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Abstract – A specialized metasurface has been devel-
oped for lens antenna applications. This innovative meta-
surface unit cell comprises five metallic layers and four
dielectric layers. Each metallic layer consists of a pair
of back-to-back split resonant rings. The proposed unit
cell is highly effective with a transmission phase cover-
age exceeding 360◦ and a transmission amplitude larger
than 70% at X-band (8.8-11.2 GHz). The unit cell has
been thoroughly designed, fabricated and tested. To ver-
ify the present unit cell, a metasurface array with 27×27
elements is designed. An X-band horn antenna is used
as the feed source. Simulation and measurement results
show that the electromagnetic wave from the feed horn
is focused within the operating band, resulting in a mea-
sured gain of 16.9 dB at 9 GHz and 19.2 dB at 11 GHz.
Thus, a gain enhancement of 5.4 dB at 9 GHz and 5.7 dB
at 11 GHz are obtained, making it a good reference for
engineering applications.

Index Terms – metasurface, split resonant ring, wide-
band.

I. INTRODUCTION
Metasurface technology has rapidly developed and

been applied in recent years. Its main function is to reg-
ulate the amplitude and phase of electromagnetic waves
to achieve various performances, such as digitally recon-
figurable antennas [1–5], microwave phase shifters [6],
RCS reduction [7], antenna isolation enhancement [8],
and filtering antenna [9]. Satellite communication tech-
nology has become a fascinating research field, with the
main operating frequencies being C-band (4-8 GHz), X-
band (12-18 GHz), and Ku-band (27-40 GHz). The cur-
rently used satellite communication antennas are mainly
parabolic, array, and high gain horn lens antennas. How-
ever, metasurface-based transmitarray (TA) antennas or
reflect array antennas have shown potential advantages,
such as reducing costs, improving gain, and enhancing
bandwidth, compared to the commonly used satellite
communication antennas [10–19]. Additionally, meta-
surface technology is more flexible and performs excel-
lently in multifunctional antennas, such as polarization
reconfigurable antennas [20–25].

Several relevant papers have been published on
wideband-focused metasurface. [26] proposes a double-
layer TA consisting of four metal vias and two patches
with a 1-dB gain bandwidth of 9.6% (20.1-22.2 GHz).
A similar design method is also presented in [27], with
a 1-dB gain bandwidth of 9% (17.2-18.8 GHz). In [28],
a TA antenna based on a hybrid frequency selective sur-
face (FSS) is proposed, but only a narrow band (at 10
GHz) is introduced. In [29], a TA made of three metal-
lic layers with an air gap is introduced. The proposed
TA has a 1-dB gain bandwidth of 15.5%, but the air
gap increases the profile of the entire antenna system. In
[30], a metasurface that combines the functionalities of
TA and reflectarray (RA) is presented. The electromag-
netic wave focusing function depends on the polarization
mode of the incoming wave, and a 1-dB gain bandwidth
(9.14%) from 9.4 to 10.3 GHz is obtained.

This paper studies the wideband focusing metasur-
face lens antenna with gain enhancement. The meta-
surface unit cell comprises five metallic layers of pairs
of back-to-back split resonant rings. The unit cell com-
prises five metallic layers and four dielectric layers. The
proposed unit cell is highly effective with a transmis-
sion phase coverage exceeding 360◦ and a transmission
amplitude above 70% at X-band (8.8-11.2 GHz). The
unit cell has been designed, fabricated and tested. To ver-
ify the present unit cell, a metasurface array with 27×27
elements is designed, and a X-band horn antenna is used
as a feed source. Simulation and measurement results
show that the electromagnetic wave from the feed horn is
focused within the operating band. When an electromag-
netic wave from an X-band feed horn is directed towards
it, the metasurface focuses the waves within the operat-
ing band that covers 8.8-11.2 GHz. The measured gain is
16.9 dB at 9 GHz and 19.2 dB at 11 GHz. This represents
a gain enhancement of 5.4 dB at 9 GHz and 5.7 dB at 11
GHz. The metasurface provides a 1-dB gain bandwidth
(5.7%) from 8.8 to 11.2 GHz.

