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An X/Ku-Band Focusing Anisotropic Metasurface for Low
Cross-Polarization Lens Antenna Application

Hai-Peng Li, Guang-Ming Wang", Xiang-Jun Gao, Jian-Gang Liang, and Hai-Sheng Hou

Abstract—An X/Ku-band flat lens antenna based on a dual-frequency anisotropic metasurface is
proposed in this paper. The function of the anisotropic metasurface is to focus the incident plane waves
around 10 GHz and 14 GHz on different spots. Then we place a Vivaldi antenna with its phase centers
at 10 GHz and 14 GHz well matching the focal spot of the metasurface at each frequency to build a
flat lens antenna. The lens antenna has a peak gain of 18.5dB and cross-polarization levels of lower
than —20dB at 10 GHz with —1 dB gain bandwidth of 9.8-10.4 GHz, while it has a peak gain of 18.8 dB
and cross-polarization levels of lower than —30dB at 14 GHz with the bandwidth of 13.8-14.2 GHz.
Besides single working band, the antenna can simultaneously operate at 10 GHz and 14 GHz with gains
of 16.2dB and 16.5 dB, respectively. Measured results have a good agreement with the simulated ones.

1. INTRODUCTION

Metasurfaces, a kind of two-dimensional metamaterials [1-4], have drawn a great deal of well-deserved
attention lately [5-26]. A metasurface (MS) usually consists of a set of periodic or locally non-periodic
unit cells with subwavelength sizes. The MS has the characteristics of compact size, low loss and simple
fabrication, and it can flexibly control the wavefront and polarization of the electromagnetic (EM)
waves by properly arranging elements on the surface of the substrate. Since Yu et al. proposed the
general Snell’s laws using a MS containing nano-V-antennas of different shapes in the year of 2011 [5],
MS has led in the golden age of development and has been widely used in the areas of focusing [6—
10], anomalous refraction/reflection [11-15], spoof surface-plasmon-polariton (SPP) coupling [16],
polarization control [17-24], radar cross-section (RCS) reduction [25] and multi-beam lens [26] devices.

Among them, the focusing transmission MS can transfer the incident plane wave to its focal
point and vice versa. The operating sketches shown in Fig. 1 indicate that the focusing MSs can
be applied to the design of high gain planar lens antenna by properly locating feed sources over the
surfaces [10]. This kind of lens antenna can also be called as transmittarray [27,28]. These focusing
MSs usually have single operating band. However, there are increasing needs for dual-band high-
gain antennas with relatively larger frequency ratio in the area of remote wireless communication. To
achieve dual working bands, the direct idea is to design a dual-band MS unit cell. But it is very
difficult to simultaneously satisfy the requirements of the phase-control with high efficiencies at two
frequency bands with only one element. Another creative idea is to insert higher-frequency elements
into the space of the lower-frequency elements. However, this technology has suffered from severe
coupling effect between the higher- and lower-frequency elements. To decrease the coupling, the most
effective way is to make the two types of elements operating at different frequencies have orthotropic
polarization reactions with electromagnetic wave. Based on this idea, the design can be further simplified
by designing only one unit cell which can independently control the phases of incident waves with
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Figure 1. The operating sketch of (a) focusing MS and (b) lens antenna.

orthotropic polarizations and different frequencies. As long as the independent control of orthotropic
polarizations is involved, we have to consider the anisotropic MS which has many applications in this
area. Anisotropic MSs usually consist of unit cells which has different structures along z- and y-axes.
They have great advantages in independently steering z- and y-polarization waves and can be used
for designing polarization separation [17]/transformation [19-24] devices and circular polarization high
gain antennas [18]. However, these devices usually require independent controls of two orthotropic
polarizations at the same frequency.

