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Abstract — A three-layered transmitting focusing gradient
meta-surface (FGMS) has been proposed, which can
achieve broadband gain enhancement from 8.2 GHz to
10 GHz. The element of broadband transmitting FGMS
has high transmitting efficiencies that over 0.7 and
achieve [0, 2n] phase range with a flat and linear trend
in the operating band. The FGMS can transform the
spherical waves into plane waves. Three patch antennas
working at 8.2 GHz, 9.1 GHz, and 10 GHz respectively
are placed the focus of broadband FGMS as the
spherical-wave source to build a broadband planar
lens antenna system. It achieves a simulation gain of
15.44 dBi which is 7.51dB higher than that of the bare
patch antenna at 10 GHz with satisfying SLLs and
beamwidths. However, it enhanced the gain of the bare
patch antenna in a wide operating band. Finally, the
FGMS and the patch antenna are fabricated and
measured. The measured results are in good agreement
with the simulations.

Index Terms — Broadband gain enhancement, focusing
gradient meta-surface, lens antenna, transmissive.

I. INTRODUCTION

Nowadays, meta-surfaces as a class of
metamaterials that have been widely studied [1-4]. As a
two-dimensional material in metamaterials, it has many
advantages, such as low profile, easy manufacturing,
miniaturization, ease to conformal, etc. The gradient
meta-surface is the most research-worthy category,
which can manipulate the phase and polarization of the
wave to control the phase and amplitude. So far, gradient
meta-surface has been greatly developed and applied in
the microwave field, which can achieve the functions of
polarization split [5], radar cross-section reduction [6],
anomalous refraction/reflection [7], transformation [8],
and focusing [9].

The phase gradient meta-surface (PGMS) is a
subclass of MS which has been proposed by Yu [10].
The focusing GMS (FGMS) can transform spherical
wave to plane wave, but the point source should be
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placed at the focal point of the PGMS. Due to the
reciprocity of electromagnetic waves, vice versa. This
performance can be used in the design of a high gain
planar lens antenna by placing the feed antenna at the
focus of the FGMS [11-13].

Lens antennas have a wide range of applications
in remote wireless communication systems, which
effectively combines the advantages of parabolic
antennas and phased array antennas to produce
extremely high gains. Lens antennas employing meta-
surfaces such as zero/low index metamaterial [14] or
gradient-refractive-index metamaterial [15] have been
heavily researched. Reflect-array [16] and transmit-array
[17] antennas have received extensive attention because
of their simple structure and thinness. A high-gain
transmitting lens antenna by employing layered phase-
gradient meta-surface (MS) has been proposed [18]. The
meta-surface is engineered to focus the propagating
plane wave to a point with high efficiency. A single-layer
focusing gradient meta-surface built by one element-
group has been proposed [19]. The lens antenna achieves
a pencil-shaped radiation pattern with a simulation
maximum gain of 16.7dB at 10GHz. But today's lens
antennas are mostly narrowband, can’t meet the needs of
remote wireless communication systems. Therefore, it is
necessary to develop a broadband high gain lens based
on FGMS.

In this work, a three-layered transmitting FGMS
has been proposed, which can achieve broadband
gain enhancement from 8.2 to 10GHz.The broadband
transmitting FGMS element requires stable phase
compensation, high transmit efficiency, and the phase of
the phase-shifting element changes flatly and linearly in
the wide frequency band. Then elements with different
types and compensation phases are located on the surface
according to the hyperbolic phase distribution to build
broadband focusing FGMS. The FGMS can transform
the spherical waves into plane waves, which can be used
to build a planar lens antenna. Three patch antennas
working at 8.2 GHz, 9.1 GHz, and 10 GHz respectively
are placed the focus of broadband FGMS as the
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spherical-wave source to build a broadband planar lens
antenna system, that enhanced the gain of the bare patch
antenna in a wide operating band.

