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ABSTRACT: To enhance the reduction of radar cross section (RCS) and improve stealth performance, a phase cancellation and absorbing
metasurface (PCAM) is designed in this paper. The PCAM is composed of a chessboard layout of circular units and square units, and it
not only converts absorbed incident electromagnetic waves into heat to reduce the intensity of reflected electromagnetic waves but also
simultaneously controls the phase of the reflected electromagnetic waves, achieving phase cancellation. This enables the metasurface to
be exhibited with ultralow backscatter. After simulation verification, the metasurface can achieve RCS reduction of over 15 dB in the
4.3–11GHz range for vertical incidence, with a fractional bandwidth of approximately 87.6% and over 15 dB in the 5.4–11.2GHz range
for a 30◦ oblique incidence, demonstrating good stability for oblique angles. The metasurface has increased the reduction level from
over 10 dB to over 15 dB, significantly enhancing the RCS reduction. Additionally, in the co-planar state with a central curvature of 90◦,
it can also achieve RCS reduction of over 10 dB in the 3.2–9.9GHz range, showing significant potential for practical applications.

1. INTRODUCTION

Metamaterials, also known as new artificial electromagnetic
materials, are artificial composite materials composed of

sub-wavelength unit structures, exhibiting characteristics of
negative permittivity and negative permeability. Metasurfaces
are a two-dimensional arrangement of artificial electromagnetic
materials, possessing the unique ability to manipulate electro-
magnetic waves. Due to their distinctive capability to control
electromagnetic waves [1, 2], metasurfaces hold significant po-
tential in various applications, such as metasurfaces absorbers
[3–5], polarization converters [6–8], and stealth cloaks [9, 10].
In recent years, metasurfaces as two-dimensional planar struc-
tures have become a focal point of research in RCS applications
due to their lightweight nature, low profile, and ease of integra-
tion with device surfaces [11–17].
There are three main categories of methods using metasur-

faces to achieve RCS reduction. The first method involves ab-
sorbing the energy of electromagnetic waves and converting
it into heat to reduce the intensity of reflected waves [18, 19].
The second method involves controlling the backscattering of
electromagnetic waves to deflect the primary energy of re-
flected electromagnetic waves away from the detection direc-
tion [20, 21]. The third method combines the first two mecha-
nisms, absorbing waves while controlling backscattering [22].
Ji et al. utilized a two-layer structure. The first layer consisted
of geometric phase units capable of scattering electromagnetic
waves in the lower frequency range. The second layer was a
resistive Frequency Selective Surface (FSS) enabling wave ab-
sorption in the higher frequency range, achieving a 10 dB RCS
reduction in the 13–31.5GHz range [23]. The two-layer struc-
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ture improved performance, but it often increased complexity.
Li et al. proposed a single-layer structure where a lumped re-
sistor was inserted into the FSS. By adjusting the resistor val-
ues and the dimensions of the metallic structure, it achieved
coherent absorption working together, resulting in over 15 dB
RCS reduction in the 4.1–12.0GHz band [24]. However, the
designed metasurface only operated stably for x-polarized in-
cidence. Moreover, in practical applications, metasurfaces of-
ten encounter significant influence in RCS reduction and band-
width when being bent at large angles. Therefore, solving this
problem is crucial [25, 26].
In this paper, we propose a single-layer PCAM structure

composed of two types of FSS units with inserted lumped re-
sistors. Due to its symmetrical design, it can operate stably
under incoming waves of different polarizations. By combin-
ing absorption and phase cancellation mechanisms, this PCAM
achieves over 15 dB RCS reduction in the 4.3–11GHz range,
significantly reducing backscattered energy. It also demon-
strates stability at a 30◦ oblique incidence angle and can operate
in conformal scenarios, thereby expanding its range of applica-
tions. It is suitable for stealth applications in the C-band, X-
band, and parts of the S-band.

2. THEORY OF PCAM

The schematic diagram of the metasurfaces phase cancellation
is shown in Fig. 1(a) with a checkerboard array structure where
adjacent units have a certain phase difference. When electro-
magnetic waves vertically impinge on the checkerboard array,
the reflected waves are divided into four lobes deviating from
the central direction, as depicted in Fig. 1(b).

111doi:10.2528/PIERM24091103 Published by THE ELECTROMAGNETIC ACADEMY

https://doi.org/10.2528/PIERM24091103


Hao et al.
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FIGURE 1. A checkerboard structure composed of two units with a 180◦ phase difference and their scattering pattern. (a) Checkerboard structure.
(b) Scattering pattern.

(a)

(b)

(c)

FIGURE 2. Unit structures. (a) Top view of unit 1. (b) Top view of unit 2. (c) Side view.

