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Both absorption and diffuse reflection can effectively suppress microwave backward reflection. However, the
challenge of designing wideband absorptive elements with anti-phase reflection hinders the simultaneous working
of the two principles. With aid of the wideband characteristic of bilateral complementary structure, we propose a
strategy to design wideband absorptive elements with large reflection phase differences. For proof of concept, the
proposed elements are arranged in a rectangular grid by optimizing scattering field distribution. The proposed
diffusion metabsorber achieves over 20-dB scattering field reduction in the range of 8.5–20.3 GHz with good
polarization stability and high angular insensitivity of up to �40°, which has been verified by real experiments.
Furthermore, the proposed design strategy exhibits the potential to further reduce electromagnetic wave reflec-
tion, and the optical transparent characteristic is promising for window applications. © 2022 Chinese Laser Press

https://doi.org/10.1364/PRJ.457810

1. INTRODUCTION

Along with the development of the electromagnetic (EM) in-
dustry, 5th generation mobile communication brings unlimited
possibilities for low-latency and high-speed applications, but
also increases unwanted EM radiation, risking public health
and the stability of electronic systems [1–4]. EM protection
has become an urgent need for the area around radiation
sources such as airport control towers or communication base
stations, thereby requiring the EM shielding window. With aid
of transparent conductive film, optical windows can effectively
reflect incident EM waves. However, the secondary pollution
caused by backward scattering energy concentration presents a
new challenge for window design.

With the blossom of micro-nano processing, the concept of
a metasurface is proposed for arbitrary control of EM waves,
providing an effective method for microwave scattering field
reduction [5–7]. Also, transparent resistive films and dielectrics
are extended for low microwave scattering transparent metasur-
face design [8–10]. Hence a series of window-use metasurfaces
are proposed for reducing microwave reflection, which can be
divided into metasurface absorbers (metabsorbers) and diffu-
sion metasurfaces according to the different principles.

Absorbers dissipate incident EM wave energy into heat en-
ergy, and the introduction of metasurface design further im-
proves bandwidth [11–15], thickness [16,17], flexibility
[18–22], and angular tolerance [23–25]. As an alternative

scheme, diffusion metasurfaces diffuse EM waves by destructive
interference using anti-phase reflection elements [26–30]. As a
combination of both, diffusion metabsorbers (DMAs) have the
potential to further reduce a scattering field by simultaneously
dissipating and diffusing EM wave using anti-phase absorptive
elements [31,32]. Although some valuable attempts have been
made to arrange a set of anti-phase absorptive elements in a
rectangular grid with specific distribution, the scattering field
reduction of those designs is not significantly improved or is
only narrowband [33–36]; this is because their elements have
narrow absorption bands and little overlap among them. The
difficulty in designing wideband absorptive anti-phase reflec-
tion elements hinders further improvement in scattering field
reduction for DMAs.

In this study, we proposed a wideband DMA that simulta-
neously absorbs and diffuses wideband EM waves. With aid of
the wideband characteristic of a bilateral design, two elements
are proposed with low-amplitude and anti-phase reflection. For
proof of concept, the proposed absorptive elements with
anti-phase reflection are arranged in a rectangular grid. The
scattering fields of an element array are calculated by field vec-
tor addition, and thereby the distribution of elements can be
optimized by a genetic algorithm (GA) aiming for reflection
reduction. The proposed DMA achieves over 20-dB backward
scattering field reduction from 8.5 to 20.3 GHz, and angular
stability of up to 40° under both TE and TM polarization
waves incidence, which is verified through experiment. All
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simulations are performed in the CST Studio Suite 2020 [37].
The simultaneous application of wideband absorption and the
diffusion principle pave the path for achieving perfect scattering
field reduction for optical window application.

2. DESIGN AND SIMULATION

Inspired by continuous mode resonance of complementary meta-
bsorbers generating wideband absorption [14,15], the DMA
basic element is designed and shown in Fig. 1. Complementary
gammadion-shaped resonators are placed in the top two layers,
with a reflection layer at the bottom. Air gaps are sandwiched
by the layers made of indium tin oxide (ITO)–polyethylene
terephthalate (PET) film [εr � 2.65�1 − j0.005�], whose
thicknesses are d air � 4 mm and d pet � 0.188 mm. The
geometry of ITO gammadion-shaped resonators is defined
through parameters such as the lengths of arms l 1 and l 2,
widths of arms w1 and w2, and length of unit cells p �
15 mm. The surface resistances of ITO on the top two layers
and the reflection layer are r1 � 110Ω∕sq and r2 � 10Ω∕sq,
respectively. To design elements with similar low reflection am-
plitude and anti-phase, elements are extended infinitely in the
x–y plane during simulation.