In this paper, we use an anisotropic MS to realize the second idea of the dual-band flat lens
antenna. Firstly, we propose a unit cell which can independently control the incident waves with
different polarizations and frequencies. Secondly, we construct a dual-band anisotropic focusing MS
with different focal lengths for - and y-polarization waves and clearly verify the focusing phenomenon
around 10 GHz and 14 GHz, respectively. Lastly, we use a Vivaldi antenna as a feed source to illuminate
the MS. When the Vivaldi antenna is placed horizontally, vertically and obliquely, the lens antenna will
operate around 10 GHz, 14 GHz, and both the frequencies, respectively. To some extent, the proposed
lens antenna is polarization switchable and frequency reconfigurable. In addition, the independent
control of the - and y-polarization waves also brings about a performance of low cross-polarization
levels for the proposed lens antenna.

2. UNIT CELL DESIGN

The structure of the MS unit cell is depicted in Fig. 2. As shown, the unit cell is multilayered with
four metallic layers and three dielectric layers. The dielectric layers all have a permittivity of 2.65 and
thickness of 1.5 mm. The four metallic layers are identical, and each layer contains a square ring with

Figure 2. The structure and simulation setup of the unit cell. (a) Top view. (b) Perspective view with
the simulation setup. p = 10mm, ¢t = 0.2mm, d = 1.5 mm.
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a rectangular patch inside. For transmission MS design, it is hard to cover 360° phase shift range with
satisfying efficiencies by single-layered structures. Multilayer stack is a valid technique to expand the
phase shift range of the MS. In our design, single- and two-layer dielectric structures cannot satisfy
the request of complete phase control at 10 GHz and 14 GHz. With the condition of the transmission
amplitude over 0.8, the phase-steering ranges of single- and two-layer structures are 190° and 290°
at 10 GHz, respectively, while they are 130° and 270° at 14 GHz, respectively. When the unit cell is
three-layered, the phase-steering ranges at 10 GHz and 14 GHz are both over 360°. For more layers, the
phase-steering range will be wider. However, more layers also mean more loss, harder fabrication and
higher profile. So we adopt a three-layered structure in our design. The unit cell is simulated in CST
Microwave Studio 2013 by setting periodical boundaries in z- and y-directions. The halves of the patch
length and width represented by r, and r, respectively are selected to steer the transmission coefficients
while other structure parameters remain unchanged. We can describe the transmission parameters by

a matrix expressed as following:
T T,
T — Tx yr 1
< Tey Tyy > M)

where T;; represents the transmission coefficient under the condition that the incidence wave is j-
polarized, and the transmission wave is i polarized. Owing to the axial symmetry structure of the unit
cell, the cross-polarization transmission coefficients (T}, and Tj,) are almost equal to zero so that only
the co-polarization coefficients (77, and Ty,) need to be considered in the design.

We first fix the initial structure parameters as r, = 4.06 mm and r, = 2.90 mm, and the simulation
phases and amplitudes of the special element are shown in Fig. 3. As can be seen, the falling edges of
the passband of the amplitude curves expressed by Am(7},) and Am(7Ty,) are located around 10 GHz
and 14 GHz, respectively. Meanwhile, the phase curves expressed by Arg(T,,) and Arg(7,,) have a
drastic decline around 10 GHz and 14 GHz, respectively.
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Figure 3. The transmission phases and amplitudes of the unit cell with structure parameters of
ry = 4.06 mm, 7, = 2.90 mm.

With the decrease of r, and r,, the passband of the amplitude curves will increase. A set of
parameter values for different transmission amplitudes and phases is determined until the rising edges
of the Am(T},;) and Am(T,,) curves are located around 10 GHz and 14 GHz, or the phase steering
ranges already cover 360°. By a parameter scan with the step of 0.02 mm, the adjustment ranges for r,
of [4.06 mm, 1.2 mm] and r, of [2.90 mm, 1.0 mm]| are obtained. The curves of T}, at 10 GHz and T, at
14 GHz versus r, are plotted in Fig. 4(a). As r, decreases from 4.06 mm to 1.2 mm, Arg(7,,) increases
greatly with a range over 360° while Arg(T,,) changes a little. Meanwhile, the values of Am(T,,) at
10 GHz and Am(Ty,) at 14 GHz are always higher than 0.8 within the whole changing range of r,. From
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Figure 4. The transmission phases and amplitudes versus (a) 7, and (b) r, at 10 GHz and 14 GHz.

