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Electromagnetic metasurface lenses with the characteristic of being conformal to a cylindrical geometry are presented in this
study. Based on the formulated principle of the cylindrical metasurface lens operating with transmission or reflection mode, the
transmission or reflection phase gradient varying along the circumferential direction of a cylinder is implemented. A focused
beam is observed at the objective focal point for each lens illuminated by a plane electromagnetic wave with transverse magnetic or
transverse electric polarization. A coaxial-fed microstrip patch antenna element is used as a feeding of cylindrical metasurface
lenses and positioned at their focal points, so as to evaluate their application in the enhancement of antenna gain along the
boresight direction. By virtue of the focusing ability of presented lenses, effectively enhanced boresight gain from the cylindrical
metasurface lens antennas are obtained, in comparison with the freestanding feeding antenna.'e agreement between simulation
and measurement validates the designs. Conformal integration or embedment of the electromagnetic lens into a certain platform
skin with cylindrical characteristics is therefore potentially demonstrated, which implies an enhancement of boresight gain
without obviously disturbing the local shape of the skin by apparent weight or drag.

1. Introduction

Electromagnetic lens has found wide applications in the gain
enhancement of various antennas, due to its ability to
transform a nonplanar wavefront into a planar one. 'e
traditional electromagnetic lens mainly relies on its tran-
sition of medium parameter and shape to alter the electric
path length and thus to achieve the phase compensation
necessary for the wavefront transformation [1–3], which
usually leads to the thick profile along the wave propagating
direction and the associated weight. 'e resultant bulkiness
may limit the conformal integration of the traditional lens
with the curved surfaces of certain platforms. Recently,
metasurface was studied with the flexibility in manipulating
refraction and reflection. Based on the generalized laws of
refraction and reflection [4, 5], local modification of wave
characteristics serves as the basis of manipulation. 'e
passive metasurface has been designed for different appli-
cations ranging from optical wave to microwave, such as
abnormal refraction and reflection [6, 7], radar cross-section

reduction [8–10], polarization conversion [11, 12], beam-
splitter [13], beam-focusing [14–21], and lens antennas
[22–33]. 'e section thickness of the metasurface is small
relative to its operating wavelength. As a result, the lens
based on metasurface can collimate the incident beam with a
very low profile, which can facilitate the lightweight as well
as the integration of the lens.

Depending on the manipulation of refraction or re-
flection, the reported electromagnetic metasurface lens can
be classified as transmission type (T-type) or reflection type
(R-type). For both types of operation, a feeding antenna is
typically fixed at the focal point of the metasurface lens so
that the whole structure can function as a lens antenna.
Compared with the freestanding feeding antenna, the lens
antenna results in radiation enhancement through the
redistributed aperture. For the T-type operation, a flat
metasurface lens with a circular shape of 16.2λ diameter
increases the gain of a horn antenna by 13 dB at 11.3GHz,
where λ is the free space wavelength at the operating fre-
quency of the lens [25]. A four-layered metasurface lens with
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a square shape of 4.3λ side length helps to improve the gain
of a microstrip patch antenna by 11.6 dB at 10GHz [26].
Similarly, the gain of a microstrip patch antenna is increased
by 8.2 dB at 10GHz by the use of a dual-layered metasurface
lens with a square shape of 3.46λ side length [27]. A dual-
band metasurface lens operates within C-band for y-po-
larization and X-band for x-polarization [28]. Using a
Vivaldi antenna as the feeding antenna, the gain increase is
13.1 dB at 6.5GHz and 13.8 dB at 10.5GHz. On the other
hand, an offset-fed planar reflector antenna based on R-type
metasurface lens was designed [29]. Using a horn antenna
for feeding, the metasurface-based planar reflector antenna
shows a boresight gain similar to the traditional parabolic
antenna with the same aperture at 10GHz. A Vivaldi an-
tenna feeds a reflection-type metasurface lens, which gives
rise to 11.1 dB gain enhancement at 10GHz [30]. A meta-
surface lens operating in reflection or transmission type for
different frequencies was reported with at least 7 dB en-
hancement of a Vivaldi feeding antenna gain [31]. In ad-
dition, a dual-function metasurface lens can operate in
reflection or transmission type for different linear polari-
zations at the same frequency [32]. Fed with a Vivaldi an-
tenna, 10.33 dB and 11.73 dB gain increases were achieved
for reflection- and transmission-type operation at 10GHz,
respectively. Similarly, a metasurface lens operates with
reflection type for y-polarization at 10GHz and transmission
type for x-polarization at 14GHz [33]. Compared with the
Vivaldi feeding antenna, the gain is increased by 8.6 dB at
10GHz and 8.4 dB at 14GHz. It is noted that reported
metasurface lens antennas were mostly designed through
planar metasurfaces with flat geometry. In view of the in-
creasing application where conformal installation of the
antenna onto the platform body is desired, design of con-
formal lens antennas through curved metasurfaces is of
practical significance. Curved metasurfaces have been
studied for scattering reduction [34, 35], backscattering
enhancement [36], and conformal cloaks [37–39] while lens
antennas based on curved metasurfaces have been seldom
reported.