To qualitatively reveal the absorption performance of the
proposed DMA elements, the influence of the key structural
parameters for the gammadion-shaped resonator is studied.
As can be seen in Fig. 2, the absorption of the element is in-
sensitive to parameters l 1, l2, and w2, exhibiting a similar ab-
sorption trend and amplitude. Although the absorption slowly
decreases when the width of the gammadion-shaped resonator
inner arm (w1) narrows from 3 to 1 mm, an appropriate change
of resonator parameters has almost no effect on the 0.9 absorp-
tion bandwidth denoted by the yellow area. The absorption of
the elements with different parameters always presents smooth
changes in small amplitude intervals. The wideband stable
characteristic of complementary resonators provides great flex-
ibility for independent phase adjustment, avoiding the tight
coupling of reflection amplitude and phase.

By properly adjusting the parameters of the resonator, anti-
phase elements 1 and 2 are designed and shown in Fig. 3,
whose parameters are l 1�4mm, l2�4mm, w1 � 1.5 mm,
w2 � 1 mm, l 01 � 6 mm, l 02 � 5 mm, w 0

1 � 1.5 mm, and
w 0
2 � 4 mm. As can be seen, both elements exhibit similar

smooth low reflection amplitude (reflection < 0.1) caused
by wideband absorption in the range of 7–20.2 GHz. A big
reflection phase difference (135°–225°) ensures subsequent
scattering pattern synthesis in a range of 8.3–20.3 GHz. To
gain more physical insight into absorption performance, the
normalized input impedances of the proposed elements are also
illustrated in Figs. 3(c) and 3(d), calculated by S-parameters.
The smooth change of the real part close to 1 and the imaginary
part close to 0 in the operation band indicates that DMA el-
ements have a good match with free space, hence generating
wideband absorption. Most importantly, the consistency of
the operation band of absorption and diffuse reflection makes
wideband perfect scattering field reduction possible.

Fig. 1. Geometric structure of metabsorber element and schematic
of wideband diffusion metabsorber under normal incidence.

Fig. 2. Effect of changing structural parameters on absorption.
(a) Length of gammadion-shaped resonator inner arm. (b) Length of
gammadion-shaped resonator outer arm. (c) Width of gammadion-
shaped resonator inner arm. (d) Width of gammadion-shaped resona-
tor outer arm.

Fig. 3. Simulated (a) reflection amplitude and (b) reflection phase
of optimized elements. The normalized input impedance of (c) ele-
ments 1 and (d) element 2. Insets shows thumbnails of elements.
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For proof of concept, a DMA containing 21 × 21 elements
is optimized for scattering field reduction using the GA method
[38,39]. To reduce coupling caused by boundary differences
[40], the elements are organized as a 3 × 3 element cell, and
these cells are arranged on a 7 × 7 rectangular grid. The origin
of the coordinate system is placed at the center of the array, as
shown in Fig. 4(a). The total field pattern of the DMA array
can be calculated by vector addition of the fields scattered by
individual elements [41,42], expressed as

EMETA �
X

m,n
EELE · exp�jk�xm,n sin θ cos ϕ� ym,n sin θ sin ϕ��,

(1)

where k denotes the wavenumber in free space, xm,n and ym,n are
the abscissa and ordinate of the element in the mth row and nth
column, respectively, and EELE is the scattering field of the
element at that position. To directly optimize the scattering
field reduction of the metabsorber, the scattering field of the
perfect electric conductor (PEC) plate with the same size is in-
troduced to the fitness function as follows:

Fitness � −20 × lg�max�EMETA�∕max�EPEC��, (2)

where EMETA and EPEC denote the scattering field of the DMA
and PEC plate, respectively, and max(E) represents the maxi-
mum magnitude of the E-field in the entire backward space.
Compared with time-consuming full-wave simulation, the field
vector addition method greatly shortens the time to generate
scattering field patterns of individuals, making the optimization
of large populations possible. By setting the goal of maximizing
the fitness function, DMA designs are continuously generated
for 50 generations using multiple GAs with an initial

population of 1000 random individuals. Thereby, the final op-
timized element distribution is shown in Fig. 4(a), where the
green square and orange square denote the cells for elements 1
and 2, respectively.

