pyramidal absorbers, ferrite tiles, and engineered
FSS.['2) However, these absorbers are usually bulky,
with larger surface mass density, off-normal incidence,
and polarization. These challenges have led to the de-
velopment of alternative materials and structures that
exhibit bulk absorption. Recently, since the concept of
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a perfect metamaterial absorber (MA) was proposed
by Bilotti et al.®] and Mosallaei et al.,l”) and first ex-
perimentally demonstrated by Landy et al.,'% there
has been considerable interest in creating thinner and
lighter EM absorbers. Since then, many MAs have
been proposed and demonstrated with narrow-band,
dual-band, multi-band or wideband absorption.['2—19]
Because of simultaneous strong electric and mag-
netic resonances, the absorption bandwidth is usu-
ally narrow. In many practical applications, such as
stealth technology and solar energy harvesting, broad-
band absorption is required. One effective method
to extend the absorption band is multi-resonance su-
perposition at several neighboring frequencies.[16—18]
Many efforts have been made to extend the absorption
band of such MAs in microwave frequency, includ-
ing multi-resonance superposition technology,[!6—18!
resistive FSS,119:200 and lumped elements loaded into
MAs.[21:22]

In this paper, we propose a wideband MA in the
gigahertz region. Our simulations and experiments
demonstrate that the bandwidth of an MA can be
greatly enhanced by loading lumped resistors, com-
pared with an MA that works by only using a double
U structure magnetic resonator. Further simulation

results indicate that lumped resistive elements are the
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chief contributor of this MA’s wideband absorption.
We also investigated the influence of the distance be-
tween two unit cells along the magnetic field direction.

2. Design, simulation, and exper-

iment

The theoretical basis for the design comes from
the effective medium theory; MMs can be character-
ized by complex permittivity £(w) and permeability
i(w). In practice, loss is measured by the amount
of EM power absorbed, which is defined as A(w) =
1 — T(w) — R(w), where R(w) and T(w) represent
the reflectivity and transmission as functions of fre-
quency w, respectively. It is possible to absorb both
the incident electric and magnetic fields tremendously
by properly tuning é(w) and fi(w), and achieve per-
fect impedance-matching to free space. To achieve
unity absorption of the MA, simultaneously minimiz-
ing R(w) and T(w) to near zero is necessary.

To achieve wideband absorption, our device is
composed of a one-dimensional array of double U-
shaped magnetic resonators with lumped resistors on
a dielectric substrate backed by a metal plate. The
unit cell structure model is shown in Fig. 1(a). A
similar use of resistors and a backplane design was

[20] but it was not experi-

mentioned by Gu et al.,
mentally tested and did not utilize the concept of
impedance-matching. Similar to the behaviour of split
ring resonators, 3! this unit cell easily achieves a
stronger magnetic resonance response when the mag-
netic field of the incident wave is perpendicular to
the plane of the double U-shaped structure. The unit
cell loaded with lumped resistors can be regarded as
equivalent to a resonant RLC circuit: incident EM
energy can be converted into electric energy in the
circuit, and then the electric energy can be consumed
by lumped resistors.?1:22] The metal elements we se-
lected are 35-pum thick copper film with a frequency-
independent conductivity o = 5.8 x 107 S/m. We used
FR4 lossy dielectric as the substrate with a frequency-
independent permittivity of e = 4.9(1 + 10.025). The
unit cell structure is optimized, and the geometric pa-
rameters are, in millimetres, a = 10, b = 6, r = 1.9,
s=09 w=06,9g=2,t=08, t, = 0.5 In ad-
dition, the optimal values of the lumped resistors are
Ry =241 Q and Ry, = 151 Q.

Fig. 1. (colour online) Lumped resistors MA: (a) perspec-
tive view of unit cell with TEM wave direction indicated.
(b) Detailed photograph of fabricated lumped resistor MA
sample with array.

