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Abstract: A double-layer element consisting of a spider-shaped structure on the top layer and a pair
of concave arms with a circular ring on the middle layer is proposed for the wideband reflectarray
with low cross-polarization characteristics. The unit cell offers a linear and wider phase range of 800°.
Based on the proposed unit cell, an offset-fed reflectarray with an octagonal aperture comprising
6769 unit cells is constructed at 11.725 GHz. The reflectarray offers 1 dB and 3 dB gain bandwidths of
25.2% and 32.3%, respectively, with an operating frequency range of 10-13.85 GHz. A peak gain of
31.2 dBi with an aperture efficiency of 42% is achieved. The cross-polarization levels are less than the
co-polarization by 40 dB over the entire operating band.
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1. Introduction

Reflectarray antennas (RA) have been studied intensively due to their promising
features, owing to their low profile, reduced cost, and ease of manufacture and deploy-
ment [1,2]. However, they suffer from narrow bandwidth, which is predominantly due
to the nonlinear reflection phase response of the elements. Numerous techniques have
been reported in the literature to enhance bandwidth performance, such as an air gap be-
tween the ground and substrate [3,4], thick substrates [5,6], multi-resonating elements [7],
meander-shaped concentric squares [8], fractal elements [9], multi-layered multi-resonating
structures [10], subwavelength elements [11], hybrid elements [12,13], dual-cut-ring ele-
ments [14], and circular ring and diagonal patch ring combination elements [15]. The above
techniques remarkably improve bandwidth. In some designs, an additional layer of air is
used for a slow phase variation [3,4], at which point it is hard to maintain a constant level
of air gap across the wider aperture.

Recently, in [16] a unit cell that comprises a multi-resonating structure with a cross
dipole enclosed by cross-dipole loops generated a wide-phase variation of 802° that has a
variable phase sensitivity with a maximum value of 300°/mm. In this design, foam is used
between the substrate and the ground. Similarly, the authors in [17] proposed a unit cell
that has a wider and linear phase range of 700° that is obtained by applying a Minkowski
fractal-shaped reflector with an aperture-coupled phasing stub.

Another important issue is the cross-polarization (x-pol) discrimination that causes
the loss of energy. The x-pol can be reduced by providing a proper feed, and the design of
the unit cell. The authors in [18] presented a single-layer structure that consists of a slotted
rectangular patch with concave rectangular arms. The x-pol can be reduced by a special
arrangement of elements that is —26 dB. However, the phase variation of 360° is realized.
Another design in [19] realized a wideband single-layer structure that comprises a slotted
rectangular patch with concave rectangular arms. The structure features linear phase
variations of 360° and x-pol level of —32 dB. The authors in [20] presented a combination
of a spiral dipole and four square rings that achieves a wider gain bandwidth of 35% (1 dB)
and aperture efficiency of 55%. However, the cross-pol level is —30 dB. A reflectarray based
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on a windmill-shaped unit cell that features a 3 dB band of 35.7% with an efficiency of
51.7% is presented in [21]. The cross-pol level is —25 dB less than the co-pol level. High
aperture efficiency of 62% is achieved with a better cross-pol level of —36 dB by employing
a 0.15A element in [22]. The x-pol can be reduced by designing the unit cell to have current
in only a single polarization. However, it becomes difficult to realize the single polarized
current when designing multi-resonating multi-layered unit cells, as the currents of closely
multi-resonant elements are dependent on each other. In this paper, a new subwavelength
element comprising a double-layer unit cell for a broadband RA is proposed. The unit cell
offers a linear and wider phase response of 800°. The slopes of the reflection phases at
different frequencies are nearly equal, to realize a wide-bandwidth performance. Based on
the proposed unit cell structure, an offset-fed RA is designed with the horn feed located at
the mirror image of the beam at 30°. The 3 dB gain bandwidth (GBW) performance of 32%
is achieved. Furthermore, the RA provides a low level of x-pol that has been reduced by
canceling out the current in an x-pol direction in the individual unit cell rather than the
special arrangement of the unit cells in [18] on the RA aperture.

2. Unit Cell Structure and Characterization

Figure 1 illustrates the configuration of the proposed unit cell. A spider-shaped
structure is printed on the top layer of substrate I (Taconic RF 35 of thickness = 0.76 mm,
€ = 3.5, tand = 0.0018), which is composed of a dipole and three iterations of the pairs
of circular arcs, and the middle layer is printed on the bottom layer of substrate I that
comprises a circular ring along with a pair of concave arms. The middle layer and ground
are separated by substrate II (Taconic RF 35 of thickness = 1.52 mm, €, = 3.5, tand = 0.0018).
Both the substrates are combined through an adhesive layer of thickness 0.09 mm and
permittivity 4.4. The unit cell has a periodicity of 8 mm (0.31A¢) in both the x- and y-
directions, where Ay is the free space wavelength at 11.725 GHz.
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Figure 1. Geometry of the proposed unit cell design: (a) Top layer. (b) Middle layer. (c) Side view.
[rl =variable, rp =11 + 0.6, 13 =11 +1.255, 14 =r1 + 1.3, rs =11 + 0.7, gap = r1, w1 = wp = w3 = 0.2%r1, wy
=Ws5 = 0.3*1’1, Wy = 0.65*1’1, ld = 2*7‘1 + 2.51, hl = 1.52, hz = 009, h3 = 076, D= 2*(7‘4 + ZU4) = 2.54*7‘1 +
2.6) um-

