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ABSTRACT This work presents a design of a fan-beam metasurface with a low profile and a wide
operating bandwidth. We introduce a new meta unit of four-loop structure which produces high refractive
index over the wide operating bandwidth. The metasurface composes of impedance matching layers and
core layers to contribute to the fan-beam radiation. A prototype working at X-band is designed, fabricated,
and measured. The measured results agree well with simulated ones. The measured results exhibit a wide
bandwidth of 51%. The measured fan-beam radiation performances show that the 3-dB beamwidths on E
and H-plane are 17° and 45°, respectively. The realized metasurface is with the height of about 0.24 A,
where Aq is the wavelength at center frequency in free space. Measured realized gain is about 15.6 dBi at
center frequency. In addition, the measured cross polarization discrimination is better than 25 dB across

the entire bandwidth.

INDEX TERMS Broadband, metasurface, gradient refractive index (GRIN), lens antenna, fan-beam.

. INTRODUCTION

AN-BEAM antennas are popularly used in imaging

systems and remote sensing satellite communication
systems. The radiation features of this type of the antennas
with narrow beam width on one principal plane and wide
beam width on the orthogonal plane [1]-[6]. Lenses are one
of the good approaches applying to the design of fan-beam
antennas due to the ease of producing wide operating band-
widths, directive radiation beam, and high capability in linear
and circular polarization to the antennas. Conventionally, the
lenses can be designed with dielectric materials as planar
hyperbolic or planar spherical and slotted structure which
is able to focus the radiation beam to the assigned direc-
tion with high directivity and high gain [7]-[8]. However,
the dielectric lenses are bulky to meet miniaturization and

integration development requirements for recent electronic
systems. Recently, planar lens developments by the use of
metamaterials propose to solve bulky problem of the lenes
by metalenses, metasurafces, and metareflectors, which can
achieve the manipulation of controls of the electromagnetic
waves.

According to the property of the metamaterials, the
metamaterial antennas can be classified into the negative
index metamaterial (NIM) [9]-[12], zero-index metama-
terial (ZIM) [13], and gradient refractive index (GRIN)
[14]-[15]. Gradient refractive index metamaterial-based lens
or metasurfaces [16]-[24] features with advantages of wide
bandwidth and low profile. Therefore, it has attracted many
attentions to design this novel metamaterial lens. Especially,
this type lens or metasurface shows wideband performance
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FIGURE 1. Configuration of a metasurface lens antenna.

compare with low/zero-index or negative index metamaterial-
based designs [25]-[27]. In [17], a collapsible metamaterial
lens antenna was developed with high gain performance
by using the GRIN unit cell. The air gap between adja-
cent dielectric layers enables the collapsible deployment.
The lens is with height of 0.92 Ao in operational arrange-
ment, where Aq is the wavelength of its operating frequency
at 13.4 GHz. In [22], a low-profile and wideband lens
antenna based on metasurface has been proposed to real-
ize high gain performance at X band. However, the above
examples of metalenses and metasurfaces have not given a
solution for producing fan-beam radiation from the antenna
except [15], in which three different kinds of substrate mate-
rials were used to cover the requirement refractive index
range.

In this paper, a GRIN metamaterial unit cell composed of
four rectangular metal loops with large refractive index vari-
ation is proposed to build core layers (CLs) and impedance
matching layers (IMLs) for the multilayer metasurface. The
transmission characteristic of the proposed unit cell is carried
out and analyzed. A wideband and low-profile metasurface
is developed based on the proposed unit cell. The measured
reflection coefficient is lower than —10 dB from 7.35 to
12.35 GHz. The fan-beam radiation is realized successfully.
By utilizing the IML, the profile of lens is further reduced
and the peak aperture efficiency reaches up to 60%. The final
profile is about 0.24)¢, where )¢ is the wavelength at cen-
ter frequency in free space. The measured gain is 15.4 dBi
at the center frequency of 10 GHz and it can reach up to
16.4 dBi within the operating bandwidth.

