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Abstract
In this study, a gradient porous structure was designed for a novel microwave absorbing material, and the effects of various 
factors on its microwave absorbing characteristics were investigated. The computational and experimental results show that 
the bandwidth of this composite can reach up to 14.06 GHz with a microwave reflection loss below − 10 dB in the frequency 
of 1–18 GHz. The appreciable agreement between the simulation and the experiment verified the validity of this structure. 
The broadband microwave absorbing performance of designed gradient porous structure was significantly enhanced, which 
was ascribed to the synergistic effect of structural and material characteristics. The square aperture of this structure increased 
from the bottom to the top, which improved the impedance matching between the surface of gradient porous structure and 
the air and reduced the reflection of electromagnetic waves. In addition, the transmission path of electromagnetic wave inside 
the absorbing structure increased, thus facilitating the attenuation of electromagnetic wave. This study could provide a new 
design strategy for the research of antiradar detection technique and shielding the electromagnetic interference.

Keywords Radar absorbing structure · Broadband absorption · 3D printing · Gradient porous structure

1 Introduction

The stealth technique is a comprehensive technique that 
reduces the scattering cross section of the target radar to 
make it difficult to be detected, identified, and hit within a 
certain range. To scatter and absorb the incident electromag-
netic wave is a fundamental way for microwave-absorbing 
materials to achieve the stealth of radar. Different excellent 
absorbents have been developed, such as carbon fiber and 
carbon nanotube [1–3], silicon carbide [4, 5], carbon-based 

composite materials [3, 6, 7], ferrite [8], magnetic metal 
powder [9], and MXenes [10, 11]. However, with the con-
tinuous development and popularization of advanced opto-
electronics, radar detection, and guidance techniques, the 
threat frequency bands for weapons and equipment have 
been expanded to the decimeter, and centimeter and millim-
eter wave bands of L(1–2 GHz), S(2–4 GHz), C(4–8 GHz), 
X(8–12 GHz), Ku(12–18 GHz), and Ka(26.5–40 GHz). 
The requirements for the microwave absorbing materials 
with broad band, strong absorption, thin thickness, and 
low density have been continuously improved [12–16]. It is 
not enough for microwave-absorbing materials to meet the 
requirements of current antiradar detection technique. There-
fore, most researches have focused on the combination of 
structural design and materials characteristics for multifunc-
tional integration, which was also applied to aeronautical 
engineering. Results show that the combination of structural 
design and materials characteristics is an effective way to 
obtain excellent broadband microwave-absorbing materials.

At present, many studies on radar absorbing structures 
are based on the synergy of materials and structures, such 
as honeycomb structure [17–19], pyramid structure [20], 
laminated structure [21–23], cycle structure [24–28], and 
metamaterials [29, 30]. These studies have achieved the best 
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absorbing effect by using different materials and adjusting 
the structural parameters, but it is still difficult for these 
radar-absorbing structures to achieve an absorption rate 
of more than 90% at 1–18 GHz. The main reason is that 
a huge impedance mismatch between the radar absorbing 
structures and the free space is generated, resulting in mas-
sive reflected electromagnetic waves. Therefore, the design 
of new structures with broadband absorbing effect is still 
one of the current research hotspots. It is shown that the 
design of porous structure can not only reduce the weight 
of microwave-absorbing composites, but also alleviate the 
impedance mismatch and enhance the multiple scattering 
absorption in the pores. Furthermore, developing multilayer 
composite through the gradient structure can also lower the 
impedance mismatch and solve the problem of narrow band 
currently.

In this study, a gradient porous structure (GPS) was 
designed for broadband microwave–absorbing material, 
which reduced the reflection of electromagnetic waves 
by adjusting the impedance matching. In addition, with 
the decrease of square aperture, the contact area between 
microwave absorbing materials and electromagnetic wave 
increased to extend the transmission path of electromagnetic 
wave in the absorbing structure and increase the attenuation 
loss, thus achieving the broadband-absorbing effect. The 
effect of geometric parameters and conductivity of GPS on 
the absorbing performance was simulated through the CST 
Microware Studio, and the GPS was prepared by 3D printing 
techniques and impregnation method to verify the simula-
tion results. This structure could provide a reference for the 
design and preparation of broadband microwave–absorbing 
materials.