With an aim of demonstrating the conformal integration
or embedment of the lens into the cylindrical structure,
passive metasurfaces conformal to a cylindrical geometry are
employed to implement curved lens antennas in this study.
Since the cylindrical structure is typically involved in many
moving platform bodies, the conformal integration or
embedment of the lightweight lens into the curved platform
skin can potentially lend the lens itself to be a part of the
platform body. In such a case, the local shape of the platform
skin can remain unchanged, and thus, enhanced radiation
can be probably obtained without obviously increasing the
air drag, while directly integrating the traditional lens or
planar metasurface lens onto the cylindrical skin tends to
incur increased drag and disturbed aerodynamics. Initially, a
cylindrical metasurface lens operating with T-type or R-type
for both transverse magnetic (TM) and transverse electric

(TE) polarizations is designed. 'e phase gradient of the
metasurface lens and its angular sampling for calculating the
phase distribution are formulated along the circumferential
direction of the cylinder. An etched slot is used to constitute the
four-layer unit cell, and slot dimensions are varied to achieve
the transmission phase gradient for the T-type cylindrical
metasurface lens, while a printed copper loop is used as the unit
cell, and its outer or inner edge length is changed to attain the
reflection phase gradient for the R-type cylindrical metasurface
lens. 'en, a dual-polarized microstrip patch antenna element
is deployed as the feeding antenna of designed lenses to mainly
investigate the boresight gain enhancement. By virtue of the
focusing ability of cylindrical metasurface lenses, effective
enhancement of boresight gain is observed from the T-type or
R-type cylindrical metasurface lens antenna, in comparison
with the freestanding feeding antenna.

2. Focusing Principle

2.1. Phase Gradient of Cylindrical Metasurface Lens

2.1.1. T-type. 'e T-type cylindrical metasurface lens that
can focus an incident plane electromagnetic wave is for-
mulated in this section. Figure 1(a) presents a cross-sectional
view of the cylindrical geometry considered. 'e center of
the circular profile coincides with the origin O of the co-
ordinate system. 'e axis of the cylinder made of dielectric
material lies in the z-axis. A thin dielectric substrate with
relative permittivity εr1 and thickness h1 wrapping around
the dielectric cylinder is used to support unit cells of the lens.
A plane electromagnetic wave propagating from +x to −x
direction illuminates the geometry. 'is illumination di-
rectly covers the upper half of the cylindrical surface with the
central angle α correspondingly ranging from −90° to +90°.
'e T-type cylindrical metasurface lens is thus situated
within that coverage. It is noted that each position P within
that coverage experiences an angle of incidence θi equal to its
corresponding central angle α. 'e objective of the T-type
cylindrical metasurface lens is to refract the incident ray for
each position P to the focal point F. 'e focal point F is
selected to be colocated with the center of the circular profile,
and air is used as the dielectric material of the cylinder for
simplicity. 'erefore, the refracted ray coinciding with the
local normal indicates that the angle of refraction θt keeps
zero for every position P within that coverage, although the
angle of incidence θi changes for different positions. With
the determined angles of incidence and refraction, the
transmission phase gradient of the cylindrical metasurface
lens is obtained through the generalized law of refraction as

dΨt

dα
�
2π Rt + h1( 

λ0
sin θi


 , (1)

where λ0 is the free space wavelength of the incident plane
electromagnetic wave and Rt is the radius of the air cylinder.
With λ0≈ 30mm at 10GHz, Rt � 150mm (5 λ0), and
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h1 � 2.286mm (0.076 λ0), the transmission phase gradient is
calculated and plotted in Figure 2(a). Due to the geometrical
symmetry about the x-axis, only half of the metasurface lens
coverage is displayed on the horizontal axis of Figure 2(a).

