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ABSTRACT In this paper, a novel method of realizing the ultra-wideband (UWB) radar cross section (RCS)
reduction is proposed. We combine the chessboard structure of multi-elements which are all polarization
conversion metasurface (PCM) units with random coding. Four different kinds of PCM units all with UWB
and much high polarization conversion rate (PCR) are selected. Morever, their polarization conversion
frequency bands are optimized not only in the high frequency segment but also in the low frequency
segment. The final designed structure can achieve 10 dB RCS reduction within 6.9 GHz-20.1 GHz in the
high frequency segment and 15.5 GHz-51.2 GHz in the low frequency segment, respectively. In addition,
the effects of RCS reduction by the square chessboard structure composed of different numbers of these
PCM units are compared. The proposed metasurface structure provides an efficient scheme to reduce the
scattering of the electromagnetic waves.

INDEX TERMS Chessboard random code metasurface, ultra-wideband (UWB), radar cross section (RCS).

I. INTRODUCTION
In recent years, with the rapid development of radar tech-
nology, the theoretical research and practical application of
stealth technology has become a hot spot of domestic and
foreign scholars. In the future war, radar will still be the most
important and reliable means to detect the target. Therefore,
the research of stealth technology focuses on the radar char-
acteristic signal control of the target. The essence of radar
stealth is to use various means to reduce the echo signal of
the target, so that the enemy radar can’t detect accurately. The
radar cross section (RCS) of a target is the physical quantity
that represents the strength of the radar echo of the target. It is
the most critical concept in radar detection technology and
anti-radar stealth technology [1]. In the use of radar, people
tend to pay more attention to the echo with the same polariza-
tion as the transmitted electromagnetic wave. If the surface of
target can realize polarization conversion and convert the lin-
early polarized incident wave into the outgoing wave which
is perpendicular to its polarization, then for the radar with the
same polarization of the receiving and transmitting antennas,
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the target signal can’t be accurately received and the purpose
of stealth are achieved. In this case, the PCM [2]–[5], which
can achieve high efficiency polarization conversion, will be a
very good stealth material.

The mechanism of artificial magnetic conductor (AMC)
in chessboard configurations is based on the elimination of
interference of the reflected waves generated by the PEC and
AMC units that constitute the chessboard structure [6], [7].
To further improve the bandwidth of 10 dB RCS reduction,
various methods have been proposed, but with a cost of struc-
tural complexities [8]–[10]. Finally, PCM chessboard is pro-
posed to simplify the design by using the same PCM unit to
realize a chessboard structure. Since PCM unit can be rotated
by 90◦ and the phase difference between the two structures
can be maintained 180◦ all the time, so the only factor affect-
ing the RCS reduction performance is the PCR [11]. Random
surface [12], using the characteristics of diffuse reflection to
reduce the RCS of microwave frequency band. By adjusting
the reflection phase of the array element, randommetasurface
makes the reflection phase of each element uniformly and
randomly arranged in 360◦ to scatter the strong reflection
peak of the metal target into irregular scattering wave in all
directions, so as to significantly reduce the back scattering
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FIGURE 1. Structure diagram of (a) PCM unit 1, (b) PCM unit 2, (c) PCM
unit 3, (d) PCM unit 4.

and achieve stealth. In addition, professor Cui Tiejun et al.
proposed a new concept of coding metasurface [13]. The
coding metasurface is composed of elements with the same
phase difference in a broadband, which is basically constant.
According to the number of coding bits, there are 1 bit, 2 bit,
3 bit metasurface, and so on. By selecting different coding
sequence, arbitrary control of electromagnetic wave can be
realized [14].

Therefore, in this paper, a new type of PCM chessboard
metasurface with random coding is constructed by the ele-
ments with broadband polar- ization conversion property,
which can not only scatter the electromagnetic wave in all
directions, but also convert the incident electromagnetic wave
into another kind of linearly polarized outgoing wave with
cross polarization. It greatly widens the backward RCS reduc-
tion bandwidth.

II. DESIGN OF THE UNITS AND THEORETICAL ANALYSIS
The four UWB PCM units designed in this paper are shown
in Fig.1. In this paper, we call them as PCM unit1, PCM
unit2, PCM unit3, PCM unit4. Through the simulation and
optimization of CST Microwave Studio, in the high fre-
quency segment, the uniform period size is 4 mm, the chosen
dielectric layer is F4B: εr = 2.2, tan σ = 0.001, and the
thickness is 1.5 mm, the other local geometric parameters
are shown in Table 1 in the high frequency segment. All
of these structures can excite multiple resonance modes to
expand the polarization conversion bandwidth. Their−10 dB
polarization conversion bandwidths are: 20 GHz-47.7 GHz,
15.4 GHz-50.54 GHz, 16.68 GHz- 50.02 GHz, 20.22 GHz-
45.74 GHz, respectively (as shown in Figure 2).

Then, by adjusting the other local geometric parameters
and the thickness of the dielectric layer as shown in Table 1 in

TABLE 1. Dimensions of four elements at high frequency segment and
low frequency segment.