II. DESIGN OF METASURFACE
Figure 1 depicts the proposed unit cell’s fundamen-

tal structure, which comprising five metallic layers. Each
layer consists of a pair of back-to-back split resonant
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Fig. 1. (a) Geometry model and structure parameters. (b)
Configuration of the unit cell.

rings. The dielectric material, Rogers RO3035, is 2.5
mm thickness and has a relative dielectric constant of
3.5. The metasurface unit cell is analyzed using periodic
boundaries in the x and y directions through simulation
software CST Studio Suite. The transmission phase is
highly sensitive to the cutting length s of the split res-
onant ring. Thus, parameter s is optimized to meet the
required phase variation while keeping the other param-
eters constant.

In general, the metasurface unit cell can be regarded
as a two-port network, and its performance is character-
ized by transmission and reflection coefficients. In this
paper, our proposed transmissive metasurface has high
transmission coefficients and low reflection coefficients.
Therefore, its transmission matrix is concerned, and it
can be expressed as the following matrix:

T (x,y) =
(

Txx
Txy

Tyx
Tyy

)
, (1)

where Txx and Tyy represent the co-polarization transmis-
sion coefficients of x-polarized and y-polarized incident
waves, and Tyx and Txy represent the cross-polarization
transmission coefficients of x-polarized and y-polarized
incident waves. Since the proposed metasurface struc-
ture is symmetric about both the x- and y-axes, cross-
polarization transmission coefficients (Txy and Tyx) can
be regarded as approximately zero. Figure 2 shows the
transmission coefficients of the proposed metasurface

Fig. 2. Transmission coefficients of the proposed meta-
surface unit cell with s = 0.1 mm.

unit cell with s = 0.1 mm. We can see that the cross-
polarization transmission coefficients (Txy and Tyx) are
close to zero. At the same time, the co-polarization trans-
mission coefficient Txx is also close to 0 at the concerned
frequency. The co-polarization transmission coefficient
Tyy is greater than 0.7 over a large bandwidth range (8.8-
11.2 GHz). The proposed metasurface unit has a grating-
like effect, which can filter out x-polarized waves to a
certain extent and let y-polarized waves pass through
completely.

We can explain the selective transmission function
of the unit cell structure by analyzing the electric field
distribution. We give the z-component electric field dis-
tribution two resonant peaks of 9 GHz and 10.5 GHz.
Figure 3 (a) shows the electric field distribution when
y-polarization incident on the metasurface unit cell is 9
GHz. It can be seen that there are two pairs of electric
field gathering points with opposite intensity at the open-
ing on both sides, forming two pairs of electric dipoles
which transmit y-polarized incident waves and carry cer-
tain phase mutations as the basis for multi-layer phase
superposition. Figure 3 (b) shows the electric field dis-
tribution generated by x-polarization incident wave of
9 GHz. No electric dipoles are generated in the figure,
indicating that the metasurface structure cannot gener-
ate effective resonance for x-polarized waves. Figures 3
(c) and (d) show the electric field distribution of y-
polarized and x-polarized incident waves at 10.5 GHz,
respectively. Similarly, y-polarized incident waves can
generate two pairs of electric dipoles on the metasur-
face, while x-polarized waves have no such effect. There-
fore, we explain the rationality of metasurface energy
transmitting y-polarized incident waves while shielding
x-polarized incident waves.
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Fig. 3. Electric field distribution of the proposed meta-
surface unit with s = 0.1 mm: (a) y-polarization inci-
dent wave at 9 GHz, (b) x-polarization incident wave at
9 GHz, (c) y-polarization incident wave at 10.5 GHz, and
(d) x-polarization incident wave at 10.5 GHz.