To extract the phase reflection characteristics of the unit cell, an infinite-array approach
is performed in ANSYS HFSS. The periodic boundary conditions on the side walls are
master—slave, and a Floquet port is used for excitation [23]. The magnitude and phase
reflection of the unit cell is illustrated in Figure 2. Under normal incidence, the unit cell is
simulated and optimized at 11.725 GHz to achieve linear phase variations with a sufficient
phase range over 800°.
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Figure 2. Floquet port simulation of the unit cell at 11.725 GHz: (a) Magnitude of the reflection
coefficient. (b) Phase of the reflection coefficient.

Phase( )

The magnitude of the maximum reflection coefficient in the bandwidth is —0.19 dB.
The step-by-step evaluation of the unit cell is given in Figure 3. It should be noted that the
middle layer is the same for all cases, as given in Figure 1b. In the first case(i), the reflection
phase variation of 500° is achieved, using the dipole on the top layer. In the second case
(if) (dipole with first iteration (Itr1)), a reflection phase variation of nearly 800° is obtained,
but the slope is dramatically changing. The slope gets better until D = 7 mm in the third
case (iii) (dipole with Itrl and Itr2) covering almost 800°.
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Figure 3. Step-by-step evaluation of the unit cell.

Furthermore, checking the unit cell performance over the bandwidth, the normalized
reflection phase curves for different frequencies are depicted in Figure 4. The phase curves
are linear and insensitive to the frequency variation when D varies from 4.2 mm to 7 mm,
which anticipates the broadband behavior of the unit cell. The effect of the various incident
wave angles on the reflected phase performance is given in Figure 5, which shows a
negligible phase variation with the angle of incidence. It is important to show the current
distribution on the unit cell as it accounts for the low x-pol level. Figure 6a,b shows the
current distribution on the top and middle layer of the unit cell at 11.725 GHz for the case
when the dipole and iterations are not shorted with each other. The top-layer currents on the
first and third iterations are symmetrical, which results in a complete single polarized net
current. However, the dipole and second iteration carry asymmetrical currents that cause
an increase in the x-pol level. Similarly, the currents on the concave arms in the middle
layer are mirror images of each other, whereas the circular ring has a net counterclockwise
current. In the figure, I and I, represent the desired co-pol and x-pol currents on the unit
cell. To avoid the x-pol current, the dipoles and iterations are shorted with each other,
as shown in the proposed design. The current distributions are shown in Figure 6¢,d on
the top and middle layer of the unit cell, respectively. The net current on the top and
middle layers exist only along the length of the dipole, whereas the components of all the
currents that are orthogonal to the length of the dipole cancel each other out. Therefore,
good performance can be anticipated in terms of the x-pol level.
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Figure 4. Normalized reflection phase curves at different frequencies over the bandwidth.
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Figure 5. Normalized reflection phase curves at 11.725 GHz for various oblique incidence.
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Figure 6. Surface current on the unit cell at 11.725 GHz when the dipole is not shorted with iterations:
(a) Top layer. (b) Middle Layer. and surface current on the unit cell at 11.725 GHz when the dipole
and iterations are shorted with each other: (c) Top layer. (d) Middle Layer. [I and I, represents the
co- and x-pol currents].

Furthermore, using Itr3 in the fourth case(iv), a reflection phase of 800° is achieved
with insignificant variations in the slope after optimization. Finally, the middle layer in
case (iv) is removed, which results in a total phase variation of 400° in case (v). From the
above analysis, case (iv) provides the best performance with parameters given in Figure 1.

3. Reflectarray Antenna Implementation and Results

Based upon the new design of the unit cell, an RA is constructed as shown in Figure 7.
An offset pyramidal horn is employed to illuminate the RA located at the mirror image
of the beam at 30°. The horn is fixed at the phase center of the RA at F = Ry = 350 mm
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with coordinates (xp, Yy, zp) = (—175,0,303.108) mm that point to the center of the RA. The
aperture of the RA is an octagonal shape with a maximum dimension of D = 456 mm. To
avoid spillover losses, F/D = 0.765 is chosen to provide proper aperture illumination with
an E-field edge taper of about —10 dB. The octagonal aperture is adapted because it has
proper E-field edge tapering as compared to the rectangular aperture. To design the RA, the
realized phase reflection of each element on the aperture regarding the specific direction of
the beam can be obtained by the following equation [1]:

¢i = ko(R; — (x; - sin(6y) - cos(¢p) + y; - sin(6y) - sin(¢p))) — ko - Ro (1)

where kj is the wave number in free space, R; is the spatial phase delay from the phase
center of the array to the ith element. x; and y; are the coordinates of the ith element on
the aperture. 6, and ¢;, are the required beam directions in the space. Ry is the distance
between the phase center of the RA and the reference point (center of the RA aperture). In
our case ¢, = 0°, thus Equation (1) becomes

¢i = ko(R; — (x; - sin(6y))) — ko - Ro )

(xp,yp,zp)

?Z

Beam .
direction .-

Figure 7. Schematic representation of the reflectarray antenna and co-ordinate system.