A full wave EM simulation has been performed
based on the standard finite-difference time domain
(FDTD) method by CST Microwave Studio software.
In simulations, we set periodic boundary conditions
with the wave vector k parallel to the double U-shaped
structure plane and the electric field paralleling the z
axis and the magnetic field paralleling the y axis (see
the inset of Fig. 1(a)). There is no transmission to be
examined for a normal incident TEM plane wave, as it
is blocked by the backing metal plate. Thus, only the
reflectance needs to be measured in our simulations
and experiments.

For the experiments, first, the designed MM
structure was fabricated with the optimized structure
parameters by conventional PCB technology, and then
lumped resistors were loaded by welding technology.
The final result is that the plane of the double U struc-
ture loaded with lumped resistors is perpendicular to
the backing copper plate (see Fig. 1). The distance
(d) between two unit cells along the magnetic field
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direction can be adjusted easily. The fabricated MA
is a one-dimensional array with dimensions of 18 cm
x 18 c¢m, and the detailed photograph of the measure-
ment sample is shown in Fig. 1(b). The complex S-
parameters of experimental measurements were car-
ried out in an EM anechoic chamber and described in
detail in reference.[''] An Agilent PNA-X N5244A vec-
tor network analyzer connected to two standard gain
broadband horn antennae that produces microwaves
in the range of 2 GHz-18 GHz was used to measure

the MA sample.

3. Results and discussion

First we consider the absorbing performance of
the MA without lumped resistors. In this case, the
distance d between two unit cells along the magnetic
field direction is fixed to 10 mm (see the detail ed
photograph of fabricated sample shown in the inset of

Fig. 2(a)). The measured Si; is shown in Fig. 2(a).
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Fig. 2. (colour online) (a) Experimental reflectance (S11)
of the designed MA without lumped resistors; (b) the sur-
face current distribution of the unit cell at 10.87 GHz. The
inset indicates the testing sample.

It can be observed clearly that there is a reflectance
dip at 10.87 GHz, and the reflectance peak value is
up to —17 dB. Thus, the corresponding absorption
is approximately 98% at resonance frequency. Obvi-
ously, this absorption is mainly from strong simulta-
neous electric and magnetic resonances at 10.87 GHz.

The simulated surface current distribution is shown
in Fig. 2(b), where it is clear that antiparallel cur-
rent exists on the double U-shaped structure, forming
a current loop which contributes to the magnetic re-
sponse. The figure further illustrates the resonance
absorption mechanism. The absorption band of the
above-mentioned structure of MA is very narrow and
the full width at half maximum (FWHM) bandwidth
is about 0.9 GHz.
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Fig. 3. (colour online) (a) Simulated (red line) and ex-
perimental (black line) reflectance (Si1); (b) the corre-
sponding relative wave impedance (z) from simulated S
parameters.

Below we will report our investigation of the ab-
sorption of the designed structure with welded lumped
resistors. In this case, the distance d between two
unit cells along the magnetic field direction is fixed
to 9 mm. The measured and simulated results are
shown in Fig. 3(a); one can see that the agreement
between the experimental (black line) and simulated
(red line) results is very good, considering the toler-
ances in fabrication and assembly. It can be observed
that the reflectance (S11) is below —10 dB at normal
incidence in the frequency range of 7.7 GHz—18 GHz,
and the measured dip value of S7; is about —20 dB and
simulated dip value is about —24 dB. Thus, the cor-
responding absorption of experiment and simulation
exceeds 90% from 7.7 GHz to 18 GHz, and peak value
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of absorption is about 99% and 99.6%, respectively.
These results indicate that this MA has strong broad-
band absorption. To better understand the reason
for the high absorption, the relative wave impedance
for normal incidence was retrieved from the simulated
S parameters.!?3] The relative wave impedance (2(w))
is presented in Fig. 3(b). The real part of relative
impedance is near unity (Re(z) ~ 1) which is consis-
tent with our intent to match the impedance of the
free space from 7.7 GHz to 18 GHz. These results in-
dicate that the impedance of our MA can be tuned to
approximately match the impedance of the free space
at a wideband absorption frequency range.