2  Structural design and simulation process

2.1  Structural design strategy

Excellent microwave = absorbing material should meet 
the following requirements: (1) The impedance of mate-
rial (Z0) should match with the optimal impedance of air 
(Zair = 377 Ω) as much as possible. The input impedance 
of general absorbing material is calculated by Eq. (1). (2) 
The electromagnetic waves should be able to decay rapidly 
when entering the microwave-absorbing materials. In this 
study, the radar absorbing structure can rapidly attenuate 
the electromagnetic wave and redesign the impedance to 
match with that of air.

The structure diagram of GPS is shown in Fig. 1. Based 
on the square aperture of the bottom layer, the square 
structure was divided into multiple layers, and the square 
aperture of each layer above is bigger than that of its bot-
tom layer. The excellent absorbing performance of GPS is 
resulted from the combination of structure and conductive 
layer. As the square aperture of upper layer of structure 
was enlarged, the contact area between the upper layer 
and the air was larger. When the electromagnetic waves 
were emitted from the upper layer of structure, the reflec-
tion was reduced so that more electromagnetic waves 
can enter the bottom layer of structure. In the process of 
electromagnetic waves entering the bottom layer of the 
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Fig. 1  Schematic diagram of 
radar absorbing mechanism 
of GPS
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structure, as the square aperture of holes became smaller, 
the contact area between the electromagnetic waves and 
the conductive layer increased so that the conductive layer 
absorbed more electromagnetic waves. Moreover, some 
reflected electromagnetic waves contacted with the con-
ductive layer again within the structure and were absorbed 
twice or more times. The electromagnetic wave absorbing 
process of GPS is shown in Fig. 1b. The reflected waves 
were also reflected and refracted multiple times in the 
gaps of structure, thus increasing the wastage of electro-
magnetic waves inside the structure, which achieved an 
excellent absorbing effect.

As shown in Fig. 1c, according to the electromagnetic 
induction theory, electromagnetic waves caused the con-
ductive layer to form surface current during the incident 
process, and the current flowed from the top to the bot-
tom along the conductive layer to form a loop, that is, the 
equivalent circuit. Therefore, the incident electromagnetic 
wave energy was also lost. Under the action of electro-
motive force, free electrons moved directionally. When 
the overall impedance of structure was close to that of 
electromotive force, an excellent impedance matching was 
formed. In this impedance matching, the GPS obtained 
excellent electromagnetic wave absorbing performance. 
The impedance of GPS was represented by the equiva-
lent circuit composed of capacitance (C), inductance (L), 
and resistance (R). As shown in Eq. (2), Z1 was repre-
sented by a combination of RCL in which the capacitance 
and inductance correspond to the geometric structures, 
and the resistance was determined by the surface resist-
ance of material. Therefore, in order to achieve excel-
lent impedance matching, the geometric structures and 
surface resistance were changed to adjust the impedance 
of structure.

Based on these analyses, it can be inferred that the 
electromagnetic wave–absorbing performance of GPS is 
determined by the impedance and the shape of structure 
and affected by the changes of interfacial resonance and 
polarization. Therefore, better impedance matching can 
be obtained by optimizing the surface resistance and geo-
metric size. Because of the geometric structure, the GPS 
contains a variety of losses, including the reflection loss 
between the gaps, the microstructure loss of material, and 
the electromagnetic effect between square holes, which 
can rapidly attenuate the electromagnetic waves entering 
the conductive layer. Therefore, by optimizing the imped-
ance matching, the GPS can have excellent broadband 
absorbing performance.

(2)Z1 = R − jX = R − j

(

1

�C
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)

2.2  Model design and simulation

Figure 2 is a schematic diagram of GPS, which is composed 
of periodic square holes stacked. The total height of struc-
ture is H, and the height of each layer is h = H/(number of 
layers). The apertures of square holes from the bottom to the 
top are l1, l2, l3, and l4 respectively. The wall thickness is w, 
and the material surface resistance is R.