Fig. 4(a), we can conclude that the phases of z-polarization incident wave can be controlled with very
high transmission efficiencies and little influences on the transmission coefficients of the y-polarization
incident wave just by the adjustment of r,. For the change of r,, the simulation results are shown in
Fig. 4(b). As ry, decreases from 2.9 mm to 1.2mm, it can be seen that Arg(7,,) increases greatly with a
range over 360° while Arg(7},,) changes a little. In addition, Am(7},) at 10 GHz and Am(7,,) at 14 GHz
are also always higher than 0.8 within the adjustment range of r,. By analyzing Fig. 4 comprehensively,
we know that T, can be controlled by the structure parameter of r, while T}, can be well steered by
ry, and their changes have a little influence with each other. In a word, the proposed unit cell can steer
z-polarization wave around 10 GHz and y-polarization wave around 14 GHz independently.

3. DUAL-BAND FOCUSING MS

For focusing metasurface design, the phase distribution on the surface should obey hyperbolic
distribution given by Eq. (2 )

Pa.y) = (VA F P L7 - DE2km 4 @0 (k=0.12..) @)

where L is the focus length, g the free space wavelength, ®(x,y) the transmission phase at the location
of (x,y) on the surface, and ®( the transmission phase at the referenced original point. However, the
actual phase distribution on the metasurface should be discrete due to the existence of the element
length. Taking the polarization characteristics of the incident wave into consideration, we can rewrite
Eq. (2) as follows:

Arg(Tow)mn — Arg(Tie)oo = 27rcfw (v/(mp)2 + (np)2 + L2—L,)+2kn (k=0,1,2,...) (3)

Arg(Ty ) AI’g( yy)OO - @(\/(mp)z + (np)2 + LZ_L?J):‘:2]€7T (k = 07 1) 27 .. ) (4)
where m and n are the numbers of the unit cell on the metasurface, and they are integer. p is the
length of the unit cell and ¢ the velocity of the light. For z- polarlzatlon incident wave, Arg(Tyy)mn is
the transmission phase of the unit cell numbered (m, n), Arg(7,)oo the transmission phase of original
element located at the center of the surface, and L, the focal length, while for y-polarization incident
wave, they are represented by Arg(Tyy)mn, Arg( Tyy)oo and Ly, respectively. In addition, the frequencies
of z- polarlzatlon and y-polarization incident waves are f, = 10 GHz and f, = 14 GHz, respectlvely

The settings of L, and L, are dependent on the phase centers of the feed antenna at 10 GHz and
14 GHz. So we need to select a proper wideband antenna as the feed source before the design of the
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Figure 5. The VSWR of the Vivaldi antenna with its structure.

MS. In this work, we choose the Vivaldi antenna to illuminate the MS. Compared with other types of
wideband antenna, microstrip Vivaldi antenna has the advantages of easy design and fabrication and
stable farfield radiation patterns within a wide frequency band. However, the location of the phase
center for the Vivaldi antenna changes with increasing frequency which needs to be compensated in
the initial calculations. The structure and voltage standing wave ratios (VSWRs) of the antenna are
shown in Fig. 5. The substrate has a permittivity of 2.65, thickness of 0.73 mm and loss of 0.001. The
parameters of the antenna are w; = 14mm, wy = 1mm, w3 = 0.95mm, [y = 41.2mm, [ = 50 mm,
g1 = 0.5mm, go = Il mm, r = 1.9mm, and the exponential curve in the structure satisfies the following

equation.
g1 Z w1y
== —In| — 0<z<lI 5
y ZeXp<l1n<gl>> O<z<h) (5)