Il. MULTILAYER TRANSMITTING
FOCUSING GMS DESIGN

A. Design principle of GMS

The phase gradient meta-surface can be simply
divided into two types: transmissive and reflective.
Compared with the reflecting FGMS, the design of the
transmitting FGMS is more difficult, which requires not
only stable phase compensation but also high transmit
efficiency. Figure 1 shows the working mechanism of
transmitting focusing FGMS. Transmitting focusing
FGMS can convert incident plane waves into spherical
waves emitted by the source located at its focus and vice
versa. This performance can be used in the design of a
high gain planar lens antenna by placing the feed antenna
at the focus of the FGMS.
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Fig. 1. The schematics of focusing FGMS. The green
dashed line shows the hyperbolic phase distribution of
the meta-surface given by Eqg. (1).

Usually the phase distribution of the focused FGMS
unit obeys the hyperbolic formula:

(D(x,y)zi—ir(«/x2+y2+L2—L)+CDO, €))

where L is the focal length of the lens, 4 is the free space
wavelength, x and y are the position coordinate of the
lens unit on the lens. When the plane incident waves
perpendicular to the transmitting focusing FGMS, the
transmitted electromagnetic wave is deflected toward the
phase delay direction. The anomalous refraction can be
explained by the generalized law of refraction, which is
defined by the following formula:

nsin(@)-nsin(g) -2

, 2
27 dx @)
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where ¢ is the phase distribution of the focused FGMS
unit, n; and #»; are the refractive index of the refracted
medium and incident medium, é; and 6; are the refracted
and incident angle of electromagnetic wave, A is the
wavelength of electromagnetic waves:

dg/dx=2x/np, )

where n is the number of phase shifting elements for
constructing the supercell of FGMS. In this design, the
entire transmitting FGMS is placed in an air box, so n; =

ni=1,
6, =sin™ [ixz—ﬂj . 4)
27 np

When the element has achieved [0, 2m] phase range,
a transmitting focusing FGMS that regulates the
transmission direction of the electromagnetic wave can be
obtained by designing a reasonable phase gradient and
arranging the elements into an array.

B. Element design

Designing broadband transmitting focusing FGMS,
in addition to satisfying the two above conditions, it is also
required that the transmission phase of the phase-shifting
element changes in a flat and linear manner in the
operating frequency band. As shown in Fig. 2, the element
of meta-surface structure is composed of four metallic
layers and three intermediate dielectric layers, each
metallic layer contains a square ring outside and a square
patch inside. the dielectric substrate is F4b, which has a
permittivity of 2.65, a thickness of 2.5 mm, and a loss
tangent of 0.001. To efficiently control the phase gradient,
the side length of the inside square patch is chosen to vary
while fix a=8mm, /=7.9 mm, w=0.1 mm, d=2.5 mm. So,
the total thickness of the FGMS is 7.5 mm.

3 "

Fig. 2. Structure of the FGMS element and the simulated
setup. (a) Top view; (b) perspective view.

Figure 3 shows the transmission coefficients of a
phase-shifting element with different p. In the 8.2~10GHz
frequency band, the amplitude of the transmission
coefficient curve ranges from 0.7 to 1 as the change of
square patch length. It indicates that the designed element
of FGMS has a relatively large transmissivity. Figure 4



shows the phase of Sy for which indicates that the phase
range. The three layers element has achieved [0, 2x] phase
range with a flat and linear trend in the operating band. It
satisfies the requirement for transmitting FGMS design.

A supercell that provides a linear phase gradient
has been designed, which can manipulate the EM
waves effectively. The supercell is composed of seven
elements. The inside square metal patch side (p) of each
element has a length of 7.2mm, 7mm, 6.6mm, 6.2mm,
5.7mm, 4.8mm, 4mm from large to small, meanwhile the
other parameters of the elements remain unchanged.
Each phase-shifting element can compensate for the
phase of 51.43°.

1.0
08 ./ N o L TN
$06
=
g‘ 0.4 ) — —p=7mm 3
< ! K4 + + p=6.6mm
. L e p=6.2mm
’ rd P— -
’ . p=5.7mm
0'2".,-' - = ~-p=4.8mm
g == p=4mm

0.0 . - - - y r .
70 75 80 85 90 95 100 105 11.0
Frequency(GHz)

Fig. 3. Transmission coefficients of phase shifting
element with different value of p.
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Fig. 4. Transmission phases of the seven elements with
different value of p.