In the simulation process, a finite element integral tech-
nique (CST Microwave Studio) was used. The parameters 
were set as follows: the frequency range is 1–18 GHz. The 
electromagnetic wave is perpendicular to the Z-axis and 
emitted from the positive direction of Z-axis in the form 
of plane wave. The direction H of magnetic field is per-
pendicular to that of electric field. The calculation formula 
of absorbing rate is A(ω) = 1 − T(ω) − R(ω), [R(ω) =|S11|2, 
T(ω) =|S21|2]. According to frequency, the transmittance and 
reflectance can be derived by parameter S respectively. Since 
the back surface is in contact with the metal surface dur-
ing the testing and simulation, the transmittance T(ω) in the 
calculation formula is 0. Therefore, the absorbing rate was 
expressed as A(ω) = 1-R(ω).

3  Results and discussion

3.1  Selection of square aperture and number 
of layers

Through the simulation of different apertures of single-
layer square hole structure, the square aperture at the bot-
tom layer with the best effect was selected in this study. The 
test results are shown in Fig. 3a; under the conditions of 
H = 20 mm, w = 0.5 mm, and R = 500 Ω/sq, the absorbing 
effect of single-layer square hole structure becomes better 
and better as the square aperture increases. It reaches the 
best when l = 6 mm and becomes worse and worse when 
the square aperture continues to increase. Therefore, the 
square aperture of 6 mm at the bottom layer was selected, 
which is gradually expanded from the bottom to the top, that 
is, starting from the bottom layer, the square apertures are 
l1 = 6 mm, l2 = 7 mm, l3 = 8 mm, and l4 = 9 mm, respectively.

Then, structures of different layers with the same wall 
thickness, surface resistance, and height were compared, 
as shown in Fig. 3b. Under the conditions of w = 0.5 mm, 
R = 500 Ω/sq, and H = 20 mm, when the number of struc-
tural layers with the same wall thickness, surface resist-
ance, and height increases, the trend of reflection loss curve 
is relatively close. There are two peaks at 2–4 GHz and 
10–12 GHz. The absorbing effect at 1–2 GHz is very close, 
but is greatly improved at 2–18 GHz. The improvement 
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effects of two-layer and three-layer are relatively close. The 
absorbing effect of four-layer is the best. As a result, the GPS 
with four layers was selected.

Detailed simulation parameters of GPS are shown in 
Table 1.

3.2  Radar absorbing characteristics

Through the simulation analysis of different surface resist-
ances of structure, Fig. 4a shows the effect of different sur-
face resistances on the reflection loss under the conditions 
of four layers, H = 20 mm and w = 1.0 mm. It can be seen 
from the diagram that with the increase of surface resist-
ance, three peaks gradually appear in the reflection loss 
curve at 3–4 GHz, 9–10 GHz, and 15–16 GHz, respectively. 
In the interval, the reflection loss reaches the maximum. 

When the surface resistance is 1000 Ω/sq, the reflection loss 
of three peaks is the maximum, that is, − 39.7 dB, − 31.1 dB, 
and − 45.3 dB, respectively. As the surface resistance con-
tinues to increase, it gradually decreases. Therefore, the 
reflectance curve becomes smoother.

Only increasing the height of structure, the overall varia-
tion rule of reflectance curve is basically same, but the peak 
of reflectance curve moves toward the low frequency as H 
increases. As shown in Fig. 4c, under the conditions of four 
layers, w = 1 mm and R = 1500 Ω/sq, the first peak moves 
from 5 GHz (H = 14 mm) to 3 GHz (H = 26 mm), and its 
reflection loss curve gradually increases. As the absorbing 
peak moves toward the low frequency, the absorbing perfor-
mance of GPS in each frequency band becomes better and 
better. Therefore, the higher the H, the better the absorbing 
performance of structure.

Fig. 2  Schematic diagram of 
GPS
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Under the conditions of four layers, R = 1000 Ω/sq and 
H = 20 mm, the effect of different wall thicknesses on the 
reflection loss is shown in Fig. 4b. Increasing the wall thick-
ness makes all loss peaks move toward the low frequency, 
which has better absorbing effect in the low-frequency band. 
However, as the wall thickness increases, the peak of reflec-
tion loss curve moves to the low frequency, while the loss 
value of some bands decreases on the contrary. For exam-
ple, when the wall thickness w is 0.4 mm, the loss value of 
4–8 GHz is lower than − 10 dB. However, when the wall 
thickness w increases to 1.6 mm, the loss value of some 
bands of 4–8 GHz is higher than − 10 dB.