The reflected electromagnetic waves from the ACM1 unit
and ACM2 unit can be expressed as:

E⃗1 = A⃗1e
jφ2 , E⃗2 = A⃗2e

jφ2 (1)

Here, A1 and A2 represent the amplitudes of the reflected
waves, while φ1 and φ2 represent the phase of the reflected
waves. Compared to a metallic plate of dimensions, the RCS
reduction can be expressed as:

RCSredution = 10 log


∣∣∣A⃗1e

jφ1 + A⃗2e
jφ2

∣∣∣∣∣∣E⃗Metal
r

∣∣∣
2

(2)

where E⃗Metal
r represents the reflected electric field of the metal

plate. From formula (2), it can be seen that the reduction in
RCS not only is related to the phase of the unit, but also has
an important connection with its reflection amplitude. When
A1 = A2 = 1, to achieve an RCS reduction effect of more
than 10 dB, the phase difference between the two units should
be within the range of 180◦ ± 37◦. If resistive elements are

added to the unit or if resistive films are used instead of surface
metal structures to give it absorbing characteristics, reducing
the amplitude of the reflected wave, the RCS reduction effect
will be further enhanced.

3. DESIGN OF METASURFACE UNIT
The structures of unit 1 and unit 2 are shown in Fig. 2(a) and
Fig. 2(b). Due to the good angular and polarization stability of
the circular and square ring FSS structures, along with a high
operating bandwidth, the unit structures consist of metal square
rings and metal circular rings with inserted lumped resistors.
These structures are loaded on an FR4 (ε = 4.3) substrate with
a thickness of t = 0.4mm. Unit 1 and unit 2 have the same
unit period P = 18mm. Unit 1 features an open square ring
structure with l1 = 12mm, l2 = 5.2mm, and an opening width
of m1 = 3mm. Unit 2 is designed with an open circular ring
structure with a = 8mm, b = 7.2mm, and an opening width
of m2 = 2mm. Air isolation is used between the substrate
and metal ground plane, with a thickness of h = 9mm. The
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FIGURE 3. Reflection characteristics of the two units with or without resistors. (a) Reflection amplitude with resistors. (b) Reflection amplitude
without resistors. (c) Reflection phase. (d) The phase difference between unit 1 and unit 2.

lumped resistor values for unit 1 and unit 2 are R1 = 350Ω
and R2 = 150Ω, respectively.
The reflection characteristics of units with and without re-

sistors are shown in Fig. 3. The simulations in this paper are
conducted using the commercial software CSTMicrowave Stu-
dio, with incident electromagnetic waves all being x-polarized.
The reflection amplitude of the units with and without resis-
tors are shown in Fig. 3(a) and Fig. 3(b), respectively. It can
be observed that in the absence of resistors, the incident wave
energy is almost entirely reflected, while with the insertion of
resistors, a significant portion of the incident wave energy is
absorbed by the resistors, converting into Ohmic losses. The
phases of unit 1 and unit 2 are depicted in Fig. 3(c), and the
phase difference is shown in Fig. 3(d). The phase difference of
resistive unit 1 and unit 2 falls within 180◦ ± 37◦ in the range
of 3.6–10.3GHz. The insertion of resistors not only enables
the units to exhibit absorbing properties but also plays a cru-
cial role in phase modulation, allowing the phase difference to
approach 180◦ over a wider frequency band. By altering the
physical dimensions of unit 1 and unit 2 as well as the resis-
tance values of lumped resistors, favorable phase differences
can be achievedwhilemaintaining absorption performance dur-
ing unit design. The metasurfaces that combine absorption and
phase cancellation can further reduce the intensity of backscat-

tered electromagnetic waves, thereby achieving better RCS re-
duction effects.

FIGURE 4. PCAM checkerboard array structure.
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FIGURE 5. (a) Monostatic RCS of PCAM and metal plate. (b) Monostatic RCS reduction of PCAM. (c) RCS reduction in the mirror direction at 15◦
and 30◦ incident angles.

TABLE 1. Comparison of our paper and related designs.

Ref.
15 dB RCS

Reduction FBW (%, GHz)
Flat surface

Max
angle

10 dB RCS
Reduction FBW (%, GHz)

Curved surface
Mechanism

8 Only point No No Phase cancellation

13 77% (8.8–22) 20◦
α = 90◦,

70% (9–16.7)
Phase cancellation

21 41% (18.4–27.9) 10◦ No Phase cancellation

22 Only point 45◦
α = 60◦,

20% (19.4–23.6)
Hybird

23 16% (20.8–24.4) 20◦ No Hybird
This
work

87.6% (4.3–11) 30◦
α = 90◦,

102% (3.2–9.9)
Hybird

Ref: Reference, FBW: Fractional Bandwidth, α: Central curvature angle.

