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ABSTRACT This work experimentally demonstrates a wide-angle beam steering based on an active

conformal metasurface lens. Integrated with microwave varactors, the transmission phase of this cylindrical

metasurface lens can be tuned in a range up to 195
◦

by direct-current (DC) bias voltages. By compensating

the phase difference between different incidences, the proposed cylindrical lens can collimate the incident

spherical wave front into a plane wave front with predefined deflection angle. By increasing the number of

feeding sources, the beam steering range of conformal lens can be expanded to ± 60
◦

. Having advantages

of low cost and simple structure, the proposed conformal lens can be extended to millimeter-wave band and

enable a wide range of applications.

INDEX TERMS Conformal antenna, active metasurface, phase shift, beam steering, cylindrical lens.

I. INTRODUCTION

Having the ability of flexible control of beam direc-

tion, phased array antennas have been used in a wide

range of applications such as satellite communications and

radars. However, they suffer from high costs due to the

requirement of complex feeding and phase shifting net-

works [1]–[3]. Recently, several new techniques have been

proposed to implement beam steering antennas. Exam-

ples include antenna systems based on tunable impedance

surfaces [4]–[6], ferroelectric ceramic [7], photo-sensitive

semiconductors [8], [9], tunable metamaterials [10]–[16],

coding metasurfaces [17]–[19], and frequency selective sur-

faces (FSSs) [20]–[22], and reconfigurable Fresnel zone plate

(FZP) at single and dual bands [23], [24]. Among these new-

concept antennas, FZP antennas [23], [24] can achieve a

scanning range of ± 30
◦

with simple structures. However,

due to the lack of phase compensation ability, the side lobe

level (SLL) of existing FZP antennas is not satisfactory. The

phase-correction technique, either partial phase or full phase,

has been demonstrated as an effective method to suppress the

The associate editor coordinating the review of this manuscript and

approving it for publication was Kwok L. Chung .

side lobe of FZP antennas [25], [26]. Employing metamate-

rials or FSSs as spatial phase shifters, several lens antennas

with passive phase corrections have been proposed to colli-

mate the incident spherical waves into plane waves [27]–[30].

By rotating the lens [31] or adjusting the position of feeding

source [32], mechanically steerable lens antennas have also

been demonstrated. In [33], to obtainmultiple discrete beams,

seven feeding elements were used to illuminate a planar

metamaterial lens, achieving a beam coverage of ± 27
◦

.

On the other hand, to increase the beam steering range

of phased array antennas, one method is to place the radi-

ating elements on conformal surfaces, such as cylindrical

[34] and spherical surfaces [35]. Implementing beam steering

antennas on conformal surfaces are also desirable in order to

meet the aerodynamic requirements in some communication

platforms, such as aircrafts and satellites [35]. However, in

addition to the complexity and high costs, the design and

fabrication of a phased array antenna on a conformal aperture

are more challenging compared with a planar one.

In this work, a wide-angle beam steering antenna is

experimentally demonstrated based on an active confor-

mal metasurface lens. Integrated with microwave varactors,

the transmission phase of this cylindrical conformal lens can
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TABLE 1. Phase distribution at different columns for 0
◦

deflection angle.

FIGURE 1. Beam steering principle of conformal cylindrical lens antenna.
(a) Single feeding antenna. (b) Multiple feeding antennas.

be tuned in a range up to 195
◦

by direct-current (DC) bias

voltages. By compensating the phase difference between dif-

ferent incidences, it can collimate the incident spherical wave

front into a plane wave front with predefined deflection angle.

Utilizing three patch antennas as multiple feeding sources,

the proposed conformal lens antennas can achieve a scanning

coverage of ± 60
◦

. Compared with previous reconfigurable

planar FZP antennas [23], [24], the proposed conformal lens

antenna has lower side lobe and larger scanning range.

This paper is organized as follows. In section II, the beam

steering principle of cylindrical lens antenna is introduced. In

section III, the design and simulation of active metasurface

lens are described. Experimental results of wide-angle beam

steering are given in section IV. Finally, a conclusion is drawn

in section V.

II. PRINCIPLE

The beam steering principle of conformal cylindrical lens

antenna is shown in Fig. 1(a), in which a cylindrical wave

illumination is considered. Due to the rotation symmetric

feature, multiple feeding sources can be used to illuminate

the cylindrical lens, as shown in Fig.1(b).With an inner radius

R and a thickness of d, the conformal lens is divided into N

subwavelength segments. Assuming the transmission phase

of each segment can be individually controlled (in this work

by DC voltages applied to the varactors in metasurface unit

cells), the transformation of a cylindrical wave front into

a planar wave front with a predefined deflection angle can

be understood based on the geometric-optics method. The

shortest ray that arrives in the desired S0 direction, i.e. r0+

S0, is assigned as the reference ray. Then the phase difference

1ϕ between vector rays S1 and S0 can be written as

1ϕ = k0[(|r1 + |S1|) − (|r0 + |S0|)] (1)

where k0 is the free-space wave vector. By compensating

the phase differences between different rays passing through

divided segments, the outgoing wave can be collimated to the

predefined direction.