III. RESULTS AND DISCUSSION
Figure 4 shows the unit cell’s simulated transmis-

sion magnitude and phase against parameter s under dif-
ferent frequencies. Seen from Fig. 4 (a), the transmis-
sion magnitude exceeds 0.7, covering the band 8.8-11.2
GHz when parameter s varies from 0.1 mm to 6.0 mm.
The transmission phase is given in Fig. 4 (b). The mini-
mum transmission phase range of about 300◦ is realized
at around 8 GHz, and a transmission phase range over
360◦ is obtained across 8.8-11.2 GHz. It is reliable to
design a metasurface lens antenna within X-band with
an elaborate design. The parameters of the proposed unit
cell are: W1 = 8, W2 = 8, W3 = 1, W4 = 2.5, l1 = 6,
H1 = 2.5, and P = 10 (unit = mm). It is worth noting
that by changing the value of the parameter s, the phase
of the transmitted y-polarized wave can be changed, so
free phase manipulation can be achieved.

To efficiently focus the incoming electromagnetic
wave, phase difference distribution in the yoz-plane
should meet the following [29–31]:

∆ /0mn =
2π

λ0
(

√
((mp)2 +(np)2 +F2 −F), (2)

where p and F is the periodicity and focal distance of
unit cell, m(n) is defined as the number of unit cells in
x(y)-direction, λ 0 is the free space wavelength, and ∆ /0mn
is the phase difference between the unit cell located at
mp, np and the unit cell at the initial center (m = 0, n =
0). The proposed metasurface is designed according to
the spatial phase difference distribution in equation (2) to
verify the present unit cell. The metasurface is encoded
by using an eight-order phase gradient method, the eight
unit cells are named No. 1, No. 2, No. 3, No. 4, No. 5, No.

(a)

(b)

Fig. 4. (a) Transmission magnitude of unit cell. (b)
Transmission phase of unit cell.

6, No. 7, and No. 8, respectively. The designed metasur-
face contains three bits of phase information. Each unit
cell is designed to have constant phase difference ∆ =
45◦. The phase difference distribution is shown in Fig. 5,
which demonstrates that a transmission phase coverage
exceeding 360◦ is obtained within an operation wave-
length. The value of s is selected to be 0.1, 0.3, 1, 2, 3,
4, 5, or 6, which formed the eight different phase differ-
ence unit cells, corresponding to the phase information
in Fig. 5. The designed layout is shown in Fig. 6 (a).
Figure 6 (a) shows the simulated layout configuration of
the proposed metasurface lens antenna. An X-band horn
is used as the feed source. It is placed a focal distance of
D. The electromagnetic wave focusing distance D is set
to 50 mm. The metasurface has a dimension of L×L =
270×270 mm2. The phase distributions for electromag-
netic wave focusing distance D of 50 mm are shown in
Fig. 6 (b).
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The designed metasurface is fabricated based on
printed circuit board technology, seen in Fig. 7 (a). The
dielectric material is Rogers RO3035, with 2.5 mm thick-
ness and a relative dielectric constant of 3.5. Figure 7

Fig. 5. Phase gradient difference of the eight unit cells.

(a)

(b)

Fig. 6. (a) Layout of the metasurface. (b) Phase dis-
tributions for electromagnetic wave focusing distance
D of 50 mm.

(b) exhibits the photo of the fabricated metasurface lens
antenna and its experimental installation in the anechoic
chamber. A planar near field test system is used for radi-
ation parameters measurement, which is especially suit-
able for high gain antenna testing [32–35]. An X-band
standard horn antenna is used as the feed source, and the
distance between the metasurface and the horn is D =
50 mm. The reflection coefficients of the feed horn with
and without metasurface are given in Fig. 8, showing that
the reflection coefficients are less than −10 dB across the
X-band.

(a) (b)

(c)

Fig. 7. (a) The fabricated metasurface photograph. (b)
Experimental test and diagnostics setup.