2.1.2. R-type. Figure 1(b) illustrates the cylindrical geom-
etry considered for the R-type lens. 'e relative rela-
tionship among the coordinate system, circular profile,

and incident plane electromagnetic wave remains un-
changed, while the focal point F toward which the R-type
cylindrical metasurface lens reflects the incident rays is
located outside the circular profile. 'e radius of this
cylinder is denoted as Rr. A thin dielectric substrate with
relative permittivity εr2 and thickness h2 surrounding the
partial surface of the cylinder is similarly used to carry
unit cells of the lens. 'us, there is a distance (Rr + h2 + f )
existing between the origin O and the focal point F. For a
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Figure 1: Cross-sectional view of the cylindrical geometry considered for the lens operating in (a) T-type or (b) R-type. Arbitrary position P
on the cylindrical surface can be characterized by its corresponding central angle α formed between + x axis and OP. At position P, its angle
of incidence θi is formed between the local outward-pointing normal n and the incident wave vector k.'e angular interval between adjacent
sampling positions is denoted as δ.
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Figure 2: Calculated (a) phase gradient and (b) phase distribution for the T-type or R-type cylindrical metasurface lens.
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specified f, it is noticed that the reflected ray at position Q
corresponding to a central angle −|αm| is tangential to the
circular profile. Due to the structural symmetry with
respect to the x-axis, another position Qʹ with the central
angle |αm| appears in the first quadrant. Since the line
connecting any point whose α< −|αm| or α> |αm| and the
focal point F would intersect the circular profile, the
considered coverage of the cylindrical metasurface lens
operating in reflection mode ranges from −|αm| ≤ α≤ |αm|,
although the upper half of the cylindrical surface is di-
rectly illuminated by the incident wave. 'e angle of
incidence θi for each position P is also equal to the cor-
responding central angle α. For the purpose of focalization
at F, each position P within the coverage of the cylindrical
metasurface lens needs to reflect with an angle of re-
flection θr equal to

θr � − θi


 +|β| ,

β � arctan
Rr + h2( sin θi


 

f + Rr + h2(  1 − cos θi


  

⎧⎨

⎩

⎫⎬

⎭,

αm � arccos
Rr + h2

Rr + h2 + f
 .

(2)

By substituting the determined angles of incidence and
reflection into the generalized laws of reflection, the re-
flection phase gradient of this cylindrical metasurface lens is
expressed as follows:

dΨr

dα
�
2π Rr + h2( 

λ0
sin θi


  − sin θr . (3)

Calculated with λ0≈ 30mm, f� 60mm (2 λ0),
Rr � 150mm (5 λ0), and h2 � 0.635mm (0.021 λ0), the re-
flection phase gradient is also shown in Figure 2(a). It is seen
that the coverage of this cylindrical metasurface lens cor-
responds to −44.34°≤ α≤ 44.34° for the specified geometrical
dimensions.

2.2. Phase Distribution of Cylindrical Metasurface Lens.
In order to map the calculated phase gradient onto the
cylindrical surface, the unit cell involving a certain peri-
odicity is utilized to constitute the lens. As a result of the
discrete unit cell, the continuously varying angle of inci-
dence as well as phase gradient of the metasurface lens has to
be sampled along the circumferential direction of the cyl-
inder with an angular interval δ.

2.2.1. T-type. Based on the transmission phase gradient of
the T-type lens, the dimensions of the n-th unit cell are
determined according to the variation of transmission phase
Ψt between neighboring unit cells as follows:

Ψt(n) � Ψt(n−1) +
2π Rt + h1( 

λ0
sin θi(n)


  · δt, (4)

where n is an integer number ranging from 2 to (90°/δt),
δt � (360× pc1)/[2π × (Rt+ h1)], and pc1 is the unit cell pe-
riodicity along the circumferential direction of the cylinder.