To provide insight into the field reduction effectiveness of
the optimized structure, the proposed structure under normal
plane wave irradiation is simulated, whose scenario is shown in
Fig. 1. As shown in Fig. 4(b), DMA reduces dominant scatter-
ing over 20 dB in the range of 8.5–20.3 GHz, with the relative
bandwidth greater than 80%. Moreover, the calculated result
using field vector addition fits the full-wave simulation result
well, indicating the correctness of the calculation. The slight
drop in simulated result between 12 and 17 GHz might be
caused by the difference in the boundary between the periodical
elements and the actual array.

To analyze the role of absorption and diffuse reflection in
scattering reduction, the ratio of absorption, reflection (broad-
side direction), and diffusion (other directions) energy under
normal incidence is given in Fig. 4(c), denoted by different col-
ors. Due to the good conductivity of the ground layer, the
transmission energy is extremely low (<0.01%) and not pre-
sented in the ratio comparison. Obviously, over 90% of inci-
dence plane wave energy is dissipated through the absorption of
DMA. The averaged energy ratio within the operation band
covering 8.5–20.3 GHz is demonstrated in Fig. 4(d), and
we find that the averaged scattering field reduction is increased
from 14.13 dB (absorption: 96.14%) to 21.3 dB (absorption:
96.14% and diffusion: 3.12%) with the help of diffusion. The
total scattering energy is effectively dispersed into various direc-
tions (83.2% of total scattering power), with only 0.63% of
total incidence energy reflected along the normal direction.
Generally, the proposed DMA exhibits wideband 20-dB scat-
tering field reduction with absorption dominating and diffu-
sion assisting.

To further analyze the spatial scattering field distribution of
DMA, calculated and full-wave simulated scattering field pat-
terns are compared at 10,14 and 18 GHz. Notably, the scatter-
ing fields of the proposed DMA are normalized with respect to
the PEC plate of the same size, as shown in Figs. 5(a)–5(f ). As
can be seen, calculated and simulated three-dimensional far-
field patterns of DMA for each frequency exhibit similar spatial
distribution, indicating the field vector addition results fit full-
wave simulation results well.

Although a boundary difference causes the difference among
minor lobes, it does not affect the optimization results aiming
at major lobes with dominant energy. Furthermore, DMA ef-
fectively diffuses incidence waves among the entire backward
space, which is shown by a comparison of the reflection re-
sponse between DMA and the PEC plate in Figs. 5(d)–5(i).
The incidence wave is effectively reflected by the PEC plate
concentrated on the broadside. Compared with the typical pen-
cil-beam pattern of a PEC plate, the main lobe of DMA is split
into several lobes, leading to power flow dispersed to all back-
ward space as diffusion-like reflection, so that only 16.8% of
the total scattered energy is reflected to the normal direction as
shown in Fig. 4(d). Most of the incident wave is dissipated by
the induced current flowing on the resistive film. Therefore,
DMA simultaneously dissipates and diffuses the incidence

Fig. 4. (a) Element distribution for optimized diffusion meta-
bsorber. (b) Scattering field reduction results of calculation and sim-
ulation. (c) Ratio of absorption, diffusion, and reflection under normal
incidence. (d) Averaged ratio of absorption, diffusion, and reflection
from 8.5 to 20.3 GHz, and proportion of diffusion and reflection to
the total scattered energy.
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wave, leading to the effectively reduced scattering field in back-
ward spatial space.

To quantitatively analyze the reduction effectiveness of the
proposed structure, the E-plane andH-plane scattering patterns
of DMA and the PEC plate are compared in Fig. 6. With aid
of simultaneous absorption and diffusion, DMA exhibits over
20-dB reduction of the scattering field in 0° direction, which
is consistent with calculation results shown in Fig. 4(b).
Moreover, the scattering field of DMA represented by the
green line is surrounded by the scattering field of the PEC plate
represented by the orange line, indicating the scattering field

of the proposed structure reduces in the entire backward space.
Due to the absorption of anti-phase elements, the scattering
field is not only homogenized in a larger spatial space but also
reduced by dissipation, which leads to the near-omnidirectional
scattering field reduction.