Compared with the simulation VSWR, the measured one is blue-shifted as a whole. This mismatch
might be caused by the inhomogeneity of the substrate and fabrication inaccuracy. However, the feed
antenna still satisfies VSWRs around 10 GHz and 14 GHz of lower than 2 dB. Beside this, Fig. 6 shows
the simulated 3D radiation patterns at 10 GHz and 14 GHz. It is shown that both main beams point
to the +z-direction at the two frequencies. Meanwhile, we should indicate that the simulation phase
centers depicted in Fig. 5 are located at the distances of 23 mm and 13 mm away from the front edge
of the Vivaldi antenna at 10 GHz and 14 GHz, respectively. It means that the phase centers at different
frequencies have a difference of 10 mm, which is very important for fixing the MS parameters of L, and
L, in Eq. (2) and Eq. (3). To not lose generality, we fix L, = 53mm and L, = 43 mm according to
request of 10 mm difference between 10 GHz and 14 GHz. For lens antenna design, the phase center of
the feed source has to match the focus of the focusing MS. So the Vivaldi antenna has to be placed with
its front edge 30 mm over the MS.

For a hyperbolic distribution given by Eq. (2), the phase increases from the original point to the
around space. The unit cell shown in Fig. 3 with structure parameters of 7, = 4.06 mm and r, = 2.90 mm
has the smallest phase in the steering range, so we adopt it as the central and original (m = 0 and
n = 0) element on the surface. By insertion of f; = 10 GHz and L, = 53 mm into Eq. (2), we can obtain
the distribution of Arg(Tyz)mn on the whole MS. The distribution of Arg(Tyy)ms can also be calculated
by Eq. (3) under the condition of f, = 14 GHz and L, = 43mm. Both of the phase distributions are
illustrated in Fig. 7. According to the distribution of Arg(7ys)mn, we can find the distribution of r,
shown in Fig. 8(a) on the MS by the curve of Arg(7T,,) versus 7, shown in Fig. 4(a). In the same
way, the distribution of r, shown in Fig. 8(b) can also be determined by the distribution of Arg(Ty,)mn
shown in Fig. 7(b) and the curve of Arg(Ty,) versus r, shown in Fig. 4(b). Based on the parameter
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Figure 6. The 3D farfield radiation patterns of the Vivaldi antenna at (a) 10 GHz (b) 14 GHz.
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Figure 7. The distributions of (a) Arg(Tys)mn at 10 GHz and Arg(7T)y)mn at 14 GHz on the whole MS.
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Figure 8. The distributions of (a) r, and (b) r, on the whole MS.

distributions of r; and r,, the simulation model of the MS can be built. Finally, the MS structure
consists of 13 x 13 unit cells and occupies a total area of 130 mm x 130 mm, shown in Fig. 9(a).

4. FOCUSING PHENOMENON VERIFICATION

After the design of the dual-frequency MS, we should analyze and verify the focusing effect. A 45°-
polarization plane-wave is used for illuminating the MS to simultaneously generate z- and y-polarization
waves with equal electric field intensity. The distributions of z-component (E,) and y-component (£,)
of the F field on zoz-plane at 10 GHz and 14 GHz are shown in Figs. 9(c), (d), (e) and (f), respectively.
As seen from Figs. 9(c) and (f), both plane waves at 10 GHz and at 14 GHz are transformed to spherical
waves across the MS. In addition, the distribution shown in Fig. 9(d) indicates that the MS has little
influence on the propagation of y-polarization wave at 10 GHz while the distribution shown in Fig. 9(e)
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Figure 9. (a) Structure of the MS with the schematic of the incident wave. (b) Sketch of xoz-plane
and yoz-plane with their intersection line highlighted by red color. The distributions of (c), (e) E, and
(d), (f) Ey at (c), (d) 10 GHz and (e), (f) 14 GHz.

indicates that the MS reflects most power of z-polarization wave at 14 GHz. This phenomenon has big
influence on the cross-polarization radiation patterns of the Vivaldi antenna, which will be analyzed in
the next part.