In order to verify the above mechanism, two-dimensional

simulations are performed with Comsol Multiphysics simu-

lator. As an example, we consider a half cylindrical lens with

R = 200 mm, d = 6 mm, and N = 50. The cylindrical

wave excitation with transverse magnetic (TM) polarization

is generated by an open-end waveguide antenna, as shown

in Fig. 2(a). In the simulation, each segment is assumed as

homogeneous substrate and the phase shift caused by this

segment is controlled by tuning its refractive index. The phase

difference 1ϕ is related to the refractive index difference 1n

by 1ϕ = k0d1n, where 1n = n1 – n0. The simulation is

performed at 5.75 GHz and the phase tunability is assumed

as 195
◦

, which complies with the experimentally measured

tunability in this work, as will be demonstrated in the fol-

lowing. In the simulation, for rays with phase differences

larger than 195
◦

but less than 360
◦

, a maximum 195
◦

phase

shift is used to achieve partial phase compensation. For rays

with phase differences 1ϕ less than 195
◦

, a −1ϕ phase shift

is used to achieve full phase compensation. As an example,

table 1 shows a sequence of phases at different columns when

the beam deflection angle is 0
◦

. In table 1, 1ϕ denotes the

calculated phase difference according to formula (1) while 8

represents the phase values at different columns after phase

compensation. Due to the symmetric structure of cylindrical

lens, the phase distribution at 1∼25 columns are given in

table 1.

Figures 2(a) and 2(b) show the near field distributions for

beams deflected to 0
◦

and 25
◦

, respectively. In these cases,

the feeding antenna is located at the center of cylindrical lens,

so that the incident wave front coincides with the conformal

lens. Since 195
◦

phase tunability can partially satisfy the
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FIGURE 2. Simulated results of the cylindrical lens antenna by Comsol.
Near filed distribution for lens antenna with beam deflection at (a) 0

◦

,
(b) 25

◦

and (c) 50
◦

. (d) Normalized far-field radiation patterns.

phase compensation condition described in (1), a clear trans-

formation from the cylindrical wave front to a plane wave

front is observed. As shown in Fig. 2(d), the SLLs for 0
◦

and

25
◦

steering angles are −12.7 dB and −8.3 dB, respectively,

showing a notable decrease compared to amplitude-binary

FZP antennas reported in [23] and [24]. As shown in Fig. 2(c),

the feeding antenna is rotated by 50
◦

and moved down by

0.37 wavelength from its original position. Note that only the

feeding antenna 1 is located at the center axis, the other two

need an offset from the center axis. This 0.37-wavelength

FIGURE 3. Metasurface unit cell and simulated transmission performance
at normal incidence. (a) Geometrical structure of the unit cell. Unit in mm.
(b) Transmission amplitude. (c) Transmission phase.

offset is determined by the width of the feeding antennas.

In Fig. 2(d), it is seen that although the incident wave front

shows a slight misalignment with the conformal lens, a beam

steered to 50
◦

with SLL better than −12 dB can still be

observed. These results imply that if three (or more) antennas

can be used to illuminate different regions of conformal lens,

a wide-angle steering range with satisfactory SLLs can be

obtained.

III. DESIGN

In this work, the conformal lens is designed with two layers

of metasurfaces based on the unit cells previously used in

[12] and [23], as shown in Fig. 3(a). Details of the modeling

and the design procedure of unit cell can be found in [23].

The metallic unit cell is printed on a 0.5 mm-thick F4B

substrate with a dielectric constant of 2.55 and a loss tangent

of 0.003. The period of metasurface unit cell is around λ/4,

in which λ is the wavelength at 5.75 GHz. Each unit cell is

embedded with a microwave varactor, Skyworks SMV1405,

to tune its transmission phase. The junction capacitance of

185266 VOLUME 7, 2019
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FIGURE 4. Transmission performance with different unit cell periods.
(a)Transmission amplitude. (b) Zoom-in of the passband.

this diode decreases from 2.6 pF to 0.6 pF when DC bias

voltage increases from 0 V to 30 V. Two layers of such meta-

surfaces separated by a 5-mm air gap was used to construct

the conformal lens.

Full-wave simulations were performed with the CST

Microwave StudioTM based on the SPICE model of the

SMV1405 varactor. With the dimensions shown in Fig. 3(a),

the simulated transmission amplitude and phase at the nor-

mal incidence are shown in Fig. 3(b) and 3(c), respectively.