For practical applications, the polarization stability and an-
gular stability of the proposed structure are evaluated. Notably,
to better express the reduction of a spatial scattering field, the
maximum scattering field of DMA and the PEC plate of the
E-field are selected to generate normalized scattering reduction
when the plane wave has normal or oblique incidence. Figure 7
indicates that DMA maintains a wideband 20-dB reduction in
the range of 8.5–20.3 GHz with the increase in polarization
angle when the plane wave has normal incidence. With aid
of a four-fold symmetric design of the elements, the proposed
structure exhibits excellent polarization stability, although the
elements are randomly arranged. Furthermore, the reduction
performance of DMA under TE and TM polarization wave
oblique incidence is shown in Fig. 8. Under both wave irradi-
ations, the scattering reduction is maintained over 20 dB at the
incident angle from 0° to 20°, while the bandwidth remains
nearly unchanged. Along with the increase in incident angle
up to 40°, the 20-dB reduction band slowly shifts to a higher
frequency, and the 10-dB reduction band covers part of the
original operation band. Overall, the reduction spectra of TE
and TM waves indicate that the proposed design has good

Fig. 5. (a)–(c) Calculated scattering patterns and full-wave simu-
lated scattering field patterns for (d)–(f ) optimized diffusion meta-
bsorber and (g)–(i) PEC plate at frequencies of 10, 14, and 18 GHz.

Fig. 6. Simulated scattering field at (a)–(c) E-plane and (d)–(f ) H-
plane for diffusion metabsorber and PEC plate at frequencies of 10,
14, and 18 GHz.

Fig. 7. Simulated scattering field reduction of proposed diffusion
metabsorber versus frequency and polarization angle (φ).

Fig. 8. Simulated scattering field reduction of proposed diffusion
metabsorber under oblique incidences of (a) TE and (b) TM polari-
zation waves.
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scattering reduction performance, covering the entire X- and
Ku-bands.

3. FABRICATION AND CHARACTERIZATION

To verify the wideband anti-reflection characteristic, a pro-
posed structure with a size of 315 mm × 315 mm containing
21 × 21 elements is fabricated and experimentally verified. The
ITO film is deposited on a PET substrate (0.188 mm) with
thicknesses of 23 and 135 nm, achieving sheet resistances of
114 and 10 Ω/sq, respectively. Then, the 114 Ω/sq ITO films
are patterned by high precision laser etching to fabricate the
gammadion-shaped complementary layers, and the 10 Ω/sq
ITO film is directly used as the ground layer. The air gaps be-
tween the layers are achieved by inserting optical transparent
polymethyl methacrylate (PMMA) frames with a thickness
of 3.78 mm, which is shown in Fig. 9(a).

The anti-reflection performance of the sample is character-
ized through the arch method, whose configuration is shown in
the inset of Fig. 9(b). Wideband linearly polarized horn anten-
nas on the arc frame are connected to a vector network analyzer
to measure the reflection of the sample, which is normalized
with a metal plate of the same size. As shown in Fig. 9(b),
the measured reflection of the sample is lower than 0.1 at
6–21 GHz under normal incidence, confirming the wideband
anti-reflection performance of the proposed sample. By sym-
metrically changing the position of the transmitter and receiver
antennas on the arc frame, the reflection results of samples at
20° and 40° incident angles for TE and TM waves are depicted
in Figs. 9(c) and 9(d). The measured reflection is less than 0.1
from 6 to 18 GHz, which verifies the field reduction perfor-
mance in a wide range of incident angles. The measured
and simulated results are in good agreement, and the slight
difference is due to the insertion of PMMA frames and the
deviation of the material parameters and experimental system.
Overall, the experiment results validate the scattering field

reduction of the proposed DMA, thereby demonstrating the
effectiveness of the wideband anti-reflection design strategy.

4. CONCLUSION

In this work, we proposed a wideband DMA achieving more
than 20-dB scattering field reduction in the range of 8.5–
20.3 GHz. With aid of the wideband absorption characteristic
of complementary resonator design, the reflection amplitude
and phase of elements can be regulated independently, hence
providing an effective strategy to generate wideband anti-phase
absorption elements. By optimizing the distribution of ele-
ments, the proposed DMA exhibits wideband perfect scattering
field reduction utilizing simultaneous absorption and diffusion.
Moreover, the proposed design strategy and sample with excel-
lent polarization and angular stability have great potential for
EM scattering energy reduction applications.
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