FIGURE 2. Co- and cross-polarization reflection coefficients of four units
in the low frequency segment.

the low frequency segment, the four kinds of UWB polar-
ization conversion units are respectively optimized to the
low frequency segment, so that the uniform period sizes are
10 mm, the thickness is 3.2 mm, the dielectric layer is F4B:
εr = 2.65, tan σ = 0.001, and their −10 dB polariza-
tion conversion bandwidth are 9.3 GHz-19 GHz, 6.7 GHz-
19.9 GHz, 7.6 GHz-21.2 GHz and 7 GHz-19.6 GHz. Here,
The PCR is defined as PCR= r2xy/ (r

2
xy + r

2
yy) = r2yx/ (r

2
yx +

r2yy) (1), where rxy and ryx represent the cross-polarization
reflection coefficients, and rxx and ryy represent the co- polar-
ization reflection coefficients. Figure 2 and Figure 3 show the
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FIGURE 3. Co- and cross-polarization reflection coefficients of four
elements in the high frequency segment.

co- and cross-polarization reflection coefficients of the four
units in the low frequency segment and in the high frequency
segment, respectively. We can observe that the PCR can
reach more than 90% between all these −10 dB polarization
conversion bandwidth in the low frequency segment and high
frequency segment [15].

III. DESIGN AND ANALYSIS OF THE
META-SURFACE STRUCTURE
A. COMPARISONS OF RCS REDUCTION EFFECT OF
META-SURFACES CONSIST OF DIFFERENT
NUMBERS OF PCM UNITS
In the case of the high frequency segment, four differ-
ent kinds of PCM units above are firstly constructed into
6×6 square chessboard structures respectively, and then com-
bined each of them into 4 × 4 metasurface structures (see in
Figure 4a-4d), respectively. For the chessboard structure com-
posed of PCM units, the reflection phase of each part is 180◦

different from that of the adjacent parts, and the reflection
waves of each two parts cancel each other, so the RCS reduc-
tion effect is not bad [16]. Secondly, we select two of these
four units to form a 6 × 6 chessboard structure respectively,
and then arrange these four different chessboard structures
into a 4 × 4 metesurface structure (see in Fig. 4e). Then,
we choose three of them to form a 6×6 chessboard structure,
and arrange these chessboard structures into a 4× 4 structure
(see in Fig. 4f). Finally, we use these four different units to
form four different 6×6 PCM chessboard structures, and then
they are arranged into a 4×4 structure in the order of ‘‘1234,

FIGURE 4. Chessboard structure composed of (a) PCM unit1, (b) PCM
unit2, (c) PCM unit3, (d) PCM unit4, (e) PCM unit2 and PCM unit3, (f) PCM
unit1, PCM unit2 and PCM unit4, (g) these four different PCM units.

2341, 3412, 4123’’. (Here, we use the numbers ‘‘1’’, ‘‘2’’,
‘‘3’’ and ‘‘4’’ to represent four different 6×6 PCMchessboard
composed of the four different units, see in Fig. 4g.)

The monostatic RCS reduction effect realized by the seven
different chessboard structures (see in Fig. 4a-4f) are shown
in Fig. 5. The bold red line in Fig. 5 represents the RCS
reduction realized by the metasurface of chessboard structure
composed of four different PCM units arranged in order (as
shown in Fig. 4g). It can be seen clearly that the monostatic
RCS reduction effect achieved by the four-elements random
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FIGURE 5. The RCS reduction effect realized by the seven different
chessboard structures in Figure 4.

coded chessboard structure is the best, which has the widest
10 dB RCS reduction bandwidth. In addition, we have also
considered the effect of RCS reduction by choosing other
two or three different kinds of PCM to compose chessboard
structures with the same size, and the results are consistent
with above. In a word, using four different PCM units to form
the chessboard structure is better than using one or two or
three different PCM units to form the chessboard structure to
achieve RCS reduction. (Several other chessboard structures
consisted of these two or three PCM units are omitted here,
the simulation results show that they are not as good as
the structure consisted of four different PCM units, as show
in Fig. 4g.)

B. RCS REDUCTION COMPARISONS BETWEEN RANDOM
AND ORDERLY CODED METASURFACES
Combining with random coding, the chessboard structure
composed of four different elements is arranged according
to random coding, and the effect of RCS reduction is further
improved. As mentioned above, we use numbers ‘‘1’’, ‘‘2’’,
‘‘3’’ and ‘‘4’’ to represent four different PCM chessboard
structures. Fig. 6 (a) is a 6 × 6 chessboard structure com-
posed of the four different units in the order of ‘‘1234, 2341,
3412, 4123’’. Then generate the random sequence accord-
ing to Matlab software, such as ‘‘1411, 3324, 2413, 4231’’.
As shown in Fig. 6 (b), we arrange the four different PCM
chessboard structures in the random order above in the high
frequency segment. Fig. 6 (c) is the same arrangement as
Fig. 6 (b) in the low frequency segment.

