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A single-layer capsule-shaped polarization conversion metasurface (PCM) is proposed in this paper. In the W-band, its po-
larization conversion rate (PCR) exceeds 97%, effectively changing the polarization direction of the incident wave. PCM is
arranged in a chessboard array to achieve broadband RCS reduction. Placing the PCM array on a circularly polarized sequentially
rotated slot antenna array, simulated results show that the radiation characteristics of the antenna array are hardly affected by the
PCM array. The results of measurement demonstrate that the RCS of the antenna array with PCM array proposed is reduced by

more than 10dB from 40 to 119 GHz; the relative bandwidth (-10 dB) reaches 96.3%.

1. Introduction

Modern battlefields require radars to have strong stealth ca-
pabilities; the most effective method is to reduce the radar
cross-section (RCS). Slot antenna arrays are one of the com-
monly used antennas for millimeter wave radars, and their flat
ground planes will produce strong scattering contributions in
the vertical direction. Hence, it is of great significance to study
the RCS reduction of slot antenna arrays.

Polarization conversion surfaces (PCMs) are widely used
in RCS reduction [1-4]. Some multilayer PCMs are pro-
posed to obtain wider bandwidth. But the multilayer PCM is
too complicated, which is not conducive to processing;
single-layer PCM is more suitable for actual processing and
application. A single-layer fishbone-shaped PCM unit is
proposed [5]. The chessboard PCM array composed of it can
reduce RCS by 10dB from 5 to 17.5 GHz; RCS reduction
ability is good, but the working frequency band is low, and
the structure is complex, not suitable for high frequency. In
recent years, some novel antennas integrated with meta-
surfaces are proposed to achieve a compact structure. A
patch antenna based on ring-type concentric metasurface
antenna (CMSA) with metal holes to the ground is designed
to achieve reduction of RCS on the cylindrical carrier [6].

The ring-type metasurface reduces RCS from 4 to 8.5 GHz,
but only the peak RCS reduction exceeds 10dB, the RCS
reduction performance is relatively poor, and the concentric
structure increases the plane area, which is not suitable for
antenna arrays. In [7], the anisotropic metasurface is pro-
posed to replace the patch antenna and behave as it directly,
through proper connection of the metasurface units; the
array achieves in-band RCS reduction with radiation per-
formance kept. The proposed metasurface radiating array
works from 3 to 3.3 GHz; the RCS reduction exceeds 10 dB at
the peak. The structures of the two documents mentioned
above have low working bands and only a few frequency
points have reduced RCS by more than 10dB; the RCS
reduction capacity is not good enough. At present, there is
not much research on W-band polarization conversion
surface. A Venus-shaped PCM unit is proposed [8], which
achieves a polarization conversion rate of 90% from 95.7 to
99.3 GHz; the 1-bit coded PCM array with the unit randomly
distributed can manipulate the backscattered RCS pattern
shape. The PCM works in W-band; the processing of
structures working at such a high frequency is difficult;
errors are easily introduced. In addition, its working fre-
quency band is relatively narrow and the RCS reduction
ability is insufficient.
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In this paper, a W-band single-layer capsule-shaped
PCM unit is designed. The PCM is simple in shape and easy
to process, and its polarization conversion rate (PCR) ex-
ceeds 97% in the W-band; the chessboard array designed on
the basis of the proposed PCM unit achieves an RCS re-
duction of more than 10 dB in the W-band. Placing the PCM
array on a circularly polarized sequentially rotated slot
antenna array, the RCS of the slot antenna array with PCM
array is reduced by more than 10dB from 40 to 119 GHz
with the radiation characteristics of the antenna array
preserved; the relative bandwidth (—10dB) reaches 96.3%.
The measurement results show that the —10 dB impedance
bandwidth of the antenna array is 35.4% (70-89 GHz), and
the 3 dB axial ratio bandwidth is 13.8% (70-87 GHz).

2. PCM Array Design

According to the literatures, it can be known that the pe-
riodic diagonal metal structure can realize polarization
rotation. Among them, the most basic structure is rectangle.
The structure of the novel PCM unit proposed in this paper
is shown in Figure 1. The unit is composed of PCM metal
patch, dielectric substrate, and ground metal layer. The
period is =2 mm, the metal patch consists of a rectangle
(length /=1.2mm and width w=0.6mm) and two semi-
circles with the diameter w. The overall shape is similar to a
capsule; the metal patch is placed along the diagonal di-
rection. The dielectric substrate is Rogers RT5880 with a
thickness of 0.508 mm.