4. DESIGN OF PCAM AND SIMULATION
Building upon the unit design in the previous section, units 1
and 2 are arranged in a checkerboard pattern as shown in
Fig. 1(a). Unit 1 and unit 2 are arranged in a 5 × 5 array to
form a 10 × 10 checkerboard array, as shown in Fig. 4. The
overall dimensions of the entire PCAM are 180mm×180mm.
Ametal plate of the same size is used as a control to compare

the monostatic RCS in full-wave simulations for vertical inci-
dence. The results are shown in Fig. 5(a). By subtracting the

monostatic RCS of the metal plate from that of the PCAM, the
monostatic RCS reduction curve of the PCAM in the range of
2–12GHz is obtained, as shown in Fig. 5(b). It can be observed
that a reduction of over 15 dB in RCS is achieved in the range
of 4.3–11GHz, with a fractional bandwidth of approximately
87.6%. Particularly, within the ranges of 4.7–6.4GHz and 9.4–
10.6GHz, the RCS reduction exceeds 20 dB. For bistatic radar
detection, non-specular scattered electromagnetic waves can be
detected. However, it is well known that when the incident
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FIGURE 6. (a) 3D far-field pattern of PCAM (with resistors hidden). (b) 3D far-field pattern of metal plate. (c) Bistatic RCS of PCAM and metal
plate. (d) Ratio of the phase cancellation and absorption of the PCAM under vertical incidence.

(a) (b)

FIGURE 7. (a) PCAM structure with a central curvature angle α = 90◦ (with resistors hidden). (b) RCS reduction of curved PCAM.

wave is inclined to the metal surface, the scattered field is the
strongest in the mirror reflection direction. In this case, stealth
design mainly focuses on reducing the mirror RCS because
non-specular scattering is much smaller than mirror scattering.
Therefore, we further simulated the RCS reduction characteris-
tics in the mirror direction at 15◦ and 30◦ incident angles. As
shown in Fig. 5(c), a reduction of over 15 dB in RCS is still
achieved in the 5.4–11.2GHz range at a 30◦ incidence angle,
with a reduction of 20 dB in RCSwithin the 6.4–9.5GHz range,
demonstrating good stability under oblique incidence.

Figure 6(a) presents the far-field simulation results of PCAM
at 5.2GHz under vertical incidence, contrasting with the metal
plate as shown in Fig. 6(b). It can be observed that the de-
signed metasurface not only possesses absorbing characteris-
tics but also scatters the reflected energy in all directions, nearly
eliminating the backscattered lobes. Fig. 6(c) shows the bistatic
RCS of PCAM and the metal plate at phi = 90◦, and the RCS
is reduced in various directions. Fig. 6(d) depicts the ratio of
absorption and phase cancellation in the vertically reduced en-
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ergy, and it can be seen that both absorption and phase cancel-
lation play important roles in RCS reduction.
In practical applications, many surfaces are curved, such as

aircraft, radar domes, and ships. Metasurfaces need to con-
form to the surfaces of objects, so they also need to adapt to
curved shapes. Therefore, the planar PCAM is introduced onto
a cylindrical surface with a central angle α = 90◦ as shown in
Fig. 7(a).
Under vertical incidence, a comparison with a metal curved

surface with the same curvature angle yields RCS reduction
curves as shown in Fig. 7(b). It can be observed that with
the curved PCAM loaded, a reduction of over 10 dB in RCS
is achieved in the range of 3.2–9.9GHz, with a relative band-
width of approximately 102.2%. Although the RCS reduction
effect is slightly lower than the planar PCAM, it still meets ex-
pectations.
Table 1 lists the comparison between our research and other

relevant studies on conventional phase cancellation metasur-
faces [8, 13, 21] and hybrid mechanism metasurfaces [22, 23].
The designed metasurface shows significant advantages in
terms of reduction amount and operating bandwidth.

5. CONCLUSION
In this paper, a phase cancellation and absorbing metasurface is
proposed, which enhances the reduction effect of RCS by ab-
sorbing incident electromagnetic waves and further controlling
backscattered electromagnetic waves through phase cancella-
tion. Through simulation verification, this PCAM achieves a
reduction of over 15 dB in RCS in the 4.3–11GHz range, with
a fractional bandwidth of approximately 87.6%. Moreover, at
a 30◦ oblique incidence, it still maintains a reduction of over
15 dB in RCS in the 5.4–11.2GHz range, demonstrating good
stability under oblique incidence. Additionally, when the meta-
surface is applied to a cylindrical surface with a central curva-
ture angle of 90◦, it achieves a reduction of over 10 dB in RCS
in the 3.2–9.9GHz range, with a fractional bandwidth of ap-
proximately 102.2%, expanding its application scenarios. The
proposed metasurface structure is simple and reliable in perfor-
mance. It can be applied to stealth applications in the C, X, and
some S bands.
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