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In this letter, a broadband low-profile dual circularly polarized reflectarray (dual-CP RA) for Ku-

band satellite communications is proposed. A novel single-layer metasurface unit cell consisting of

a functional layer, an air layer and a metal plate is investigated first. The functional layer is a metal
structure printed on the F4B substrate. The air layer can effectively extend the bandwidth, and the
overall profile is only 0.124 , where A represents the wavelength at 11.725 GHz. To independently
control the phase of left-handed circularly polarized (LHCP) and right-handed circularly polarized
(RHCP) waves, Dynamic phase and Berry phase methods are employed by either changing the size of
microstrip lines or the rotating of the cells. Finally, a dual-CP RA with 1600 cells is designed to realize
two beams at 20° for LHCP wave and -20° for RHCP wave at 11.725 GHz. The measured gain for LHCP
wave is 29.1 dB with the aperture efficiency (AE) of 47% and 1-dB gain bandwidth of 37.4%, while the
gain, AE, and bandwidth for RHCP wave are 29.22 dB, 48.3% and 37% respectively.
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In satellite communication, radar, and other applications requiring long-distance signal transmission, the
gain of antenna is undoubtedly one of the most critical indicators. Compared with the conventional high-gain
antennas, such as the phased array, the reflector antenna, etc., the reflectarray (RA) based on the metasurface
can independently control the amplitude, phase, polarization and other characteristics of electromagnetic waves.
In the past few years, the work on RA has primarily focused on achieving high-gain radiation in single or
multi-frequency bands!~>. Recently, RA with polarization multiplexing performance in multi-frequency and
broadband has gradually become a new focus to improve the efficiency of spectrum utilization. In particular,
dual circularly polarized (dual-CP) RA that can radiate LHCP and RHCP waves in different channels can greatly
improve the data transmission rate and reduce the polarization loss.

As shown in Fig. 1, the dual-CP RA is mainly composed of two parts: the feed and reflector. The feed is
generally a horn antenna, and the reflector is a metasurface composed of periodic unit cells. Dual-CP RA can
achieve reflection with the same polarization. When an LHCP wave is incident, a high-gain LHCP reflected
wave with a directional angle of (¢L, L) is generated. When a RHCP wave is incident, the direction of RHCP
reflected wave is (pR, OR). In order to reflect the LHCP and RHCP waves in different directions, each cell is
required to have a different phase compensation for the LHCP and RHCP waves, respectively.

The first method to realize dual-CP RA is to combine the LHCP and RHCP reflector, and adopt a double-
layer or even multi-layer structure to achieve dual-CP RA*®. But the multi-layer structure has the disadvantages
of large loss, low efficiency, and narrow band width (BW).

In the second method, the reflective metasurfaces with polarization conversion function can be designed to
convert linearly polarized (LP) waves into CP waves. In Ref.%, a wideband dual-LP RA is designed, and integrated
it with a polarizer to obtain independent dual-CP beams. However, this type of RA is also generally multi-
layered.

The third method is to realize dual-CP RA by using both Dynamic phase (DP) and Berry phase (BP)”~14.
Specifically, the DP is regulated by changing the size of cells, and the incident CP waves are reflected with the
same handedness. Then the cells are rotated to regulate the BP, separating the LHCP and RHCP reflections
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Fig. 1. Diagram of dual-CP RA. Each RA cell imposes an independent phase delay of ¢, and ¢, , for RHCP
and LHCP waves, respectively.

in different channels. In Ref.’, two sets of orthogonally placed printed dipoles are designed on a double-layer
substrate. By adjusting BP and DP, the LHCP and RHCP reflected beams are controlled independently. In
Refs.®?, Z.H. Jiang’s team designed two unit cells of dual-CP RA using multi-layer metal and dielectric. These
designs also integrates BP and DP to control the LHCP and RHCP reflected beams. In Ref.!’, a dual-CP RA with
the advantages of low-profile and wide band is proposed. The cell is composed of an elliptical ring, arc-shaped
and rectangular metal microstrip lines, and there is only one dielectric substrate. The works in!!~1? is similar to
that of Ref.!?, which all use a single layer substrate. A new idea of dual-CP RA is introduced in'%, which uses a
single-fed CP antenna as the cell of the RA. The received RHCP wave is adjusted by DP, while the LHCP wave
is controlled by BP.