It is seen that, with 2.65-pF junction capacitance, two-layer

metasurface exhibits two transmissionmaximumpoints in the

band of 4.3–6.4 GHz, resulting in a much wider passband

compared to that of the single-layer metasurface reported

in [23]. This increases the possibility to obtain a wide range

of phase tunability in the same passband. As seen in Figs. 3(b)

and 3(c), with the decrease of the junction capacitance from

2.65 pF to 0.63 pF, the passband moves to higher frequencies.

A phase shift around 192
◦

can be obtained at 5.77 GHz with

the maximum transmission loss of −7.3 dB. The insertion

loss can be further reduced by using varactors with higher

quality factor.

Note that the period of unit cells in the inner layer is slightly

smaller (12.5 mm) than outer-layer ones (12.87 mm) due

to the 5-mm radius difference. By slightly optimizing the

geometric parameter w (0.9 mm and 0.75 mm for inner and

outer layers, respectively), the transmission coefficient can

remain unchanged in passband, as shown in Fig. 4.

IV. EXPERIMENT

A. FABRICATION

Using the optimized geometries, a two-layer cylindrical

metasurface lens was fabricated, as shown in Fig. 5. Three

FIGURE 5. Fabricated metasurface cylindrical lens antenna and
experimental setup. (a) Top view. (b) Front view. (c) Experimental setup.

identical feeding sources, each made of a 1×4 linear

microstrip patch array, are used to illuminate the different

regions of the conformal lens in the normal (source 1) and

+/− 50
◦

(sources 2 and 3) directions.

The fabricated conformal lens consists of two flexible

metasurface layers, which were fixed on a 5-mm-thick alu-

minum supporter. Each metasurface layer consists of 850 unit

cells, with 50 cells in a row and 17 cells in a column. Adjacent

unit cells in the vertical direction are connected in parallel

while isolated in the circumferential direction. In this way,

each column can be individually controlled by a DC bias

voltage. As shown in the inset of Fig. 5(b), the two vertical

wires were connected to DC bias line and the ground line,

respectively, so that all the diodes can be reversely biased. The

bias lines were mounted along the upper and lower edges of

the metasurface layers, and were connected to the control cir-

cuit by flexible cables, as shown in Figs. 5(a) and 5(b). In this

work, the DC bias voltages were provided by a simple control
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FIGURE 6. Measured transmission amplitude and phase of fabricated
cylindrical lens at 5.75 GHz.

board based on a micro-controller unit (MCU) and eight

8-channel digital-to-analog convertors (DACs), i.e., Texas

Instruments DAC7718. Each DAC channel can individually

output a DC voltage between 0 V to 30 V.

B. MEASUREMENT

The experimental measurements were performed in an ane-

choic chamber. The experimental setup is shown in Fig. 5(c).

The conformal lens fed by three linear feeding sources was

placed on a turntable, functioning as the transmitting antenna,

and a reference horn antenna was placed in the far-field range,

acting as the receiver. The measurement of transmission coef-

ficient was performed in two steps. First, when the conformal

lens was absent, the transmission between feeding antenna

1 and the horn antennawasmeasured, and themeasured trans-

mission amplitudes and phases were used as the calibration

measurement. Then, the same measurements were repeated

when the metasurface lens was installed and biased with

same voltages. Note that in each step, only feeding antenna

1 was involved. The remaining antennas were connected with

matched coaxial loads. The measured transmission amplitude

and phase at 5.75 GHz are shown in Fig. 6. It is seen that

a phase shift range of 195
◦

can be obtained when DC bias

voltage increases from 0 V to 19 V. In previous work [15],

[18], [23], it has been shown that metasurface unit cells

with 180
◦

phase coverage is sufficient to implement dynamic

beam steering. Compared to the simulated transmission loss,

the increased loss may come from the reflection due to the

bias lines and the metallic frame used to fix the metasurface,

as shown in Figs. 5(a) and 5(b).

Based on the above phase tunability, a phase-correction

conformal lens can be realized. Fig. 7(a) shows the

S-parameters of lens antenna measured at 0
◦

radiation angle.

It is seen that around 5.75 GHz, the reflection coefficients are

below −10 dB, and the isolation between adjacent feeding

antennas is less than −20 dB. Note that the conformal meta-

surface is electrically large and comprised of thousands of

unit cells with high-density interdigital structures. Full-wave

simulation to this surface is impractical. Fig. 7(b) shows the

beam collimation effect due to the DC-controlled conformal

FIGURE 7. Measured S-parameters and radiation patterns at 0
◦

radiation
angle. (a) S-parameters. (b) radiation patterns at 5.75 GHz.