Il. METASURFACE LENS ANTENNA DESIGN

Fig. 1 schematically shows the configuration of the proposed
metasurface lens antenna. This lens antenna consists of a
planar circular metasurface which includes both impedance
matching layers and core layers. A horn located centrally at

746

T,
T
Ty,
Ve
AN :% Ons Substrate
N | s [
F N Ny N | V2 7 A1r
N | e Metal
N | ,
N s
L
N s
,,,,,,,,,,,,,,,,,,,, v
T J z
Feed L.X

FIGURE 2. Schematic of a GRIN lens antenna.

the focal point of the metasurface is used to excite electro-
magnetic wave to illuminate the proposed metasurface lens
antenna. The metasurface is composed of a set of period
unit cells with different refractive indexes varying across the
lens aperture. In order to achieve a high-gain characteristic,
the unit cells must be designed to compensate the different
phase delay of the incident wave illuminated from the phase
center of the feed and arrived on the center of the unit cells
with respect to the ray passing through the center of the
lens aperture in order to obtain a highly directional radia-
tion pattern on certain plane. From the configuration of the
lens, the compensation can be achieved through changing the
geometrical dimensions of metallic pattern in the surface of
the unit cells across the lens aperture.

The schematic of the metasurface antenna is shown in
Fig. 2. The metasurface is normally excited by the wideband
source antenna (the feed) with proper focal to diameter ratio.
The proposed metasurafce is composed of two CLs and two
IMLs located on both sides of the CL. In order to improve
the transmission efficiency, the height of the IML is set about
a quarter wavelength. And the height of the CL and IMLs
can be determined by [22]

2Tony(r) + Tiny (r) = Tn(r) (D

where T1, T, are the height of the CLs and IMLs, and the
ni(r), na(r) are the refractive index at the same x-direction
of the CL and IMLs as shown in the Fig 2, r is the distance
between the unit cell and the center point of lens, F' denotes
the focal length of lens. T and n(r) are the thickness and
refractive index for the lens without IMLs. The refractive
index value of the IMLs is the square root of the CL for
impedance matching. So, the refractive index value of the CL
is larger than that of IMLs. And the refractive index should
be gradually faded from the center to the edge to compensate
the phase difference for spherical incident waves on differ-
ent part of metasurface. The phase difference phenomenon
is also shown in Fig. 2. The deep color represents higher
refractive index value, and light color in the marginal region
means smaller value of refractive index.
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FIGURE 3. Structure of the CLs unit cell.

The wave reaches the metasurface with different phase
range from @g to ¢,. After passing the proposed metasurface,
the phase distribution is expected to be modulated with same
value on the aperture of metasurface. As a result, if a fan
beam antenna is designed with narrower E-plane beam, the
equivalent refractive index value of CL should vary along
with E-plane direction, while the refractive index distribution
on the orthogonal direction remains unchanged. The detailed
design process of the unit cell of IMLs and CLs are described
in the following sections.

A. UNIT CELL DESIGN OF THE CL
Fig. 3 shows the detailed structure of the proposed CL unit
cell. The unit cell here is based on three substrate layers
with same material, and two metal layers printed between
the substrates. The metal layer consists of four rectangular
metal loops. The substrate used is Rogers RO4350B with the
dielectric constant of 3.48. The height of the middle layer
of the unit cell is 0.508mm. Top and bottom layers of the
substrate are with the height of 0.254mm. When the unit
cell is excited with a normally incident wave propagating in
the z-direction and its electric field along with the long side
of rectangular metal strip, the incident electric field induces
charge displacement on the bilayer metal pattern of the unit
cell [10]. Thus, capacitance is created between the upper and
bottom of the metal pattern. The increasing of the size will
lead to a strong capacitive coupling effect which can be used
to vary the equivalent refractive index of the unit cell into
desirable values of the refractive index of the metasurface,
which will show in following explanation. The unit cell is
excited with the longer strips parallel with the direction of
the incident electric field. The simulated reflection coeffi-
cient and transmission responses are shown in Fig. 4 under
Pel =4 mm, I,y = 3.7 mm, [, = 0.87 mm, g, = 0.1 mm,
we = 0.2 mm. It can be observed that the resonant frequency
is located at about 16.4 GHz. The equivalent refractive index
value of the CL unit cell is extracted and shown in Fig. 4.
The results depict that the real part of the unit cell’s equiv-
alent refractive index value is high and stable within wide
bandwidth from 5 to 15 GHz. In addition, the imaginary part
of refractive index is very close to zero, which indicates low
losses in the same wide bandwidth.