In this letter, a novel dual-CP RA covering Ku-band satellite communication downlink band (10.7-
12.75 GHz) is proposed. First of all, unlike the previous dual-CP RA, it radiates LHCP and RHCP waves in
different bands. The RA proposed in the letter realizes dual-CP multiplexing in the same band, which can greatly
improve the spectrum utilization efficiency. Secondly, BP and DP are used to excite and separate the dual-CP
beam in our work. Compared with the similar works in the existing literatures, the presented structure uses only
one layer of dielectric substrate, and the unit cell is simpler. However, the performance of the antenna has been
greatly improved, especially under the premise that the aperture efficiency (AE) is almost unchanged, the profile
and bandwidth of the antenna have been significantly improved.

Design of dual-CP cells

Basic theories and design methods

It is possible to independently regulate phase compensation (¢;; and @) by using DP and BP, as shown in
Fig. 2. BP compensation is implemented by rotating the unit cell. Suppose the rotation angle of the cell is ¢ , then
¢,; and ¢, have opposite symbols'?, i.e.

PLL = —2¢r, PRR = 2pr (1)

Thus, when ¢_varies a linear gradient, the LHCP and RHCP reflected waves point in two symmetric directions,
that is, 0,=—0,. DP compensation is achieved by changing the size of cells. If the reflector is composed of
isotropic cells, it provides the same phase compensation ¢, for the LHCP and RHCP waves'?. Therefore, both
the LHCP and RHCP reflected waves propagate in the same direction, 6, =6,. In summary, if the DP and BP are
combined, LHCP and RHCP waves can be independently regulated. And satisfied:

WOLL = @Yd — 2¢0r, QYRR = Pd + 20, (2)

The reflection coefficient (I') of the dual-CP cells are investigated by the CST software. Assuming that a LP
incident waves can be decomposed into a horizontal component and a vertical component, the I' matrix is
expressed as'®:

r— [ T Cav } 3)

T've Tvv

Then, the I of CP incident waves can be numerically derived from (3):
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Fig. 2. Ilustration of the intuitive concept of combining BP and DP for achieving independent dual-CP phase
compensation.

TRR=[THH —TVV)+ j(CHV +TVH)]’** /2
ILL=[THH -TVV)—j(THV +TVH)]e** /2
TLR=[(THH +TVV) + j(CHV — TV H)]e’** /2
TRL = [(THH +TVV) - j(CHV —TVH)]e’** /2

In these formulas, Iy, I\, I}, and I, denote the co-polarization reflection coefficients, and I'y;,, I'yyp I 2nd

I';; denote the cross- polarlzatlon reﬂectlon coefficients. In general, the unit cells need to meet three condltlons
to realize dual-CP RA!: (1) The reflection phase of the two components of the LP incident wave has a phase
difference of 180°, that is, (1) @(I';)-¢(I,,) =180°. (2) The phase compensation in 0°~360° can be achieved by
adjusting the DP. (3) The BP can be changed by rotating the cells.

Design of the unit cell

Figure 3 shows the unit cell of the proposed dual-CP RA, which consists of a functional layer, an air layer and a
metal plate. The functional layer is a metal structure printed on the F4B (e =2.2, tan§=0.001) substrate with a
thickness h,, consisting of a hexagonal split ring (HSR) and a smaller hexagonal patch concentrically placed. The
HSR is a bent phase delay line with a length of I=(3,/2+1,+1,)*2, and a width of w. With the change of J, the
DP also changes. At the same time, the operating frequency of the cell will be shifted. Fortunately, the shift can
be corrected by the hexagonal patch with a side length [,. The effect of the air layer is to extend the bandwidth
of the unit, and its thickness is h,. The overall height of the RA (h, +h,) is about 0.12A, where A, represents the
wavelength at 11.725 GHz.

Dynamic phase control
Arbitrary DP compensation in the 0°-360° range can be achieved by controlling the parameters , [, and w,. For
the sake of simplicity, two states are set in this design. In state 1, the rotation angle of each cell (No. 1-18) is 0°.
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Fig. 3. (a) 3-D view of the dual-CP RA element. (b) Planar views of top layer. The dimensions are [, =1,=3.4,
h,=15,d,=7.5,and h,=1.6, all in millimeters.

DP/° | 0/180 | 10/190 |20/200 |30/210 |40/220 |50/230 |60/240 |70/250 | 80/260

1 11.8 12.9 14 14.5 14.6 15.1 15.7 17 17.4
w, 1.4 1.2 1.2 13 12 1.2 1.2 1.5 1.5
1 0.2 1 1 1 1.8 1.8 1.8 1 1

No. | 10/28 |11/29 12/30 13/31 14/32 15/33 16/34 17/35 18/36
DP/° | 90/270 | 100/280 | 110/290 | 120/300 | 130/310 | 140/320 | 150/330 | 160/340 | 170/350

1 17.6 18.5 18.5 19.2 19.3 19.5 19.6 19.9 20.2
w, 1.5 14 1.2 0.96 0.74 0.55 0.37 0.27 0.18
1 1 1.5 1.5 1.5 15 1.5 2 1.5 2

Table 1. Parameters of RA cells (mm).