Using pc1 � 9mm (0.3 λ0), the sampled angular position
and corresponding transmission phase gradient are indi-
cated in Figure 2(a). Depending on the sampled gradient, the
transmission phase distribution for sampled angular posi-
tions is calculated as shown in Figure 2(b). 'e transmission
phase for the first unit cell is specified as Ψt(1) � −360° at the
position α� 0°.

2.2.2. R-type. For the R-type cylindrical metasurface lens,
the dimensions of the n-th unit cell can be similarly obtained
through the variation of reflection phase Ψr between adja-
cent unit cells

Ψr(n) � Ψr(n−1) +
2π Rr + h2( 

λ0
sin θi(n)


  − sin θr(n) δr,

(5)

where n is an integer number ranging from 2 to (αm/δr),
δr � (360× pc2)/[2π × (Rr+ h2)], and pc2 is the unit cell pe-
riodicity along the circumferential direction of the cylinder.

With the circumferential periodicity of the unit cell
pc2 � 4mm (0.13 λ0), Figure 2(a) also exhibits the sampled
angular position and corresponding reflection phase gra-
dient. Relying on the sampled gradient, the reflection phase
distribution for sampled angular positions is shown in
Figure 2(b). 'e reflection phase for the first unit cell is
specified as Ψr(1) � 0° at the position α� 0°.

2.3. Unit Cell Dimensions of Cylindrical Metasurface Lens

2.3.1. T-type. According to the transmission phase limit of
multilayered frequency-selective surfaces [40], a unit cell
containing four layers is used to achieve the transmission
phases in Figure 2(b). Figure 3 shows the four-layer unit cell
geometry with a square lattice. Each layer contains an etched
slot. Four layers of the unit cell share the same geometrical
dimensions and are separated from each other by a thin
dielectric substrate Taconic RF-30 with relative permittivity
εr1 � 3, dielectric loss tangent 0.0014, and thickness h1/
3� 0.762mm. 'e unit cell is simulated with periodic
boundaries and the xz-plane in Figure 3 is deemed as the
plane of incidence. It is known that the transmission re-
sponses for normal incidence of TM and TE polarizations
are identical when diy � diz, due to the rotational symmetry
with respect to the x-axis. With pc1 � 9mm and t� 0.2mm,
Figure 4(a) plots the transmission response of the flat pe-
riodic array under normal incidence with θi � 0° at 10GHz. It
is seen that the transmission phase range of 360° with a
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magnitude bigger than 0.73 can be obtained by varying the
edge length of the inner patch, which implies this unit cell
can be used to establish the sampled transmission phases for
different positions in Figure 2(b) and thus the gradient via
variation in diy or diz.

Since the transmission responses for TM and TE po-
larizations diverge for oblique angle of incidence, the slight
difference between diy and diz is adopted to achieve the same
transmission phase for both polarizations at sampled po-
sitions under oblique incidence in Figure 2(b). TM and TE
responses are mainly affected by diz and diy, respectively. 'e
obtained edge lengths at every sampled position are plotted
in Figure 4(b). Because the adjustment of physical dimen-
sions in simulation can only be conducted with a finite step
length, the simulated transmission phases for both polari-
zations at every sampled position may not be exactly equal to
the calculated value, and the deviation between simulation
and calculation is observed within ±6° for most angles of
incidence.

2.3.2. R-type. To obtain the same reflection phase for both
polarizations at sampled positions under oblique incidence,
the copper loop geometry slightly modified with rectangular
outer or inner contour is used as the unit cell to build the
R-type cylindrical metasurface lens [36]. As seen in Figure 5,
the copper loop is printed on the upper side of a grounded
dielectric substrate Taconic RF-10 with relative permittivity
εr2 �10.2, dielectric loss tangent 0.0025, and thickness
h2 � 0.635mm. Similarly, the xz-plane is taken as the plane of
incidence. 'e reflection response of the geometry under
oblique incidence of TM (TE) polarization is mainly
influenced by diy and doz (diz and doy). Using the calculated
reflection phases at sampled positions in Figure 2(b) as the
objective values, simulation is conducted to find dimensions
of the loop unit cell at every sampled position, and results are
plotted in Figure 6. Because of the accuracy of dimension
adjustment, the deviation between the simulated and cal-
culated reflection phases is within ±3° for most angles of
incidence.
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Figure 3: 'e utilized unit cell geometry for the T-type cylindrical metasurface lens.
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International Journal of Antennas and Propagation 5