The effect of wall thickness on the absorbing performance 
of structure cannot be distinguished only from the reflec-
tion loss curve. As a result, the bandwidth below − 10 dB 
with different R, w, and H was compared. As shown in 
Fig. 4d, when the surface resistance is small, the differ-
ence in wall thickness has little influence on the bandwidth 
below − 10 dB, which is very close. However, when the 
surface resistance is large, the bandwidth below − 10 dB 
decreases significantly with the increase of wall thickness. 
Therefore, it is concluded that when the wall thickness is 
smaller, the absorbing performance of structure is better. 
From the comparison of bandwidth below − 10 dB with 

Fig. 3  a Comparison of different square apertures, b comparison of different layers

Table 1  Parameters of GPS

Parameters Expressions Variables Invariants

R Sheet resistance/
Ω/sq

200, 400, 500, 600, 800, 1000, 1200, 1400, 1500, 
1600, 1800, 2000

N = 4; w = 1, 1.5, 2 mm;
H = 18, 20, 22 mm;
h = 4.5, 5, 5.5 mm;
l1 = 6 mm; l2 = 7 mm;
l3 = 8 mm; l4 = 9 mm

N Number of layers 4, 3, 2, 1 R = 500 Ω/sq; w = 0.5 mm;
l1 = 6 mm; l2 = 7 mm;
l3 = 8 mm; l4 = 9 mm; H = 20 mm

w Thickness of wall/mm 0.4, 0.5, 0.6, 0.8, 1.0, 1.2, 1.4, 1.5, 1.6, 1.8, 2.0 N = 4; H = 20 mm;
R = 1000 Ω/sq;
l1 = 6 mm; l2 = 7 mm;
l3 = 8 mm; l4 = 9 mm

l Aperture of square hole/mm 2, 4, 6, 8, 10, 12, 14, 16 N = 1; H = 20 mm; w = 0.5 mm;
R = 1500Ω/sq

H Total thickness/mm 14, 16, 18, 20, 22, 24, 26 N = 4; w = 1.0 m;
R = 1500 Ω/sq;
l1 = 6 mm; l2 = 7 mm;
l3 = 8 mm; l4 = 9 mm;

h Height of single layer/mm H/N /
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different surface resistances and heights, it can be seen that 
when the surface resistance increases, the bandwidth also 
increases. When the surface resistance is 800 Ω/sq, the band-
width reaches the maximum. When the surface resistance 
continues to increase, the bandwidth below − 10 dB gradu-
ally decreases. Therefore, when the surface resistance is 800 
Ω/sq, the structure has the best microwave-absorbing per-
formance. In addition, increasing the height is conducive to 
the absorbing performance of structure.

3.3  Experimental verification

Based on the above analysis, it is concluded that when w 
decreases and H increases, the absorbing performance is 
better. When the surface resistance is 800 Ω/sq, the absorb-
ing performance reaches the best. However, increasing or 

decreasing the surface resistance makes the absorbing per-
formance worse. Table 2 shows the comparison of various 
parameters below − 10 dB bandwidth:

If w is too small, it makes the preparation of sample diffi-
cult. In practical applications, H should be as small as possi-
ble when the conditions are met. Thus, values of parameters 
used for verification in this study are shown in Table 3.

In order to verify the reliability of design, the GPS was 
prepared by 3D printing techniques and impregnation 
method to compare the simulation results. All the materials 
needed in the experiment can be bought in merchants and 
used without processing. Firstly, a photosensitive resin was 
used to prepare a structured matrix by light curing. Sec-
ondly, graphite (180 g), conductive carbon black (35 g), dis-
persant (20 g), curing agent (50 g), and water (300 g) were 
added to the water-based epoxy resin (550 g). Thirdly, the 

Fig. 4  a Effect of surface resistance R on the reflection loss curve, b effect of height H on the reflection loss curve, c effect of wall thickness w 
on the reflection loss curve, d effect of R, w, and H on the bandwidth below − 10 dB for four-layer structure
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substrate of porous gradual structure was immersed in the 
conductive paint. It was taken out 1 min later and placed in 
an oven to dry for 12 h at 40 °C. A conductive layer was then 
formed on the surface of substrate of porous gradual struc-
ture. Finally, the surface resistance of structure was tested 
by a four-probe tester and an arch reflectivity test system 
(8720ES, Agilent, USA) to measure the reflection loss in 

a microwave darkroom. The antenna type is a segmented 
pyramid horn antenna, and the distance from the metal plate 
is about 1.8 m.