Figure7 shows the comparison of RCS reduction between
the orderly and random arrangement corresponding to
Fig. 6(a) and 6(b). It is obvious that the RCS reduction
effect of random coding is better than that of orderly coding
metasurface, especially at 19.5 GHz, under the condition of
the same sizes and elements. Although only the 4×4 random
coding is discussed in this paper, with the increasing of the
number of coding sequences, the effect of RCS backscatter
realized by the structure is better than that of orderly arrange-
ment obviously.

FIGURE 6. The orderly chessboard structure in the high frequency
segment, (b) chessboard random coding structure in the high frequency
segment, (c) square chessboard random coding structure in the low
frequency segment.

Figure 8 shows the simulation far-field patterns of the
scattering of the orderly coding chessboard structure and
chessboard random coding structure in the high frequency
segment, respectively. We can observe from Figure 8a and 8b
that the main lobe reduces significantly and many side lobes
are produced.

Moreover, the proposed structure with random coding
(Figure 8b) is more conducive to realizing RCS reduction
with better backscatter, compared with the case in Figure 8a,
which is orderly coding structure. As shown in Fig. 9, we can
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FIGURE 7. Comparison of RCS reduction of the orderly and random
arrangement corresponding to Figure 6 (a) and 6(b).

FIGURE 8. Simulation far-field patterns of the scattering in the high
frequency segment of (a) chessboard structure in the orderly
arrangement at 20.8 GHz, and (b) chessboard in random coding
arrangement at 14.0 GHz.

see that this designed structure can achieve 10 dB RCS
reduction within 6.9 GHz-20.1 GHz in the low frequency
segment, and 15.5 GHz-51.2 GHz in the high frequency
segment, respectively. It shows that the UWB structure is not
only suitable for high frequency segment, but also for low
frequency segment.

IV. EXPERIMENTAL AND FABRICATION
As shown in Fig.10, they are the fabricated prototype of the
designed samples. Figure10 (a) is a high-frequency segment

FIGURE 9. RCS reduction results of high frequency part and low
frequency segment.

FIGURE 10. The fabricated (a) high frequency segment meta- face and
(b) low frequency segment metasurface.

sample, with the total size of 288 mm×288 mm, which is
three times of the corresponding expansion of simulation
model (see in Fig. 5 (b)). (The red box in Fig.10 (a) is an
enlarged view of one multi-elements random coding chess-
board structure.) Figure 10 (b) shows a low- frequency
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FIGURE 11. Experimental setup for the RCS measurement in an anechoic
chamber.

FIGURE 12. Comparison of measurement and simulation results between
(a) the low frequency segment and (b) the high frequency segment.

segment sample with a total size of 240 mm × 240 mm,
corresponding to the simulation model of Fig. 5(c).

Figure 11 shows the experimental setup in an anechoic
chamber. Three pairs of two identical conical horn anten-
nas are used in the experiment, whose frequency bands are:
8 GHz-12.5 GHz, 12 GHz-18 GHz and 18 GHz-40 GHz,
respectively. During the test, each pair of horn antennas are
used as the transmitter and receiver respectively, and they

TABLE 2. Comparison with the present state-of-the-art for radar cross
section (RCS) reduction.

are respectively fixed on the bracket to form an included
angle of less than 5◦. The sample to be tested is fixed on the
rotary table which is perpendicular to the horizontal plane,
and the position of the sample and the two antennas need to
be adjusted to ensure that the centers of them are at the same
height. Keep a certain distance between the sample and the
antennas to meet the far-field test conditions. During the test,
the ports of the two antennas are connected to the port1 and
port2 of the vector network analyzer (Agilent N5245A).

The experimental test results are shown in Fig. 12. It can
be seen that the simulation of RCS reduction effect of sam-
ples is basically consistent with the experimental results in
the high-frequency and low-frequency segments. There are
several possible reasons for some errors: (1) an ideal plane
wave is used in simulation while the plane wave used in
the experiment is generated by the far-field radiation of the
horn antennas; (2) loss errors of vector network analyzer
with connecting wires; (3) random errors in measurement and
others. (Owing to the limitation of experimental equipment,
we can only test the parts below 40 GHz.)

As shown in Table 2, compared with the existing papers
on realizing RCS in recent years, the unit size of this paper
is smaller and the bandwidth of realizing RCS reduction is
wider. [ p: unit cell periodicity of the polarization converter,
t: dielectric substrate thickness of the polarization converter,
OB: operating bandwidth (PCR > 90%), RB: relative band-
width (PCR > 90%).]

V. CONCLUSION
In this paper, a new multi-elements chessboard random cod-
ing metasurface structure for RCS reduction in an UWB
has been designed, fabricated and measured. The proposed
structure consists of four different kinds of UWB PCM units.
In this paper, we ingeniously combine the idea of PCM with
the chessboard structure and random coding metasurface to
realize UWBRCS reduction. Through the optimization of the
local geometric parameters of each element, the thicknesses
and types of the dielectric layer, the RCS reduction of the
UWB in the low frequency segment (6.9 GHz-20.1 GHz)
and the high frequency segment (15.2 GHz-51.2 GHz) are
realized, respectively. The experimental results are in good
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agreement with the simulation results. The proposed meta-
surface structure can have potential applications in stealth
surfaces, and antennas among others.
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