To describe the focusing effect more clearly, we plot the power intensity distributions at 10 GHz
and 14 GHz on the two orthogonal planes in Figs. 10(a) and (b). As shown, the power intensities have
been focused on two spots located in the center of a plane which is parallel to the zoy-plane for both of
the distributions. In order to determine the simulation focal length (the distance of the spot at z-axis),
we give the power intensity distributions along the red line marked in Fig. 9(b) at 10 GHz and 14 GHz
in Figs. 10(c) and (d), respectively. As can be seen from the two figures, the peak value of the curve
at 10 GHz appears at the distance of z = 51.8 mm while the peak value of the curve at 14 GHz appears
at the distance of z = 44.1mm. It means that the simulation values of L, and L, are 51.8 mm and
44.1 mm, respectively. The simulation results have a good agreement with the theoretical values of
L, =53mm and L, = 43 mm.

5. X/KU BAND LENS ANTENNA DESIGN

For lens antenna design, we should place the Vivaldi antenna properly to illuminate the MS. The
simulation value of L, is 1.2mm lower than the theoretical value while the simulation value of L, is
1.1 mm higher than its theoretical value. The real location of the Vivaldi antenna cannot satisfy the two
simulation values at the same time. Nevertheless, the differences between the simulated and theoretical
values are very small so that we still place the feed antenna according to the initial setting with its front
edge 30 mm over the MS. When the front edge (direction of the E field) of the Vivaldi is parallel to the
x-axis, the lens antenna operates around 10 GHz, and its 3D radiation pattern is shown in Fig. 11(a).
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Figure 10. The power density distributions on (a), (b) two orthotropic planes and (c), (d) the
intersection line at the frequencies of (a), (¢) 10 GHz and (b), (d) 14 GHz.
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Figure 11. The 3D radiation patterns of the lens antenna at (a) 10 GHz, (b)14 GHz for single (a)
x-polarization and (b) y-polarization incident wave.

It is shown that the radiation pattern is pencil-shaped and has a high peak-gain of 18.5dB. On the
other hand, when the front edge is parallel to the y-axis, the lens antenna operates around 14 GHz, and
its 3D radiation pattern is shown in Fig. 11(b). As shown, the radiation pattern is also pencil-shaped
with a high gain of 18.8 dB. To observe the far-field results more clearly, the 2D radiation patterns of
the lens antenna under the two conditions as well as the radiation patterns of the bare Vivaldi antenna
are shown in Fig. 12 and Fig. 13. As shown in Fig. 12, the peak gain of the bare antenna is enhanced
by 8.9dB at 10 GHz across the MS. On the other hand, in Fig. 13, we can see that the peak gain is
enhanced by 8.3 dB. Meanwhile, the lens antenna has a very narrow main beamwidth and low side-lobe
levels (SLLs) at the two frequencies.

The comparison results of this work with earlier transimitarrays are shown in Table 1. It is shown
that this work not only achieves dual working bands but also obtains satisfying gains with a rather
small overall size. In addition, the proposed lens antenna has a characteristic of low cross-polarization
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Figure 12. The simulated and measured 2D radiation patterns on (a) zoz-plane and (b) yoz-plane at
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Table 1. Comparison results of this work and earlier transmitarrays.

Center frequencies size Gain

(GHz) (Mox o) (dB)

Ref. 27 11.3 13.02 x 13.02 x 0.75 23.76
Ref. 28 9.7 6.2 x 6.2 x 0.039 23
Ref. 10 10 3.46 x 3.46 x 0.1 16.7