3. Cylindrical Metasurface Lens Antennas

3.1. Beam-Focusing Results

3.1.1. T-type. With the determined dimensions in
Figure 4(b), the unit cells are then conformally laid onto the
cylindrical surface to obtain an array functioning as the
cylindrical metasurface lens. While air cylinder is considered
during analysis for simplicity, a semicylinder made of
polymethacrylimide foam with relative permittivity 1.067 is
employed to support the lens, as seen in Figure 7. 'e unit
cells circumferentially coat the cylindrical surface, and they
are duplicated along the z-axis, so that the T-type cylindrical
metasurface lens is obtained. 'e height of the cylinder is
ht � 90mm (3λ0) which can accommodate ten unit cells
along the z-axis. A plane electromagnetic wave propagating
from +x to −x direction illuminates the structure. 'e
simulated magnitude of electric field Ey and power density
for TE-polarized plane wave incidence at 10GHz are pre-
sented in Figures 8(a)–8(d) 'e electric field and power
density concentrated around the objective focal point sug-
gest the refraction-based beam focusing of the T-type cy-
lindrical metasurface lens. A similar focusing result can be
seen from Figures 8(e)–8(h) for TM-polarized plane wave

incidence. Besides, through a 10% variation in all parameters
of the unit cell including t, diz, diy, h1, and pc1, it is found that
the focusing electric field result is sensitive to this variation
of diz, diy, and pc1, while the remaining parameters cause
little influence on the focusing electric field result.

3.1.2. R-type. Analogically, the loop unit cells with deter-
mined dimensions in Figure 6 circumferentially cover a
cylindrical surface, and they are duplicated along the z-axis
to obtain the R-type cylindrical metasurface lens, as seen in
Figure 9. A copper cylinder is used to support this lens.
Because of the grounded substrate of this lens, it may be
mentioned that a dielectric cylinder may also reside below
this lens. 'e height of the cylinder is hr � 60mm (2 λ0), and
fifteen unit cells are distributed along the z-axis. With the
illumination of a plane electromagnetic wave coming from
+x direction, the simulated magnitude of electric field Ey and
power density are shown in Figures 10(a)–10(d) for TE
polarization and Figures 10(e)–10(h) for TM polarization at
10GHz. 'e focused beam around the objective focal point
indicates the effective occurrence of this reflection-based
focusing. According to a similar 10% variation in unit cell
parameter values (doz, doy, diz, diy, h2, and pc2), sensitive
parameters are found out to be doz, doy, and pc2.
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3.2. Enhanced Boresight Gain. Based on the beam-focusing
effect produced by the T-type or R-type cylindrical meta-
surface lens, a feeding antenna can be placed at the focal
point of the lens, with the aim of enhancing its boresight
gain. Due to the narrow-band operation of the lenses, a

probe-fed microstrip patch antenna element is simply
designed to have the fundamental resonance at 10GHz and
used as the feeding antenna of both lenses to evaluate the
enhancement performance. Other types of antennas may
also be used as a feeding antenna of the lenses.
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3.2.1. T-type. Figure 11 depicts the microstrip patch antenna
element that feeds the T-type lens. 'e commercial laminate
Taconic TLY-5 with relative permittivity εr3 � 2.2, dielectric
loss tangent 0.001, and thickness 0.787mm is used as the
dielectric substrate of the patch antenna element. Two ex-
citation probes P1 and P2 are incorporated for the square
patch with a1 � 9.32mm to generate the radiating waves with
TE and TM polarizations relative to the cylindrical lens,
respectively. For the freestanding microstrip patch antenna,
its simulated magnitudes of input reflection coefficients for
P1 and P2 excitation probes are plotted in Figures 12(a) and
12(b), respectively. 'e patch center coincides with the
designed focal point and Figures 12(a) and 12(b) also show
simulated magnitudes of input reflection coefficients of the
microstrip patch antenna situated below the lens for a
comparison. 'e comparison of main lobe gain and radi-
ation efficiency varying with frequency is presented in

Figures 12(c) and 12(d). 'e fundamental resonance fre-
quency very close to 10GHz is observed for both the feeding
antenna and lens antenna. Due to the transformed wave-
front, obviously enhanced main lobe gain relative to the
feeding antenna is generated from the lens antenna around
10GHz. Meanwhile, the lens antenna operates with a ra-
diation efficiency of 80.79% and 85.47% at 10GHz for TE
and TM polarizations, respectively.

