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ABSTRACT A transmitting lens antenna with focused beams by employing four-layer phase-gradient

metasurface (PGMS) is proposed. A wideband slot-coupled antenna is mounted close to the focal position

of the PGMS acting as a feed. The electromagnetic wave radiated through the feed source is transformed

to plane wave within a wide frequency covering from 9.4 to 10.6 GHz. The in-band measured gain is from

16.7 to 19.4 dBi and a 3-dB gain bandwidth of around 10% is achieved, which demonstrates that the proposed

four-layer PGMS still has the ability to focus electromagnetic wave within a wide frequency band efficiently

though its transmission phase range at some specific frequency bands does not meet 360◦.

INDEX TERMS Wideband, transmitting, slot-coupled antenna, phase-gradient metasurface.

I. INTRODUCTION

With the increasing demands on high speed and large

channel capacity in modern mobile communication sys-

tems, broadband and high gain antenna technologies have

been developed rapidly, especially in the high-frequency

band of the fifth generation mobile communication [1]–[7].

The waveguide antennas [8], [9], microstrip antenna

arrays [10], [11] and three-dimensional (3-D) lens anten-

nas [12], [13], are some of the most popular high gain

antennas. For the waveguide-based antennas, they are bulky

and not suitable for miniaturization and integration. The

microstrip antenna arrays are ideal high gain antennas for

miniaturization and integration, but they face the severe

problem of dielectric losses as the operating frequency getting

higher, and also not suitable for high power applications.

Additionally, the 3-D lens antenna especially the dielec-

tric spherical lens antenna, which can manipulate the non-

plane electromagnetic wave to plane wave by changing the

permittivity inside the dielectric, is indeed a good candi-

date for realizing high gain antenna. However, most of the
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3-D dielectric spherical lens antennas have a large vol-

ume and also are hard to achieve system-level integration.

Nowadays, researchers have found a simple and easy way

to transform a 3-D spherical lens antenna into a 2-D pla-

nar lens antenna [14]–[20]. Planar lens antenna particularly

the phase gradient metasurface (PGMS) lens antenna has

attracted significant attention due to its merits of high gain,

simple structure, and low profile [21], [22]. The PGMS is

a novel metasurface which was presented by Yu et al. to

prove the generalized Snell’s law [23]. In [21], a high-gain

X-band lens antenna is proposed based on the basic theory

of phase gradient metasurface, which opens up a new path

for the PGMS in microwave practical application. Thereafter,

a single layer PGMS lens antenna is presented, which further

reduces the thickness of the PGMS by using a single layer

element-group [22]. At present, most of the reported PGMS

antennas are operating in a narrow band with typical relative

bandwidth less than 2% [21], [22]. In order to further expand

its practical deployment, PGMS lens antenna with broadband

characteristic has to be investigated.

To investigate the focusing characteristics of the PGMS

under the conditions of broadband high transmission coef-

ficient with in-band phase differences less than 360◦,
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FIGURE 1. The proposed PGMS element and its simulated setup.
(a) Top view. (b) Perspective view.

a broadband slot-coupled patch antenna acts as the feed

source for the first time, which demonstrates that the

proposed four-layer PGMS still has the ability to focus elec-

tromagnetic wave within a wide frequency band (9.4 GHz-

10.6 GHz) efficiently, even if its transmission phase range

only covers from 192◦ to 360◦.

II. PGMS DESIGN

A. ELEMENT DESIGN

The basic structure of the proposed PGMS element is shown

in Figure 1 with some key parameters indicated. It is made

up of four-layer metallic planar structures and three interme-

diate dielectric layers. Each metallic layer contains a cross-

type patch with a fixed width (w) and a variable length (l).

The dielectric layer is a kind of F4B material with 2 mm

thickness, relative dielectric constant of 2.2 and loss tangent

of 0.017. The PGMS element is analyzed using ANSYS

Electromagnetics Suite 17.2 by applying periodic boundaries

in both x- and y- directions. In order to tune the phase vari-

ation efficiently, only the length of the cross-type patch (l)

is adjusted and optimized while fixing p = 10 mm, w =

1.62 mm, and d = 2 mm.