. 10 4.33 x 4.33 x 0.15 18.4
This work 14 6.06 x 6.06 x 021 18.8

levels at both working frequencies. As mentioned in the description of Fig. 9, the MS has different
influences on the z- and y-polarization waves at 10 GHz and 14 GHz. This is different from the isotropic
MS which has the same influence on different polarization incident waves. This performance will greatly
decrease the cross-polarization levels of the lens antenna in our design. To verify the forecasting, we
give the measured 2D radiation patterns on two orthotropic planes at 10 GHz and 14 GHz by Fig. 14.
For the working frequency of 10 GHz, the MS focuses the z-polarization wave but has little influence
on the y-polarization wave. The cross-polarization levels of the lens antenna at 10 GHz are decreased
by approximately 9dB within the angle range of [—45°, 45°] compared with the bare Vivaldi antenna.
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For the working frequency of 14 GHz, the MS not only focuses the y-polarization wave but also reflects
most power of the z-polarization wave. With the effect of the two aspects, the cross-polarization levels
of the lens antenna are decreased as high as 15dB within the angle range of [—45°, 45°] compared with
the bare Vivaldi antenna. From Fig. 14, we can also see that the cross-polarization levels with the angle
rang of [—90°, 90°] (front radiation-direction) at 10 GHz and 14 GHz are as low as —20dB and —30dB,
respectively.

Besides the impedance width, we should also pay attention to the gain width of the lens antenna.
The —1-dB gain width has usually been used for high-gain antenna. We give the —1-dB gain width
for the lens antenna in Fig. 15. As shown, the lens antenna has a gain width of 9.8-10.4 GHz for the
condition shown in Fig. 11(a) while it has a measured gain width of 13.8-14.2 GHz for the condition
shown in Fig. 12(b).

The novelty of our design is that we use one MS to achieve two different focusing phase distributions.
One phase distribution with the focal length of L, = 53 mm is built by the parameter distribution of r,,
and the phase distribution can be excited by z-polarization waves with the frequency around 10 GHz.
Meanwhile, the phase center of the Vivaldi antenna at 10 GHz matches the focal point of the MS because
of our design. So the lens antenna operates around 10 GHz when the incident wave is z-polarized. The
other distribution with the focal length of L, = 43 mm is built by the parameter distribution of r,, and
this phase distribution can be excited by y-polarization waves with the frequency around 14 GHz. The
phase center of the Vivaldi antenna at 14 GHz also matches the focal point of the MS in this condition.
So the lens antenna operates around 14 GHz when the incident wave is y-polarized. In addition, when
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Figure 16. The 3D radiation patterns of the lens antenna at (a) 10 GHz, (b) 14 GHz for 45°-polarization
incident wave.

Figure 17. Photographs of the (a) proposed MS and (b) its measured surroundings.

the Vivaldi antenna is placed with its front edge parallel to the diagonal of the MS, both z-polarized and
y-polarized waves are omitted by the feed source. So both distributions are excited under this condition,
and the lens antenna can operate at 10 GHz and 14 GHz simultaneously as shown in Fig. 16. However,
the peak gains are decreased by 2.3dB and 2.2dB at 10 GHz and 14 GHz, respectively compared with
the two conditions shown in Fig. 11. It is because the incident power is almost equally divided between
z- and y-polarization incident waves. In addition, the SLLs become worse than that of the single z-
or y-polarization incident wave. Finally, the samples of the MS and Vivaldi antenna are fabricated,
assembled and measured. Photographs of the lens antenna and its measured surroundings are shown in
Fig. 17.

6. CONCLUSION AND PERSPECTIVES

In conclusion, a transmitting lens antenna operating around 10 GHz and 14 GHz has been designed,
fabricated and measured. The lens antenna consists of an anisotropic MS and a Vivaldi antenna. The
MS has satisfying focusing effects at 10 GHz and 14 GHz, and a Vivaldi antenna with VSWRs lower than
2dB around 10 GHz and 14 GHz is used for illuminating the MS. When the front edge of the antenna
is parallel to the z-axis, y-axis and diagonal of the MS, the lens antenna can operate around 10 GHz,
14 GHz, and both frequencies. For single-band working, the lens antenna has a measured peak gain
of 18.5dB at 10 GHz with —1 dB gain bandwidth of 9.8-10.4 GHz and that of 18.8dB at 14 GHz with
—1dB gain bandwidth of 13.8-14.2 GHz. The cross-polarization levels of the two frequencies are lower
than —20dB and —30dB, respectively. The good performances especially for the switchable working
frequency bands and the low cross-polarization levels make the lens antenna very suitable for remote
satellite communication.
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