Moreover, the realized gain of the cylindrical metasurface
lens antenna is comparedwith that of the freestanding feeding
antenna at 10GHz in Figure 13. It is seen from Figures 13(a)
and 13(b) that the realized gain along the boresight direction
is enhanced from 7.12 dBi of the freestanding microstrip
patch antenna to 18.35 dBi of the cylindrical metasurface lens
antenna. A 11.23 dB enhancement of the boresight gain is
thus obtained for TE-polarized radiation. For TM-polarized
radiation in Figures 13(c) and 13(d), the boresight gain is
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increased by 11.44 dB from 7.42 dBi of the freestanding
feeding antenna to 18.86 dBi of the cylindrical metasurface
lens antenna. Because the cylindrical lens achieves the
transmission phase gradient only along the circumferential
direction of the cylinder and maintains uniformity along the
axial direction of the cylinder, it is also noted in Figure 13 that
the patterns in the xz-plane containing the cylinder axis
exhibit obvious first side lobes with magnitudes about 8 dB
smaller than the main lobe peak for both polarizations. 'is
may be alleviated by introducing a certain gradient for the

focusing effect along the axial direction through the complete
expression of generalized refraction law [5].

3.2.2. R-type. 'e cylindrical metasurface lens antenna
operating in R-type is shown in Figure 14. Dimensions of the
square patch element and ground of the feeding antenna are
a2 � 9.32mm and b2 �15mm, respectively. Magnitudes of
input reflection coefficients of both the feeding antenna and
lens antenna are shown in Figure 15(a) for TE polarization
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Figure 12: Frequency-dependent magnitudes of input reflection coefficients, main lobe gain, and radiation efficiency of the freestanding
microstrip patch antenna element and the T-type cylindrical metasurface lens antenna. (a, c) TE-polarized radiation. (b, d) TM-polarized
radiation.
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and in Figure 15(b) for TM polarization, which indicates the
operating frequency around 10GHz. As can be seen from
Figures 15(c) and 15(d), the lens antenna produces aug-
mented boresight gain relative to the feeding antenna
around 10GHz with a radiation efficiency of 85.24% and
85.32% for TE and TM polarizations, respectively. Similarly,
radiation patterns of both antennas at 10GHz are compared
in Figures 16(a)–16(d). Due to the operating manner, the
main lobe direction of the feeding antenna orients to the

back lobe direction of this eventual lens antenna, and only
partial area of the upper half cylindrical surface is covered
with the unit cells of the lens. 'us, obvious radiation to-
wards the backward direction of this eventual lens antenna is
noted. It is seen that the boresight gain is increased by 5.92
(5.83) dB from 6.96 (7) dBi of the feeding antenna to 12.88
(12.83) dBi of the lens antenna for TE- (TM-) polarized
radiation. On account of the orientation of the feeding
antenna, lobes in the backward half-space of this lens
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Figure 13: Two-dimensional radiation patterns of the freestanding microstrip patch antenna element and the T-type cylindrical meta-
surface lens antenna. (a) xy- and (b) xz-planes for TE-polarized radiation and (c) xy- and (d) xz-planes for TM-polarized radiation.
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Figure 14: R-type cylindrical metasurface lens fed with a microstrip square patch antenna element.
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antenna need suppression by further optimization of the
configuration of R-type operation.