From the study of simulation, it was found that the metal
strip with the length /.| is related to the refractive index.
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FIGURE 4. Extracted equivalent refractive index performance of the core layer unit
cell.
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FIGURE 5. Refractive index variation of CL unit cell with different values of /¢q.

Fig. 5 shows the refractive index variation with the different
length /.1 from 0.5 to 3.9mm at 10 GHz. The refractive index
varies from 2 to 7.75 as shown in Fig. 5, and the larger /.|
leads to the increasing of the real part of the refractive index.
The simulation result agrees well with the theoretical analysis
in the preceding paragraph. Meanwhile, the imaginary part
of the refractive index is stably and close to zero over the
whole frequency bands. It can be observed that the proposed
unit cell shows wide variation range (5.75) for the real part
of refractive index. The large real part variation of refractive
index is what we need to design low profile metasurface
antenna.

It can be observed from Fig. 2 that the unit cells at edge
part of the lens are with small refractive index value and will
be excited by the oblique incidence. Thus, the investigation
of the CL layer with /[.; = 2 mm under 45-degree incidence
is carried out. Fig. 6 shows the S-parameter performance and
equivalent refractive index of the unit cell. It can be observed
that the refractive index is stable in wide bandwidth, which
indicates that the it is still suitable for wideband application.

B. UNIT CELL DESIGN OF THE IML

Fig. 7 shows the configuration of the unit in IMLs. The main
structure of IML unit cell is the same as that of CL. The
substrate here is the same with that in CL unit cell design.
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FIGURE 6. S-parameter and equivalent refractive index performance of the CL unit
cell with /¢4 = 2 mm under 45-degree oblique incidences.
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FIGURE 7. Structure of the IMLs unit cell.
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FIGURE 8. Extracted equivalent refractive index performance of the IMLs unit cell.

The difference is that the top and bottom thin substrate
layers are replaced with air in the impedance matching unit
cell. The proposed unit cell is also excited by normally
incident wave with the direction of electric field parallel
the longer strip of metal strips. Similar with the CL unit
cell, the transmission characteristic and equivalent refractive
index performance analysis is carried out. Fig. 8 shows the
S-parameters response and the extracted refractive index of
the IMLs unit cell with p;; =4 mm, /;; = 3.7 mm, [ =
0.87 mm, g; = 0.1 mm, w; = 0.2 mm, &;; = 0.8 mm, hp =
0.508 mm. It can be observed that the resonant frequency
is located at about 18.4 GHz. It also depicts that the unit
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FIGURE 10. Patterns of the metallic strip on (a) CLs and (b) IMLs.

cell presents stable refractive index value within the wide
bandwidth from 5 to 15 GHz. In the design, the refractive
index of the IMLs unit cell is about the geometrical mean of
the CL for impedance matching. Therefore, a large refractive
index variation range is also expected. Like the CL unit
cell, the refractive index variation with the different length
;1 from 0.5 mm to 3.9 mm at 10 GHz is investigated. In
Fig. 9, it is depicted that that the real part variation range of
refractive index is from 1.36 to 4.3, and the larger /;; leads
to the increasing of the real part of the refractive index.
Meanwhile, the imaginary part of the refractive index is
stably and close to zero over the whole frequency bands. It
can be observed that the proposed unit cell for IML design
is also shows wide variation range of refractive index and
suitable for IML application.