As shown in Figure 1, the diagonal structure is irradiated
by the y-polarized plane wave, and the incident field E _can
be decomposed into two orthogonal vectors E,,, and E
The surface current of this capsule-shaped patch is shown in
Figure 2(a). We can see that almost all the current flows
along the n-axis. Therefore, the PCM can be equivalent to a
PEC surface, and the reflected field has the same amphtude
and opposite phase as the incident field, E - Since
there is little current flowing along the m- ax1s the PCM can
be seen as a high impedance surface; the reflected field and
the incident field have the same amplitude and phase,
E = E - The twq orthogonal vectors E . and E ,, form
the reﬂected field E, which is in x-axis direction and or-
thogonal to the incident field, so a 90° polarization rotation is
obtained.

For comparison, the surface current of the basic rectangle
PCM is shown in Figure 2(b). Most of the current flows along
the n-axis, while at a right angle, a part of current flows in
other directions, which will affect the effect of polarization
rotation. The cause is that the sudden change at the right angle
leads to the discontinuity of the electric field. Therefore, the
capsule-shaped PCM proposed in this paper can eliminate
this sudden change and achieve better polarization rotation
effect, as shown in Figure 2(a). In addition, due to the gradual
change of structure, the capsule-shaped PCM has a wider
bandwidth.

The polarization conversion rate can be used to judge the
polarization conversion performance of the PCM unit.
Define the copolarization reflection coefficient ry, and cross-
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FIGURE 1: The structure of the capsule-shaped PCM unit.

polarization reflection coefficient ryy, as shown in the fol-
lowing equations:

_ E’J’
i |Eiy|’ W
E
]

In the formula, E,, represents the electric field of the
incident wave polarized in the x direction, and E;, represents
the electric field of the incident wave polarized in the y
direction. Correspondingly, E,, represents the electric field
of the reflected wave polarized in the x direction, and E,,
represents the electric field of the reflected wave polarized in
the y direction. The definition of polarization conversion
rate (PCR) can be given in the following equation:

2

PCR= - (3)
(% +73)

Use electromagnetic simulation software CST to simu-
late the designed capsule and rectangular PCM units; ry, and
Iy of the two structures are obtained, as shown in
Figure 3(a). For the capsule PCM, the copolarization re-
flection coefficient ry, is less than —10dB and the cross-
polarization reflection coefficient r~1 in the band of
49-118.7 GHz. However, the rectangular PCM only obtained
a sufficiently small copolarization reflection coefficient in a
narrower band. Figure 3(b) shows the polarization con-
version ratios (PCR) of the two PCM units. The capsule PCM
unit achieves 90% PCR in 82.7% relative bandwidth, and the
PCR exceeds 97% in the whole W-band. The rectangular
PCM achieves 90% PCR in the band of 77.3-118 GHz, which
cannot cover the entire W-band, and its in-band polariza-
tion rotation effect is not satisfactory. In a word, the pro-
posed capsule PCM has the wider band and higher
polarization conversion rate than the rectangular PCM.
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FIGURE 2: Surface current distribution of PCM unit. (a) Capsule. (b) Rectangle.
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FiGURE 3: Comparison of capsule and rectangular PCM. (a) Reflection coefficient. (b) PCR.

The capsule PCM units are periodically arranged in a
chessboard array, as shown in Figure 4. It should be noted that
the circumference of the PCM array must be greater than 10
times the wavelength of the lowest operating frequency to
ensure that it is in the optical scattering region. The PCM array
is composed of four subarrays that rotate in order. Each
subarray has 36 PCM units, the distance between the units is
2mm, and the size of the entire array is 24 mm x 24 mm. The
simulated result of the RCS reduction of PCM array is plotted
in Figure 5. According to the simulation results, the PCM array
can achieve an RCS reduction of more than 10 dB in the range
of 48-118 GHz, with a relative bandwidth of 84.3%.

Figure 6 plots the three-dimensional bistatic RCS patterns
of the PCM array and the PEC surface at 82 GHz. When the
plane wave is incident vertically, the main reflection lobes of
PCM appear in four quadrants, that is, they scatter in four
different directions, while the reflection lobes of PEC

concentrate in the incident direction. Therefore, the PCM
surface can disperse the reflection and reduce the RCS.

The RCS patterns of the principal plane (phi = 0°, phi = 90°)
and the diagonal plane (phi=45°, phi=135") at 82 GHz are
shown in Figures 7(a) and 7(b), respectively. On the principal
plane, the maximum RCS scattering of the PCM array is about
30dB lower than that of the PEC. On the diagonal, the
maximum RCS scattering of the PCM array is 5.76 dB lower
than that of the PEC, and the maximum RCS of the PCM array
is at theta = +7°, which is consistent with the results in Figure 6.