Every cells with different sizes cover the DP from 0° to 170°, that is, the step of phase change is 10°. Then, rotate
all the cells by 90° to get state 2. Another 18 cells (No. 19-36) then cover a range of 180° to 350°. The dimensions
of the 36 cells are shown in Table 1. Since the difference between state 2 and 1 is only in rotation angle, the 18
cells of state 1 will be taken as an example for simulation. First, the incident wave is assumed to be LP. Figure 4
shows the I' of each cell, including amplitude and phase. As shown in Fig. 4a-c, the |I'\;,;| and |I';, | are greater
than —0.05 dB, and the |I';, | and |I',| are less than —50 dB from 8.5 GHz to 15 GHz. Because HSR and the
hexagonal patch both are symmetrical structures, |Iy;| and |y, are equal. It indicates that the incident wave
is almost completely reflected with high purity by the proposed unit cell. From Fig. 4d—f, it can be seen that the
phase difference of the I';;;; and I'y; is about 180° in a wider band. The result satisfies the first condition.

Then, the I' of the CP incident wave is calculated by formula (4). I'y,, and T vy are ignored, so there are
I =Iggand I, =TI}, . Asshown in Fig. 5a, b, the |I' || and |I';, | are greater than —0.5 dB, |I; | and |I';, | are less
than —10 dB from 8.5 GHz to 15 GHz. This indicates that each cell can reflect both LHCP and RHCP incident
waves with high efficiency and the same handedness. Figure 5c, d shows that the reflection phase of each cell
changes approximately linearly.

When f=11.725 GHz, the reflection phase for cell 1 is 30.65°, and for cell 18 is —140.01°. Obviously, the 18
cells in state 1 can perform DP compensation in the range of 0°~180°. Combined with state 2, DP compensation
in the 360° range can be basically achieved. It is that meets the second condition.

Berry phase control

Figure 6 shows the relationship between the reflection phase of the co-polarized CP wave and rotation angle of
the cells at different frequencies. When the angle gradually changes from —90° to 90°, reflection phase presents a
precisely linear increase or decrease, and can cover a range from 0° to 360°. Specifically, when the cell is rotated
1° counterclockwise, the reflected phase of the LHCP wave decreases by 2° and that of the RHCP wave increases
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Fig. 4. The simulated I" of LP wave by CST, (a) |Iyyl> (b) [Ty > (€) [Ty or [Typyls (d) oIy () () (£)
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by 2°. At this point, the third condition for dual-CP RA have been satisfied. The BP can be better called through
the rotation of the cell.

Oblique incidence performance of the cells

In an array, the incoming wave from the feed source is not illuminated vertically for most units. Therefore, we
first studied the wide incidence angle characteristics of the proposed unit cell, as shown in Fig. 7. Considering
that the incident angle of the electromagnetic waves received by the edge—located units in the actual design is
approximately 30°, the variation range of the oblique incidence angle is set from 0° to 30°. For simplicity, we
selected cell No. 10 and simulated after rotating them by 30° and 110°, respectively. It can be seen that when the
incidence Angle increases gradually from 0° to 30°, although the copolarization reflection coefficient decreases
gradually, it can still maintain a high reflectivity(I'> - 0.5 dB), and the cross-polarization reflection coefficient is
less than — 10 dB. In addition, the reflection phase of the unit is almost unchanged in this angle range, indicating
that the unit cells have a stable phase shift characteristic and can carry out more accurate phase compensation
for the incident wave.

Array design and results
When composing the array with the proposed unit cells, the required phase shift for each cell needs to be
calculated!’, as follow:

© = ko - [di — (zicos ¢+ y; sin @) sin 6] (5)

Referring to Fig. 1, the © represents ¢, or ¢y, (X, y,) represents the position of each cell, d, represents the
distance between the feed and the cell, and (¢, 6) represents (¢L, L) or (¢ R, OR). After obtaining ©, DP phase
compensation or rotation angle can be obtained by formula (1) and (2). Further, it is possible to correspond
DP to the sizes of the cell by Table 1. Using Fig. 6, BP can be mapped to the rotation angle of each cell. Finally,
the cells are combined into an array with a size 300 mm x 300 mm. It is fed by a dual-CP horn with a diameter
of 40 mm. The focal diameter ratio is 0.866, and the focal length is 259.8 mm. The desired direction of the two
beams is (¢L, L) = (90°, 20°) and (¢R, 6R) = (—90°, —20°) respectively. The DP and rotation angle
distribution of dual-CP RA cells are respectively shown in Fig. 8a, b.