C. Focusing GMS design

In the previous part, a supercell, that can cover
enough phase range with high transmitting efficiencies,
has been designed. The supercell, that composed of
seven different phase compensation elements, is used for
building a (two- dimensional) 2D focusing FGMS. To
determine the phase that needs to be compensated for
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each element position on the plane of the FGMS,
equation (1) can be written as follows:

Aw(m,n)=%( (mp)2+(np)2+L2—L)+2k7z, (5)

where k=0,1,2..., m (n) is the number of the element in
X(y)-direction, A ¢ (m, n) is the phase difference between
the element placed at the location of (mp, np) and the
element placed at the origin (m=0, n=0).
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Fig. 5. The prototype of designed planar transmission
type focusing FGMS.

We use 7 elements to cover about 2n phase shift
which was mentioned above. Figure 5 shows the
prototype of the designed planar transmission type
focusing FGMS, which with elements of 13x13 and a
size of 104mmx104mm. Due to the central symmetry
of the distribution of FGMS phase-shifting element and
the symmetry of element, so the designed wideband
FGMS is polarization insensitive. To yield the focusing
phenomenon, a plane wave is located 20mm over the MS
to illuminate it. Figure 6 shows the focusing effect of
the proposed design FGMS. The simulated electric field
(Ex) amplitude distributions on xoz-plane at 8.2GHz,
9.1GHz, and 10GHz have been shown. The power
densities on the xoz-plane have been focused on a
spot. Due to the polarization insensitivity of the FGMS
structure, the same behavior exists in the yoz-plane.
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Fig. 6. Focusing effect of the proposed design FGMS.
Simulated electric field (Ex) amplitude distributions on
xoz-plane. (a) 8.2 GHz; (b) 9.1 GHz; (b) 10 GHz.

I11. HIGH-GAIN LENS ANTENNA
APPLICATION

We can design a wideband, gain enhancement
planar lens antenna operating at X-band based on the
designed FGMS. The proposed FGMS can transform
the spherical wave emitted by the patch antenna to a
near-plane wave, which enables gain enhancement. The
schematic of the lens antenna is shown in Fig. 7. A patch
antenna has been located 30mm away from the FGMS to
feed the FGMS. The antenna placement position needs
to be close to the focus of FGMS. Three patch antennas
are designed to verify the gain effect of wideband lenses
based on FGMS. An antenna structure as shown in
Fig. 7, radiant surface is a round metal patch and coaxial
feed has been used. The substrate is F4b, which has a
permittivity of 2.65 and a loss tangent of 0.001.

Transmitting PGMS

Feed point

| Lp

Fig. 7. The schematic of the lens antenna.
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Three patch antennas working at 8.2 GHz, 9.1 GHz,
and 10 GHz respectively are designed and the measured
reflection coefficients with and without the FGMS are
shown in Fig. 8. It can be seen from Fig. 8 that the
resonant frequency band of the antenna is deviated after
loading the lens, mainly due to the existence of parasitic
coupling between the radiation source antenna and the
FGMS. The measured results are in good agreement with
the simulation results.
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Fig. 8. Sy1 of three patch antennas with and without
loading the FGMS. (a) 8.2GHz; (b) 9.1GHz; (c) 10 GHz.

Figures 9 (a) and (b) show the sample of lens
antenna with FGMS. Hard foam of the thickness of
30mm has been loaded between patch antenna and



FGMS to fix patch antenna and FGMS. Figure 9 (c)
shows the test scenario of an anechoic chamber.

-

(b) (¢)

Fig. 9. The sample of lens antenna with FGMS. (a) Front
view; (b) side view; (c) the test scenario of anechoic
chamber.