FIGURE 8. Measured radiation patterns at different operating
frequencies.

lens. Compared with the 72
◦

beamwidth of feeding antenna,

the beamwidth of lens antenna is around 8
◦

, significantly

narrowed by the focusing effect of the conformal lens. Fig. 8

shows the radiation patterns of lens antenna at different

operating frequencies. Within an instantaneous bandwidth

of 100 MHz, similar beam collimation effect can be observed

with the gain variation within 1.7 dB.

Fig. 9 shows the steered beams when the conformal lens

was illuminated by the feeding antenna 1 at 5.75 GHz. The

gain decreased from 14.3 dB to 12.2 dB when the main beam

was steered from 0
◦

to 30
◦

. For the radiation patterns pointing

to 0
◦

, 10
◦

, 20
◦

and 30
◦

, the measured SLLs were −12.3 dB,

−9.5 dB, −7.9 dB and −5.0 dB, respectively. Due to the

geometric symmetry, similar beam steering performance was

observed in the negative direction, as shown in Fig. 9(b). Note

185268 VOLUME 7, 2019
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FIGURE 9. Beam steering performance at 5.75 GHz utilizing feeding
antenna 1. (a) Positive direction. (b) Negative direction.

FIGURE 10. Beam steering performance at 5.75 GHz utilizing different
feeding antennas. (a) Feeding antenna 3. (b) Feeding antenna 2.

that the above SLLs at ±30◦ are not satisfactory. This can

be effectively improved by increasing the number of feeding

antennas so that each antenna is responsible for a narrower

steering region.

Fig. 10 (a) shows the beam steering performance due to

the feeding antenna 3 at 5.75 GHz. At 50
◦

deflection angle,

the measured gain was 13 dB with a beamwidth of 10
◦

.

Compared to the 0
◦

deflection angle, the beamwidth shows

a slight increase due to the truncation effect of fabricated

FIGURE 11. Beam steering performance at 5.7 GHz utilizing different
feeding antennas. (a) Feeding antenna 1. (b) Feeding antenna 2.

FIGURE 12. Beam steering performance at 5.8 GHz utilizing different
feeding antennas. (a) Feeding antenna 1. (b) Feeding antenna 2.

lens. At 40
◦

, 50
◦

and 60
◦

pointing angles, the measured SLLs

were −9.6 dB, −12.2 dB, −10.5 dB, respectively. Similarly,

with the feeding antenna 2, Fig. 10(b) shows the measured

radiation patterns with main beams steered to the negative

direction. These results demonstrate that the beam steering

range can be readily expanded by simply increasing the num-

ber of feeding sources. Fig. 11 and Fig. 12 show the beam

steering performance at 5.7 GHz and 5.8 GHz, respectively.

Similar beam steering performance is observed within an

instantaneous bandwidth of 100 MHz.
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The above simulation and experimental results verified the

effectiveness of proposed method. Taking advantage of 195
◦

phase tunability provided by two-layer conformal metasur-

face lens, wide-angle beam steering was implemented with a

simple structure. Compared with [23] and [24], both the beam

steering range and the SLL are notably improved. Compared

with conventional phased arrays relying on feeding networks

and RF front ends integrated with phase shifters, amplifiers

and attenuators [34], the proposed conformal lens is simple

structured, cost effective and easy to control.

The measured maximum gain of the proposed confor-

mal lens antenna is 14.3 dB, corresponding to an aperture

efficiency of 6.8% for a uniform field illumination on the

entire conformal lens (412 mm×215.5 mm). The relative

low aperture efficiency is due to the large insertion loss and

unfully illuminated aperture of metasurface lens. The 3-dB

beamwidths of the feeding antenna in the horizontal and ver-

tical planes are 72
◦

and 23
◦

, respectively. Therefore, the illu-

minating area can be estimated around 242 mm×84 mm,

corresponding to a directivity of 19.7 dB. Considering the

insertion loss of the metasurface lens between−3∼ −8.5 dB,

the measured 14.3 dB gain is reasonable.

In order to improve the antenna efficiency in the future,

varactors with lower loss can be used to build the conformal

lens. Furthermore, the linear feeding source with higher gain

can be used to illuminate the conformal lens.

V. CONCLUSION

A C-band conformal lens antenna capable of wide-angle

beam steering was analyzed, simulated and experimentally

demonstrated. Assisted with 195
◦

phase tunability provided

by the DC-controlled two-layer metasurfaces, such a wide-

angle beam steering antenna can be implemented with a sim-

ple structure. Taking advantage of this conformal structure,

the beam steering range can be conveniently expanded by

increasing the number of feeding sources. Without complex

feeding networks, this conformal lens can be easily and cost-

effectively realized. The proposed approach can be extended

to higher frequencies, enabling potential applications such

as millimeter-wave wide-angle beam steering and multiple-

input and multiple-output (MIMO) communication.
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