The comparison between test results and simulation  
results is shown in Fig.  5c, d. It is found that the test  
results basically conform to the simulation results. However, 
there is also a certain difference between the test and the 

Table 2  Comparison of various parameters with bandwidths below − 10 dB

Parameters Variables Invariants Absorbing peaks (GHz) Peak values (dB) Bandwidths 
below − 10 dB 
(GHz)

H 14 mm W = 1 mm; N = 4;
R = 1000 Ω/sq;
l1 = 6 mm; l2 = 7 mm;
l3 = 8 mm; l4 = 9 mm

5.23; 13.63  − 19.37; − 19.47 11.69
16 mm 4.52; 11.95  − 23.95; − 21.58 12.33
18 mm 3.99; 10.61; 16.99  − 33.35; − 24.59;

 − 40.27
13.55

20 mm 3.57; 9.55; 15.31  − 36.35; − 28.73;
 − 45.52

14.50

22 mm 3.21; 8.68; 13.97  − 26.28; − 36.26;
 − 49.64

15.45

24 mm 2.90; 7.97;
12.83; 17.42

 − 22.04; − 47.15;
 − 37.38; − 26.71

16.06

26 mm 2.67; 7.36;
11.86; 16.18

 − 19.46; − 33.19;
 − 32.69; − 25.69

16.23

w 0.4 mm N = 4; H = 20 mm;
R = 500 Ω/sq;
l1 = 6 mm; l2 = 7 mm;
l3 = 8 mm; l4 = 9 mm

11.42  − 17.71 15.01
0.6 mm 10.76  − 17.43 15.18
0.8 mm 10.38  − 16.88 15.19
1.0 mm 9.82  − 16.34 15.23
1.2 mm 3.22; 9.39; 16.41  − 10.59; − 15.88;

 − 18.47
14.01

1.4 mm 3.06; 9.02; 15.99  − 10.62; − 15.53;
 − 19.41

13.53

1.6 mm 2.97; 8.72; 13.92  − 10.58; − 15.17;
 − 17.36

13.20

1.8 mm 2.82; 8.44; 13.51  − 10.68; − 15.00;
 − 16.88

13.14

R 400 Ω/sq N = 4; H = 20 mm;
w = 1.0 mm;
l1 = 6 mm; l2 = 7 mm;
l3 = 8 mm; l4 = 9 mm

– – 11.82
600 Ω/sq 3.40; 9.7  − 12.82; − 19.19 15.64
800 Ω/sq 3.48; 9.57; 15.37  − 19.02; − 29.42;

 − 27.09
15.69

1000 Ω/sq 3.57; 9.55; 15.31  − 36.35; − 28.73;
 − 45.52

14.50

1200 Ω/sq 3.62; 9.55; 15.28  − 23.53; − 19.94;
 − 24.39

13.25

1400 Ω/sq 3.67; 9.53; 15.28  − 17.22; − 15.93;
 − 19.08

11.16

1600 Ω/sq 3.70; 9.53; 15.25  − 14.06; − 13.48;
 − 15.93

9.18

1800 Ω/sq 3.73; 9.53; 15.25  − 12.03; − 11.74;
 − 13.95

6.44

N 1 H = 20 mm;
w = 0.5 m;
R = 500 Ω/sq;
l1 = 6 mm; l2 = 7 mm;
l3 = 8 mm; l4 = 9 mm