3. Design and Measurement of the Low-RCS Slot
Array Antenna with PCM

3.1. Antenna Structure. In this section, a circularly polarized
slot antenna array is designed, which shares a grounded
metal plane with the PCM array proposed in the previous
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FiGure 4: PCM array.

section; the antenna array uses the same substrate Rogers
RT5880 as the PCM array; the thickness is 0.127 mm. The
slots are etched on the ground metal layer and fed by the
feeding network at the bottom layer. The overall antenna
structure is shown in Figure 8.

The design of the antenna’s feeding network is shown in
Figure 9; sequential rotated feeding is used to realize cir-
cularly polarized radiation [9-15]. It can be seen from
Figure 9 that the 64 rectangular slot radiating elements and
their feeding network are divided into 4 subarrays, the four
subarrays are connected end to end and can be copied from
one of the subarrays rotating around the center point, and
each is fed by a 1 to 16 power divider. The four subarrays are
fed in series to obtain equal amplitudes. Compared with the
traditional array, this feeding structure has fewer microstrip
lines and thereby reduces conduction loss, improves radi-
ation efficiency, and increases gain bandwidth. Three
U-shaped lines are added to the feedlines at the input of the
subarrays to provide a 90° phase difference among the four
subarrays. Therefore, the direction of the radiated electric
field vector always changes with time, which forms a cir-
cularly polarized radiation.

In the designed multilayer structure, the arrangement
direction of the slot antenna is the same as that of the PCM.
This arrangement allows the four subarrays to obtain a
natural sequential rotated relationship. This paper studies
the influence of different arrangements of slots and PCMs on
the antenna radiation. As shown in Figure 10, a simple ideal
four-element array is designed to compare the antenna
radiation performance of different arrangements. The
overlapped and staggered arrangements of slots and PCMs
were simulated; the simulated results are shown in Fig-
ures 11 and 12. Compared with the radiation pattern without
PCM, it can be seen in Figure 11 that the overlapped ar-
rangement increases the forward radiation gain of the slot
antenna and weakens the backward radiation gain, which is
not undesirable, and the staggered arrangement makes the
main lobe of the E-plane deflect in the direction of the PCM,
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FIGURE 5: RCS reduction of capsule PCM array.

which has an adverse effect on the construction of subse-
quent arrays. In addition, as shown in Figure 12, compared
with the array without PCM, the axial ratio of the overlapped
arrangement is more fitting; its axial ratio is close to 0 dB at
the central operating frequency of the antenna. However, the
axial ratio of the staggered arrangement is relatively worse in
the range of 79 G to 86 G, which is exactly near the antenna
central operating frequency. Since the feed is ideal, the axial
ratio of the two arrangements is less than 3 dB from 75 GHz
to 90 GHz. Therefore, considering the effects on the antenna
radiation pattern, axial ratio, and array performance, this
paper chooses the overlapped arrangement of slots and
PCMs.

The method of using sequential rotated feeding network
to achieve circular polarization was first proposed by Tasuku
[16]; in a sequential rotated array, each subarray is physically
rotated by 90° (360° divided by 4 subarrays) from the pre-
vious subarray. According to Tasuku’s analysis, the far-field
electric field vector of each subarray can be expressed as a
linear combination of two orthogonal element vectors, and
each subarray is fed with a different phase, assuming that the
electric field vectors of the subarrays are equal in magnitude;
after integration, the two orthogonal vectors in the total
electric field vector of the array have equal magnitude co-
efficients. This means that the sequential rotated array
provides good circularly polarized radiation; sequential
rotated array can greatly reduce cross-polarization including
noncenter frequencies; therefore, a circularly polarized array
with expanded bandwidth can be obtained.

After optimization, the dimension drawing and pa-
rameters of the antenna are shown in Figure 13 and Table 1.
The slots etched on the ground layer are rectangles of
1.25 mm x 0.4 mm; the slot unit uses a microstrip line to feed
centrally; the characteristic impedance of the main feeding
microstrip line is 106 Q. The entire feeding network is
matched to a 50 Q port through a section of 1/4 A impedance
transformation line; then, it is converted into a waveguide
port by a microstrip-waveguide conversion structure. Fig-
ure 14 shows a physical prototype of the overall structure.
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FIGURE 9: Structure of the feeding network.
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Figure 10: Different arrangements of slots and PCMs. (a) Overlapped. (b) Staggered.
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FIGURE 11: The pattern of different arrangements of slots and PCMs.