Fig. 8. Feed horn measured reflection coefficient with
and without metasurface.
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Figure 9 shows the simulated 3D radiation patterns
at 9 GHz and 11 GHz. The designed metasurface shows
a very strong electromagnetic wave focus capability. The
gain patterns of the metasurface lens antenna and feed
horn are depicted in Fig. 10, both in simulation and mea-
surement. The gain of the feed horn is 11.5 dBi at 9 GHz
and 13.5 dBi at 11 GHz. Meanwhile, the metasurface
lens antenna displays measured gains of 16.9 dBi at 9
GHz and 19.2 dB at 11 GHz. As a result, a gain enhance-
ment of 5.4 dB and 5.7 dB are achieved at 9 GHz and
11 GHz, respectively. Figure 10 also presents the simu-
lated and measured 2D radiation pattern in the xoz-plane
and yoz-plane at 9 GHz and 11 GHz. The tested gains
are almost in line with the simulated results, with a dif-
ference of 0.45 dB less than the simulation gain at 9 GHz
and 0.6 dB less than the simulation gain at 11 GHz. This
discrepancy can be attributed to the fabrication tolerance
of metasurface and the loss of the printed circuit board.
According to [30], the aperture efficiency can be calcu-
lated by η = G/Dmax = G/(4π×P×Q/λ 2

0 )×100%, with
P = Q = 270 mm being the length and width of the
lens antenna system, respectively. The measured aperture
efficiency at 9 GHz (11 GHz) is about 5.9% (6.7%).

(a) (b)

Fig. 9. Simulated 3D radiation pattern: (a) 9 GHz and (b)
11 GHz.

The presented design is compared with the refer-
enced antennas, as shown in Table 1. The designed meta-
surface lens antenna reflects certain advantages in terms
of comprehensive performance, such as 1-dB gain band-
width and profile. For [11, 13], the 1-dB gain band-
width is only 3.4% and 5.4%, respectively. The proposed
metasurface unit cell has the advantage of a low pro-
file (0.33×λ 0 mm) and a large transmission phase range
(360◦) with a large operating bandwidth (8.8-11.2 GHz).
For the unit cell transmission and amplitude, the pro-
posed unit cell has a relative balanced advantage of sat-
isfying 360◦ phase variety and high amplitude transmis-
sion (≥0.7). Furthermore, the four-layer identical unit
cell structure makes the proposed metasurface easily set
to apply to other working frequencies.

(a)

(b)

Fig. 10. Simulated and measured patterns of the pro-
posed metasurface lens antenna: (a) 9 GHz and (b) 11
GHz.

Table 1: Comparison of the proposed TA with referenced
ones

Ref. Freq. 1 dB
Gain
BW

Unit
Trans-
mission
Phase

Unit
Transmis-

sion
Amplitude

Profile

[11] 9.4-
10.6

3.4% ≥215◦ ≥0.72 0.2×λ 0

[12] 11-
12.5

8.4% ≥360◦ ≥0.60 0.68×λ 0

[13] 11.65-
12.3

5.4% ≥265◦ ≥0.75 0.08×λ 0

[14] 29 7.5% ≥360◦ ≥0.71 1.0×λ 0
[15] 11.3 9% ≥360◦ ≥0.89 0.45×λ 0
[29] 9.4-

11.2
15.5% ≥360◦ ≥ 0.71 0.43×λ 0

This
work

8.8-
11.2

5.7% ≥360◦ ≥ 0.70 0.33×λ 0
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IV. CONCLUSION
This paper proposes a new type of metasurface for

lens antenna applications. This metasurfaces unit cell
comprises five metallic layers with split resonant rings
positioned back-to-back. The metasurface comprises five
metallic layers on a 2.5 mm thick dielectric substrate.
The unit cell provides a transmission phase coverage of
over 360◦ with a transmission amplitude of over 70% at
the X-band frequency range of 8.8-11.2 GHz. The meta-
surface has been designed and verified on a 2.5 mm thick
dielectric substrate. When an electromagnetic wave from
an X-band feed horn is directed towards it, the metasur-
face focuses the waves within the operating band that
covers 8.8 to 11.2 GHz. The measured gain is 16.9 dB
at 9 GHz and 19.2 dB at 11 GHz. This represents a gain
enhancement of 5.4 dB at 9 GHz and 5.7 dB at 11 GHz.
The metasurface provides a 1-dB gain bandwidth (5.7%)
from 8.8 to 11.2 GHz. The proposed metasurface is a
good reference for engineering applications.
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