Figure 2 exhibits the simulated transmission coefficients of

the PGMS element against l at different frequencies. As can

be seen from Figure 2(a), the |S21| is greater than 0.72 across

the frequency band of 9 GHz-10.6 GHz when l ranges from

6.24 mm to 8.64 mm, indicating a wideband and high trans-

mission efficiency of the element in the X-band. The phase

of S21 is shown in Figure. 2(b). A full transmission phase

range of 360◦ is achieved at 10.2 GHz and 10.6 GHz while

a wide transmission phase range of 271◦ is also obtained at

9.8 GHz; and the minimum transmission phase range of 192◦

is achieved at 9.4 GHz. In this case, it is possible to design a

wideband PGMS lens antenna form 9.4 GHz-10.6 GHz with

an elaborate design. Though the transmission phase range of

FIGURE 2. Simulated transmission coefficient of the PGMS element.
(a) Magnitude. (b) Phase.

the element does not cover 360◦ below 10.2 GHz, where the

maximum transmission phase variation is 215◦, the element

can be used for metasurface lens antenna with good perfor-

mance, which has been verified by the former work [24].

B. PGMS DESING

The PGMS element would present some anomalous refrac-

tion when they form a supercell with a linearly varying

phase gradient. The demonstration process can be found

in [21] and [22]. In this paper, the supercell consists of

eight elements. Each element has different length ln between

6.24 mm and 8.64 mm while the remaining parameters are

kept unchanged, where the subscript n stands for the element

number (n = 1, 2, . . . , 8). To obtain a discrete phase shift

with step of π /4 at 10.2 GHz, the corresponding lengths are

l1 = 8.95 mm, l2 = 8.83 mm, l3 = 8.72 mm, l4 =

8.58 mm, l5 = 8.37 mm, l6 = 8 mm, l7 = 7.26 mm,

l8 = 6.24 mm, respectively. To verify the supercell presents

anomalous refraction, the relationship between the incidence

wave and the refraction wave can be expressed in the follow-

ing equation:

nt sin(θt ) − ni sin(θi) =
λ0

2π

dϕ

dx
(1)

where ϕ is the phase discontinuity on the PGMS surface,

nt (ni) is the refractive index of the refraction (incidence)

medium while θt (θi) is the refractive (incidence) angle of the
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FIGURE 3. Simulated model of the supercell.

electromagnetic wave.With respect to a periodically installed

supercell, dϕdx = 2π/(np), where nrepresents the number of

unit cells in the supercell. As the supercell is mounted in air

(i.e., nt = ni = 1) and shined by normal incidence electro-

magnetic waves (i.e., θi = 0 degree), θt is calculated by:

θt = sin−1(
λ0

2π
×

2π

np
) (2)

As shown in Figure 3, the supercell is excited by a plane

wave with periodical boundaries in both x- and y- direc-

tions. According to (2), the theoretical deflecting angle θt at

9.4 GHz, 10 GHz, and 10.6 GHz are 23.51◦, 22.02◦, 20.67◦,

respectively, which are consistent with the simulated electric-

field distribution shown in Figure 4.

It is obvious that, though the ranges transmission phase

at 9.4 GHz and 10 GHz do not reached 360◦, the elec-

tromagnetic deflection can still be obtained effectively.

Subsequently, with the supercell’s capability of manipulating

electromagnetic wave being verified, to further achieve the

planar transmitting lens, the refracted phase-difference distri-

bution in the xoy-plane should obey the parabolic formulation

given in (3):

ϕ(x, y) =
2π

λ
(
x2 + y2

4f
) + ϕ1 (3)

In equation (3), f represents the focal distance; ϕ(x, y)

is the refracted phase distribution on the planar transmitting

FIGURE 4. Simulated electric-filed distribution on xoz-plane.

lens (xoy-plane); ϕ1 is the phase shift at the position x = 0,

y = 0. Owing to the discrete phase generated only by the

PGMS unit cells, the refracted phase-difference distribution

on a metasurface lens is rewritten as:

1ϕ(m, n) =
2π

λ0
(

√

(mp)2 + (np)2 + L2 − L) ± 2kπ

(k = 0, 1, 2, . . .) (4)

In equation (4), m(n) represents the unit cells in

x (y)-direction; 1ϕ(m, n) represents the phase-variation bet-

ween the unit cells installed at the position of (mp, np) and

the one installed at the origin point (m = 0, n = 0). In order

to complete the design of the PGMS, only seven different

element patterns are employed to cover 360◦ phase variation

in +x-direction. Hence, a PGMS with 13 × 13 unit cells is

configured in this work. The element with l1 = 8.95 mm

is selected as the first cell (m = 0, n = 0) of the PGMS.

The final transmission phase distribution plane diagram of

the proposed PGMS is shown in Figure 5.