It is also interesting to explore the power loss in
the MA since it can provide information about how
and where the absorption happens. Figure 4 shows
the simulated reflectance of the designed MA on Fr4-
lossfree substrate (black line) and FR4-lossy substrate
(red line), respectively. It can be seen that the re-
flectance is below —10 dB from 7.7 GHz to 21.7 GHz

when Fr4 substrate is lossy. However, when using
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the Fr4-lossfree substrate, the reflectance is nearly the
same as that under lossy conditions, and these results
are similar to the design by Gu et al.[2%) Thus, we con-
clude that the absence of dielectric substrate cannot
significantly affect the absorption of the MA loaded
with lumped elements.
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Fig. 4. (colour online) Simulated reflectance of the de-
signed MA on FR4-lossfree substrate (black line) and FR4-
lossy substrate (red line), respectively.
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Fig. 5. (colour online) Simulated power loss density distributions for designed MA with (a) unloading, (b), (c), and
(d) loading lumped resistors at 10.87 GHz, 8 GHz, 10 GHz, and 14 GHz, respectively.
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To illustrate intuitively where the absorption hap-
pens in the designed MA, the power loss density dis-
tributions of designed MA with and without lumped
resistors were also simulated numerically, respectively.
From Fig. 5(a), it can be seen that the power loss is
mainly focused on the edges of the double U-shaped
structure in the absence of lumped resistors. As shown
in Figs. 5(b), 5(c), and 5(d), with lumped resistors,
it is clear that the power loss is mainly focused on
the middle part (the place where lumped resistors are
loaded) and the top and bottom edges of the dou-
ble U-shaped structure (see the red area which rep-
resents the maximal power loss density). From these
physical pictures of the intriguing absorption features,
we propose that the wideband absorption of this MA
is mainly attributable to the lumped resistors in the
magnetic resonator.
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Fig. 6. (colour online) (a) Simulated and (b) measured
reflectances (S11) at different distances (d) between two
unit cells along the electric field direction.

Taking a further step, we will consider the influ-
ence of the distance (d) between two unit cells along
the magnetic field direction, the simulated and mea-
sured reflectances for different values of d are shown in
Fig. 6. In simulations, the frequency of the peak value
of reflectance increases with the increase of d, which

could be mainly due to a magnetic coupling effect.24]

From Fig. 6(a), we also can see that the bandwidth of
—10 dB is widest when d = 10 mm. The correspond-
ing measured reflectance is shown in Fig. 6(b); we can
see that the magnitudes of reflectance are less than
those in the simulation, and the frequency of the peak
value also increases accordingly. Especially, compar-
ing with the simulation, when d = 8 mm and 12 mm,
the bandwidth of —10 dB becomes narrow. These dis-
crepancies may be due to the following reasons: first,
in the simulations the proposed MAs are regarded as
infinite for the normal incident plane. However, in the
experiments, the dimension of the fabricated sample
is of course finite, thereby resulting in edge diffrac-
tion. Thus, edge diffraction can create discrepancies
between the simulated and experimental results. Sec-
ondly, the tolerances in fabrication and assembly of
the designed MA also could account for some discrep-
ancy. However, these experiments indicate that the
bandwidth of —10 dB could be adjusted by properly
changing the distance between two unit cells along the
magnetic field.

4. Conclusion

In conclusion, we have designed, simulated, and
experimentally verified the performance of a wideband
MA loaded with lumped resistors. The experimen-
tal results show that the reflectance (S71) is below
—10 dB, and the corresponding absorption exceeds
90% at normal incidence in the frequency range of
7.7 GHz-18 GHz. In addition, the wideband absorp-
tion of the proposed MA is mainly attributable to the
lumped resistors in the magnetic resonator and is in-
sensitive to the loss of the dielectric substrate. Fur-
thermore, we can obtain a wider bandwidth of —10 dB
by properly adjusting the distance between two unit
cells along the magnetic field. One other advantage of
this MA is its relative thinness (= A/5 of peak value
of absorption) in the propagation direction, compared
with the typical (= A\/2) or greater thickness of carbon
loaded foam pyramidal absorbers. Therefore, the pro-
posed absorber has potential application in the design
and development of high-performance absorber struc-
tures in stealth technology.
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