lll. RESULTS AND DISCUSSION

To verify the working principle, a prototype was designed
and fabricated. To realize the expected phase response and
good transmission performance, the IML is constructed by
two stacked IMLs. Additionally, the CL also designed with
same layers, as shown in Fig. 2. Fig. 10 shows the patterns of
the metallic strips for the CLs and IMLs. The substrate used
is Rogers 4350B. The photography of the fabricated antenna
is shown in Fig. 11. The multilayer substrates are aligned and
tied together by using nylon screws. The measurement setup
is depicted in Fig. 12. The feed is based on our previous
design in [22]. The part of metasurface is about 3.06 Lg. The
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FIGURE 11. Photography of the fabricated antenna.
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FIGURE 13. Simulated and measured results of the reflection coefficiency.

final focal length to metasurface diameter ratio is set about
0.4. Fig. 13 shows the simulated and measured results of
the reflection coefficiency. The antenna’s working frequency
is at X band. It shows that the reflection magnitude is less
than —10 dB from about 7.35 to 12.35 GHz. The simulated
and measured results of the boresight gain is depicted in
Fig. 14. The measured boresight gain varies from 12.5 to
16 dBi. The gain is greater 14.5 dB from 8.55 to 12 GHz.

Simulated and measured radiation patterns at 8, 10 and
12 GHz are shown in Fig. 15. The 3-dB beamwidths of the
E-plane are 28°, 17°, and 13° at 8, 10 and 12 GHz, respec-
tively. In the H-plane, the corresponding 3-dB beamwidths
are 58°, 45°, and 30°. It can be observed that the fan-beam
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FIGURE 14. Simulated and measured boresight gain performance of the fabricated
prototype.
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FIGURE 15. Simulated and measured radiation patterns on two principal planes
at (a) 8, (b) 10 and (c) 12 GHz.

radiation is realized while the beamwidth of the radiation
pattern at the E-plane is narrower than that of the H-plane.
In addition, the measured cross-polarization is lower than
25 dB within the whole operating bandwidth. According to
the measure results, the obtained aperture efficiencies of the
proposed antenna is over 43.3% at the center frequency of
10 GHz and can reach up to about 60% at 8.8 GHz. The
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TABLE 1. Comparison of proposed design with previous works.
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3CF: center frequency; °RG: realized gain; °RRI: range of refractive index;
IRT: radiation type; °: three kinds of materials used in the design.

lens height is about 0.24 Ao, where X¢ is the wavelength of
10 GHz in free space. The measured results agree well with
the simulated ones, which confirmed the design principle
of the proposed lens antenna. The difference between the
measured and simulated results may due to the error during
the metasurface fabrication and fixture assembly process.

The comparison between the propose design with previous
works is shown in Table 1. It can be observed that the
proposed metasurface shows low profile by using the GRIN
technology. Besides, the developed unit cell draws large vari-
ation range of refractive index, which is beneficial for low
profile lens design. The comparison table also shows that
most of the previous lens-based fan-beam antenna feature
with endfire radiation. The proposed design draws boresight
fan-beam radiation characteristic.

IV. CONCLUSION

A wideband and thin-profile metasurface was introduced to
produce fan-beam radiation over a wide operating band-
width. Both CL and IML unit cell of the metasurface were
discussed. The proposed meta unit has a merit in contributing
a large refractive index and a thin cross-sectional structure
over the operating bandwidth. The final height of the meta-
surface is about 0.24 Xy, where Xy is the wavelength of
10 GHz in free space. The proposed antenna shows an
excellent fan-beam performance with a desirable gain of
15.5 dBi. This proposed metasurface antenna technology
finds potential application in satellite communications and
sensing networks.
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