10.93  − 13.69 11.12
2 10.72  − 15.15 12.31
3 – – 11.90
4 9.82  − 16.34 15.30
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simulation, which is caused by the following reasons: (1) 
The coating of sample in the test is thicker than that in the 
simulation. (2) The coating is uneven during the prepara-
tion process. (3) The specific value of resistance inside the 
structure cannot be measured, including the average value 

of resistance. (4) Compared with the vertical incidence of 
electromagnetic waves in the simulation, there are some 
angular deviations between the antenna and the sample in 
the test, and the test results of 1–18 GHz are composed of 
four frequency bands of 1–2 GHz, 2–4 GHz, 4–8 GHz, and 
8–18 GHz. These four frequency bands with four different 
antennas changed the antenna during the test and caused 
position deviation. Therefore, these factors caused certain 
errors in this test. Considering the uncertainty in preparation 
and test, there is a certain error between the simulation and 
the test, but it still has a certain reference. In the test results, 
under the conditions of H = 20 mm, w = 1 mm, and R = 800 
Ω/sq, the bandwidth of reflectivity curve below − 10 dB is 
14.06 GHz (3.98–18 GHz). At 5.34 GHz, the value of reflec-
tion loss can reach − 17.46 dB.

Table 3  Values of parameters for verification

Samples Value of R (Ω/sq) Value of w (mm) Value of 
H (mm)

Measured 1 400 1 20
Measured 2 400 2 20
Measured 3 800 1 20
Measured 4 2000 1 20

Fig. 5  a GPS matrix, b GPS impregnated with conductive coating, c simulated and measured RL with different values of w, d simulated and 
measured RL with different values of R 
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According to the simulation results, under the conditions 
of H = 20 mm, w = 1 mm, and R = 800 Ω/sq, the reflec-
tance curve has three peaks at 3.48 GHz, 9.57 GHz, and 
15.38 GHz, respectively. Figure 6 is a schematic diagram 
of magnetic field distribution and surface current of three 
peaks and one other-than-peaks during the simulation. 
It can be seen from the figure that when the frequency is 
3.48 GHz, the magnetic field strength near the upper and 
bottom metal of the square hole structure is higher, and the 
magnetic field strength in other places is weaker, which is 
mainly concentrated on the top and the bottom. Without 

peak, when the frequency is 8.0 GHz, the intensity of the 
magnetic field inside the structure is the highest. The distri-
bution of magnetic field at 9.57 GHz is consistent with that 
at 8.0 GHz. When the frequency is 15.38 GHz, it is only 
concentrated on the top of the structure, indicating that the 
magnetic field has been changing from the beginning to the 
end. The intensity of generated surface current also changes, 
which is thus consistent with the intensity of the magnetic 
field. A typical λ/4 resonance is shown, that is, the electro-
motive force exerted by the incident electromagnetic wave 
excites the magnetic field inside the porous structure, and 

Fig. 6  Schematic diagram of 
magnetic field distribution and 
surface current
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then generates the resonance near the resonant medium of 
conductive layer of structure, thereby changing the dielectric 
constant. It also resonates the reflectivity curve of GPS and 
changes the absorbing bandwidth. Therefore, when it has a 
suitable surface resistance value, the conductive layer can 
make more electromagnetic waves enter the structure and 
more attenuated. This is consistent with our conjecture. As 
a result, the GPS is effective.

4  Conclusions

In summary, the designed and prepared gradient porous 
composites with three-dimensional structure and conductive 
coating display an excellent electromagnetic wave–absorbing 
performance, which is attributed to the synergistic effect of 
structure and material. The impedance of GPS is affected by 
the surface resistance R, the total height H, and the wall thick-
ness w. By optimizing R, H, and w, the structure can achieve 
good impedance matching with the air, thereby obtaining 
excellent absorbing performance. Under the conditions of 
H = 20 mm, w = 1 mm, and R = 800 Ω/sq, the prepared GPS 
can reach 14.06 GHz with the bandwidth below − 10 dB. It 
is shown that the GPS prepared by 3D printing techniques 
and impregnation method has obvious consistency with the 
simulation results, which proves the validity of theory in this 
study. Therefore, a GPS proposed in this study can effectively 
improve the absorbing performance. This study can also pro-
vide a new technical approach for developing “thin, light, 
wide, strong” radar stealth materials.

Supplementary information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s42114- 021- 00275-4.
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