4. Experimental Verification

Although the transmission-focusing and reflection-focusing
differentiate the operating manners of the T-type and R-type
cylindrical metasurface lenses, both lenses share a similar
design and simulation procedures mentioned above.
'erefore, only the cylindrical metasurface lens antenna
operating in T-type is fabricated and measured in this
section so as to verify the simulation-based observations.'e
aforementioned commercial laminates and foam are used

for the prototype. 'e metasurface lens fabricated through
printed circuit board (PCB) technology is attached to the
cylindrical surface by plastic screws with M2 thread size. A
photograph of the prototype under measurement is pro-
vided in Figure 17. 'e measured input reflection coefficient
of the lens antenna and its frequency-dependent boresight
gain are already shown in Figures 12. 'e operating fre-
quency around 10GHz is observed for both polarizations.
Besides, Figure 13 also presents the measured radiation
patterns in xy- and xz-planes for both polarizations at
10GHz. 'e measured boresight gains for TE- and TM-
polarized radiation, which are obtained through the com-
parison with a horn antenna with known gain, are 17.07 dBi
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Figure 15: Frequency-dependent magnitudes of input reflection coefficients, main lobe gain, and radiation efficiency of the freestanding
microstrip patch antenna element and the R-type cylindrical metasurface lens antenna. (a, c) TE-polarized radiation. (b, d) TM-polarized
radiation.
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and 18.62 dBi, respectively. Compared with the simulation,
the 1.28 dB and 0.24 dB difference in boresight gain for TE
and TM polarizations as well as the difference between

simulated and measured patterns may be attributed to the
tolerances introduced by the manual assembly of the three
separate dielectric layers of the lens, positioning of the
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Figure 16: Simulated two-dimensional radiation patterns of the freestanding microstrip patch antenna element and the R-type cylindrical
metasurface lens antenna. (a) xy- and (b) xz-planes for TE-polarized radiation and (c) xy- and (d) xz-planes for TM-polarized radiation.
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Figure 17: Photo of the measurement setup of the T-type cylindrical metasurface lens antenna.
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feeding antenna, and collimation between the prototype
and receiving horn antenna. In particular, the collimation
between the lens antenna under the test and the receiving
horn antenna is accomplished with visual inspection.
Besides, the antennas are manually turned by ninety
degrees during the measurement of different planes and
polarizations. 'ose factors account for the collimation
tolerance which may also lead to the slight difference in
main lobe peaks in xy- and xz-planes for the same po-
larization since the lens antenna exhibits the main lobe
with narrow beamwidth in xy-plane. Overall, the agree-
ment between simulation and measurement is observed
for the input reflection coefficient and radiation pattern,
which validates the presented design.

5. Conclusions

Cylindrical metasurface lenses with a thin radial profile
have been presented to serve as an example of demon-
strating the conformal integration or embedment of the
electromagnetic lens towards the cylindrical shell of certain
platform bodies. 'e conformal integration or embedment
potentially ensures the undisturbed local shape as well as
aerodynamics of the platform, which can hardly be
achieved during direct integration of the traditional lens or
planar metasurface lens onto a cylindrical skin. Based on
the calculation and sampling of the phase gradient,
transmission or reflection phase distribution of the cy-
lindrical metasurface lens was determined for imple-
mentation. In order to relatively independently tune the
TM and TE responses for oblique incidence, the basic and
simple slot or loop geometry has been, respectively,
employed as the unit cell of the T-type or R-type cylindrical
metasurface lens. Other compact geometries that meet the
consideration of tuning can be also used to construct the
unit cell of the lens with dual-polarization capability. Due
to the control of refraction or reflection, focused beam of
each cylindrical lens has been observed. In comparison
with the freestanding feeding antenna, enhanced boresight
gain has been obtained from each cylindrical lens antenna
for both TE- and TM-polarized radiation at the operating
frequency. Meanwhile, certain limitations including the
side lobe of the T-type cylindrical lens antenna, back lobe of
the R-type cylindrical lens antenna, and narrow-band
operation of the lenses are also observed. Introducing a
certain gradient for focusing effect along the axial direction
of the cylinder to reduce the side lobe level and using other
unit cell design schemes with a smaller period to widen the
operating bandwidth of the lenses may be exploited in a
future study [41, 42]. In addition, avoiding the scattering
into undesired directions by implementing the phase and
amplitude distribution during the design of unit cells may
also be considered to improve the antenna efficiency [43].
Furthermore, presented designs suggest a potential of the
lens to be conformally integrated or embedded into the
cylindrical structure of certain airborne or spaceborne
platforms which may possess a cylinder-like component
part, for the sake of the enhanced boresight gain without an
obvious increase of drag for the moving platforms.
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