Figure 8a shows the mechanical setup of the reflectarray antenna and its geometry. An
8 mm thick octagonal metallic jig of the same area as the reflectarray aperture is designed,
and polycarbonate screws were used to assemble the reflectarray and jig. To rotate the horn
antenna along the circular path, a rectangular strut that consists of parallel vertical arms
made of steel holds the jig, and the horizontal arm which holds the horn antenna is made
of plastic. The vertical steel arms have no significant effect on the co- and x-pol pattern.
However, the horizontal arm has a considerable effect on the reflectarray performance.
Therefore, it is made of non-conductive material. A fabricated prototype of the RA in the
near-field measurement environment is shown in Figure 8b. The horn is mounted on the
strut with the help of a holder. Figure 9 presents the simulated and measured co- and
x-pol patterns in the azimuthal and elevation plane at 11.725 GHz. The measured radiation
patterns agree very well with the simulated patterns. The x-pol levels in the main beam
direction lie at around —10 dBi. The measured side lobe levels (SLL) are around 6 dB in
both the azimuthal and elevation planes. The aperture efficiency and comparison of the
measured and simulated gains of the proposed RA are plotted in Figure 10 for only the
desired bandwidth.
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Figure 8. (a) Mechanical setup and (b) Near-field measurement setup of the proposed reflectarray.

This shows that the measured peak gains of 31.2 dBi are achieved across the bandwidth.
The differences in the measurements and simulations can be attributed to the fabrication
tolerances and beam alignment during measurements. The RA peak aperture efficiency of
42% at 11.35 GHz is noted. Moreover, the simulated GBWs of 32% (3 dB) and 25.2% (1 dB)
are obtained.
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Figure 9. Comparison of the simulated and measured co-pol patterns, and measured x-pol patterns
at 11.725 GHz. (a) Azimuthal plane. (b) Elevation plane.
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Figure 10. Simulated and measured realized gain and aperture efficiency.
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Table 1 compares the performance of the proposed RA with the previous literature.
It should be kept in mind that RA of a high F/D ratio possesses high aperture efficiency.
The reason for this is that as the distance between the feed and aperture increases, the
amplitude distribution is more uniform. Another factor is that the phase error at the edges
also reduces, which makes the GBW increase. Despite the larger aperture area and smaller
F/D ratio, the proposed design has considerable GBW. The last two columns of the table
that compare the x-pol level and SLL are the distinct features of the design that make it
superior to the published work. The minimum x-pol level is attributed to the new structure
of the unit cell that cancels the currents in the x-pol direction. The low SLLs authenticate
the proper design of RA with the negligible effect of phase error on the collimation of
reflected waves.

Table 1. Comparison of the RA performance with the published work.

[Ref] (f;rflg') (AA X 1) F/D 1 (%) GBW (%) GaCi(r)l-Fc;’]lSi) Lez;f?cliB) H-Is’lLa];léE(ZiB)
B 10 95 x 95 0.79 513 20 (1 dB) 263 iy ~17,-10
6] 1358 95 x 9.5 1 60.2 281(1dB) 2835 —275 20, —20
% 135 144 x 14.4 0.83 66 17 (1 dB) 308 “27 25,
8] 10 9.6 x 9.6 1 56.5 > (é jﬁ))’ 285 30 _12,-18
] 1358 147 x 147 038 - 153 (1 dB) 298 35 1838, -
[11] 10 143 x 14.3 - 39.8 222dB) 2917 ~30 15, -
[18] 10 69 x 6.9 0.79 67 23 (1dB) 256 iy 19, -
[20] 8 8 x 8 1 55 35 (1 dB) 265 ~30 14, -
21] 35 93 x 93 0.77 - 35 (3dB) 27.86 ~25 ~17.93, -

Prop. 11725 178 x178 0765 4 235?2(?1d§%') 312 40 25,28

4. Conclusions

A double-layer wideband RA antenna is proposed in this study for the Ku-band
satellite application. Each unit cell is composed of a spider-shaped structure on the top
layer and a circular ring with a pair of concave arms on the middle layer. A wide range of
linear phase variation of 800° is offered by the unit cell. The performance of the proposed
RA antenna is verified through measurement and simulation results. The RA offers a 3 dB
GBW almost constant around 32.2%. The maximum gain of RA 31 dBi with an aperture
efficiency of 42% is achieved and the measured x-pol level is 40 dBi lower than the co-pol
level. Thus, the design is more suitable for high-gain satellite applications.
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