To demonstrate the performances of the system
more clearly, we display the far-field radiation patterns
of the patch antenna with and without the FGMS at
8.2GHz, 9.1GHz, and 10GHz of two orthogonal planes
in Fig.10.
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Fig. 10. Simulated and measured far-field radiation
patterns of the patch antenna with and without the
FGMS. (a) 8.2 GHz, xoz-plane; (b) 8.2 GHz, yoz-plane;
(c) 9.1 GHz, xoz-plane; (d) 9.1 GHz, yoz-plane; (e) 10
GHz, xoz-plane; (f) 10 GHz, yoz-plane.

As is shown in Figs. 10 (a) and (b), the lens antenna
has a simulation gain of 11.92 dBi which is 5.15dB
higher than that of the bare patch antenna at 8.2 GHz.
The measured peak gain is 11.04 dBi which is 4.66 dB
higher than that of the bare patch antenna at 8.2 GHz. As
is shown in Figs. 10 (c) and (d), the lens antenna has a
simulation gain of 15.60 dBi which is 8.44 dB higher
than that of the bare patch antenna at 9.1 GHz. The
measured maximum gain is 14.9 dBi which is 7.54 dB
higher than that of the bare patch antenna at 9.1 GHz. As
shown in Figs. 10 (e) and (f), the lens antenna has a
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simulation gain of 15.44 dBi which is 7.51dB higher than
that of the bare patch antenna at 10 GHz. The measured
peak gain is 14.26 dBi which is 6.66 dB higher than that
of the bare patch antenna at 10 GHz. Compared with the
measured results, the simulation results are about 1dB
higher, which is acceptable by considering the possible
machining errors and test errors.

In the case of the pure patch antenna without adding
the lens, the antenna efficiency of 89.5% is obtained at
9.1GHz. Note that the aperture efficiency is evaluated
with respect to the utmost directivity which can be
calculated through the equation:

17 =G/D,, =G/(47PQ/ 4} )x100%, (6)

with P =104 mm and Q = 30 mm is the length and width
of the focusing meta-surface, respectively. In the case of
the patch antenna with adding the lens, the antenna
efficiency of 41% is obtained at 9.1GHz.

The lens antenna based on FGMS designed in this
paper has been proven to achieve gain enhancement
over a wide range of frequencies from 8.2 to 10GHz. In
addition, small overall size with less number of elements
inevitably brings a decrease in the peak gain.

Table 1: Comparison of the performances between
previous literature and this work

Ref WF Aperture F/D Unit Cell
' | fIGHz | Efficiency | Ratio | Number
[18] 10 31.4% 0.19 196
[19] 19(')95 N.A. 0.29 144
[20] | 15-18 6.17% 0.43 576
[21] | 9.275 56.3% 0.8 121
VTVE;IS( 9.1-10 41% 0.28 144

WF=Working Frequency.

The comparisons between the results of this work
with earlier transmit-arrays are shown in the following
Table 1. From the Table 1, we can see that the designed
lens antenna has good performance in terms of antenna
working bandwidth and aperture efficiency. The proposed
lens antenna has a smaller F/D ratio, which will facilitate
the requirements of low-profile antennas. In addition,
fewer units cell number of transmit-arrays mean easier
processing and lower costs.

1V. CONCLUSION

In conclusion, a gain enhancement broadband
planar lens antenna operating from 8.2GHz to 10GHz
based on wideband focusing gradient meta-surface is
simulated, fabricated, and measured. The prototype of
the designed planar transmission type focusing FGMS
has elements of 13x13 and a size of 104 mmx104
mmx7.5 mm. High transmitting efficiencies of the
elements, the phase of the phase-shifting element

ACES JOURNAL, Vol. 36, No. 6, June 2021

changes with a flat and linear manner in a wide
frequency band, and a good focusing effect of the FGMS
guarantee the good performances of the broadband
transmitting lens antenna. It achieves a simulation gain
of 15.44 dBi which is 7.51dB higher than that of the
bare patch antenna at 10 GHz with satisfying SLLs and
beamwidths. Moreover, the gain is improved from
8.2GHz to 10 GHz, which implements broadband FGMS.
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