To verify the performance of the designed dual-CP RA, a prototype was fabricated and tested (Fig. 9). Figure 10
shows the gain and axial ratio (AR) frequency response of the dual-CP RA. In the band of 8-16 GHz, the AR is
less than 3 dB. The 1 dB gain bandwidth of the antenna is 37.4% (10.62-15.5 GHz) and 37% (10.68-15.53 GHz)
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when the LHCP and RHCP waves are incident respectively. Figure 11 shows the radiation patterns of the dual-
CP RA. When a LHCP wave is incident, the reflected beam direction is (¢L, L) = (90°, 20°) with a peak
gain of 29.1 dB and an AE of 47%. When a RHCP wave is incident, the direction is (R, OR) = (—90°, —20°)
with a gain of 29.2 dB and an AE of 48.3%. Moreover, the side lobe level and the cross-polarization levels of the
antenna are both less than-15 dB. In general, the AR bandwidth, gain bandwidth and impedance bandwidth of
the dual-CP RA almost cover the downlink band of Ku-band satellite communication.

Table 2 compares the performance of the developed RA with other recently reported works. As can be seen,
compared with the design of the multifunctional layer>~® the structural complexity is greatly reduced, the array
profile and weight are well controlled, meanwhile, the fabricating cost is effectively reduced. Compared with
other RA designed with one substrate®, our work shows a better cross-polarization level, a wider 1 dB gain
BW. Reference!® has a similar BW of cell and gain BW to ours, but our work has a lower profile. For some
application scenarios with stringent space requirements, a lower antenna array profile can better adapt to the
limited installation space.

Discussion

Firstly, in this letter, the theory, design, and experimental verification of low-profile and wideband dual-CP
RA for Ku-band downlink satellite communication are reported. Using DP and BP compensation method, we
can radiate LHCP and RHCP waves in any direction. The measured results confirmed that the LHCP beam of
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Fig. 7. Reflected coefficients and reflected phase of the co-polarized wave with incident angle degrees from 0°
to 30° at (a) 10 GHz, (b) 11.725 GHz, (c) 15 GHz obtained by simulation.

the radiation is directed to the desired angle of (¢L, L) = (90°, 20°). The gain can reach 29.1 dB with the
maximum AE of 47%. The RHCP beam is directed to the desired angle of (R, OR) = (—90°, —20°). The
gain is 29.22 dB and the AE is 48.3%. Compared with the existing similar work, the proposed dual-CP RA has
the advantages of broad bandwidth, lower profile and higher AE.
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Aperture
The number size (center 1 dB gain BW
Ref. Profile (mm) | Cells BW* | of cells frequency) | Function layers | AE (%) Gain (dBi) | (%) Technique
5 35.24/0.981, |- 97 7.3 2 233 21 7 Multi-layer
0 reflector
6 12.75/0.87) | ~20% 4240 13.20*19.91 | 3 226 275 5 LP RA and
polarizer
7 1.73/0.11/\0 - 625 11.84 3 66 29.5 7.6 BP and DP
8 2.95/0.29/\0 15.5% 688 15.94 2 28 28 15 BP and DP
o 1.6/0.16/\0 ~40% 904 15.64 1 43 30 30 BP and DP
10 1.8/0.18/\0 64.3% 1013 16.51 1 44.7/45.7 | 30.8/30.9 31.3/32.8 BP and DP
1 2.5/0.13/\0 - 1681 11.34 1 53/54 29.5/29.6 25.1/25.3 BP and DP
12 3.51/0.23/\U - 2128 261 1 52.7/51.6 | 35.5/35.4 10.5/10 BP and DP
B 2.5/0.24, - 2500 115} 1 64.9 29.6 17.1 DP
14 1.14/0.09).0 - 324 8.4\ 1 28.8 24.1/24 18.4/18.7 BP and DP
This work 3.1/0.12/\0 55.3% 1600 11.74 1 47/48.3 29.1/29.2 37.4/37 BP and DP

Table 2. Comparisons with other dual-CP RAs. *Cells BW: the cell's—10 dB Cross Polarization BW.
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