FIGURE 5. Phase distribution of the proposed PGMS.

III. WIDEBAND PGMS ANTENNA DESIGN AND TEST

In this paper, a slot-coupled patch antenna is proposed acting

as the feed antenna for the wideband PGMS lens antenna,

the structure of which is similar to the one in [25]. The con-

figuration of the wideband antenna is shown in Figure. 6. The

substrate used is Rogers RT/Duroid 5880 with a thickness

of 0.787 mm, its relative dielectric constant and loss tan-

gent are 2.2 and 0.002, respectively. A two-section matching

microstrip line is used to excite the parasitic patch by a narrow

slot opened in the metallic ground. The detailed parameters

of the wideband antenna are given below: W1 = 2.3 mm,

W2 = 1 mm, Wp = 9.4 mm, Ws = 0.8 mm, Ls = 8 mm,

Lsub = 25 mm, h = 0.787 mm, hgap = 2.5 mm.

The slot-coupled patch antenna and PGMS lens antenna

are co-simulated by using CST Microwave Studio. To find

the optimal focal position, the power density distribution map

along the +z-axial direction at 10.2 GHz is analyzed first.

As the peak power density appears at the position of about

z = 34 mm, the location is selected as the position of the

feed source. Then the slot-coupled patch antenna is placed
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FIGURE 6. Structure of the wideband antenna.

FIGURE 7. Simulated and measured reflection coefficients.

FIGURE 8. Simulated electric-field distributions (Ex) at: (a) 9.4 GHz;
(b) 10.6 GHz.

34 mm away from the PGMS along −z-direction to feed the

PGMS. The simulated and measured reflection coefficients

of the slot-coupled patch antenna with and without PGMS

FIGURE 9. Simulated 3-D radiation patterns at: (a) 9.4 GHz; (b) 10 GHz;
(c) 10.2 GHz; (d) 10.6 GHz.

FIGURE 10. (a) Fabricated PGMS and slot-coupled patch antenna.
(b) Measurement setup.

are plotted in Figure 7. The impedance bandwidth with

|S11| < −10 dB is 9.2 GHz-10.8 GHz, which covers the

transmission band (9.4 GHz-10.6 GHz) of the PGMS.

Figure 8 (a) and (b) show the simulated electric distribu-

tion (Ex) at 9.4 GHz and 10.6 GHz, respectively. As can

be seen, the proposed PGMS transforms the quasi-spherical

wave radiated by the slot-coupled patch antenna to approx-

imate plane wave. The simulated 3-D radiation patterns at

9.4 GHz, 10 GHz, 10.2 GHz, and 10.6 GHz are also shown
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FIGURE 11. Simulated and measured 2-D radiation patterns of the
slotcoupled patch antenna with and without PGMS. (a) xoz-plane.
(b) yoz-plane.

in Figure 9. The maximum simulated gain of 19.5 dBi is

obtained at 10.2 GHz while the minimum one is 16.5 dBi at

10.6 GHz.

Figure 10 shows the picture of the fabricated PGMS lens

antenna and its measurement setup in the anechoic chamber.

Figure 11 shows the simulated and measured 2-D gain radia-

tion patterns of the slot-coupled wideband patch antenna with

and without PGMS. As limited by the 2-D turntable using in

the chamber during the test, the range of the elevation and

azimuth angle only can cover from−60◦ to 60◦. It can be seen

that the maximum measured gain of the PGMS lens antenna

increases about 11.3 dB compared with that of slot-coupled

patch antenna alone at 10.2 GHz. Furthermore, the measured

gains are consistent with the simulated ones. The maximum

measured gain of 19.4 dBi is obtained at 10.2 GHz while

the minimum one is 16.7 dBi at 10.6 GHz. The maximum

aperture efficiency is about 37.8% at the center frequency.

The 3-dB bandwidth of around 10% is achieved.

IV. CONCLUSION

A transmitting lens antenna with focused beams by emp-

loying four-layer phase-gradient metasurface is proposed.

A broadband slot-coupled patch antenna is utilized as the

feed source, which demonstrates that the proposed four-layer

PGMS has the ability to focus electromagnetic wave within a

wide frequency band (9.4 GHz-10.6 GHz) efficiently, though

its transmission phase range only covers from 192◦ to 360◦.

The measured gains are consistent with the simulated ones;

and the maximum measured gain is 19.4 dBi at 10.2 GHz

while the minimum one is 16.7 dBi at 10.6 GHz with the

3-dB gain bandwidth of around 10%.
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