3.2. Simulated and Measured Radiation Characteristics.  characteristics of slot antenna array with RCS reduction. The
Based on the previous analysis and design, this section presents ~ simulated and measured results of the antenna’s return loss are
the simulated and measured results of the radiation  shown in Figure 15. It can be seen that the measured results
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FiGure 13: Dimension drawing of the proposed antenna.

TaBLE 1: Design parameters of the proposed antenna.

Parameter Value (mm) Parameter Value (mm)
a 1.25 L7 0.7
b 0.4 W1 0.12
L1 0.4 W2 0.3
12 0.5 W3 0.4
L3 0.7 W4 0.2
L4 0.8 W5 0.25
L5 0.7 W6 0.7
L6 0.7 W7 0.3

gain good agreement with the simulated results. The relative
impedance bandwidth (-10dB) of the antenna is 35.4%, and
the working frequency band is 70-89 GHz, which can be
covered by the working frequency band of the PCM array.
Figures 16(a) and 16(b) respectively show the simulated and
measured results of the left-hand and right-hand circular po-
larization patterns of the antenna’s far-field E-plane and H-plane
at 82 GHz; the measured results are in good agreement with the
simulated results. The main lobe gain of the antenna array is
14.9 dB, the 3 dB beam width is 10.8°, and the first sidelobe level
is =10 dB. Due to the complexity of the structure, the proposed
antenna array does not have low sidelobe processing; another
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FIGURE 14: Prototype of antenna array with RCS reduction.
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FiGURE 15: Simulation and measurement results of the return loss
of the antenna array.

reason for the unsatisfactory sidelobe is that the distance between
the subarrays is extended due to the existence of the feeding
network. It can be seen from the figure that the right-handed
polarization gain is obviously greater than the left-handed po-
larization gain; the gain of the left-handed polarization main lobe
is 10dB lower than that of the right-handed polarization,
forming a good right-handed circularly polarized radiation.

Figure 17 shows the simulated and measured results of
the axial ratio of the antenna array. The measured results are
in good agreement with the simulated results. The axial ratio
is less than 3dB from 76.3 to 87 GHz, and the axial ratio
bandwidth is 13.8%; it shows that the antenna array radiates
a good circularly polarized wave.

3.3. Simulated and Measured Scattering Property. The sim-
ulated and measured results of the RCS reduction are shown in
Figure 18. As can be seen from the figure, the measured results
are in good agreement with the simulated results. The RCS
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TaBLE 2: Comparison of characteristics with other works.

Ref. Frequency band 10dB RCSR bandwidth (%) Structure complexity
[5] C-Ku 111 Complicated

[6] C-X <20 Simple

[7] S <10 Complicated

[8] W <5 Complicated
This work w 99.4 Simple

reduces more than 10 dB from 40 to 119 GHz, and the relative
bandwidth reaches 99.4%, covering the entire W-band. The
measured result of RCS reduction does not match the simulated
result very well at high frequency, which may be caused by
processing error.

In order to show the advantages of the structure designed in
this paper, a comparison table is given below to illustrate the
difference of the structure proposed with other recent works. As
shown in Table 2, the PCM array proposed in this paper can
work in ultra-high frequency bands, such as W-band, and in
such a high frequency band, the proposed PCM array achieves
ultra-wideband with a relative bandwidth close to 100%. It is
undeniable that the structure designed in this article shows great
advantages in terms of working characteristics and application
prospects. In addition, the capsule-shaped PCM unit designed in
this paper greatly reduces the processing difficulty and error with
its simple structure. The sequential rotation array structure also
makes it very suitable for various antenna arrays.

4. Conclusion

A novel capsule-shaped PCM structure is proposed and has
more than 97% PCR in the whole W-band. The chessboard
PCM has the wideband RCS reduction, and the performance
of the slot antenna array is almost unaffected due to the
consistency of the sequential rotation structure. The mea-
surement results show that the RCS of the slot antenna array
with PCM array is reduced by more than 10 dB from 40 to
119 GHz; the relative bandwidth (-10dB) reaches 96.3%.
The —10dB impedance bandwidth of the antenna array is
35.4% (70-89 GHz), and the 3 dB axial ratio bandwidth is
13.8% (70-87 GHz). Because of its simple structure, easy
processing, and low cost, the PCM will have wide appli-
cations in high frequency band.
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