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ABSTRACT

Beam-steering has drawn significant interest due to the expansion of network capacity.
However, a traditional beam steering system involves active phase shifters and controlling
networks which can be complex. This work proposes a passive conformal metasurface design on
beam steering. The phase shifting is achieved by changing the curvature of a conformal
metasurface. In addition, three conformal prototypes were fabricated and tested using different
techniques such as 3D printing. The simulations and test results indicate up to 20° of beam shifting.
This study can be extended to higher frequency bands for lower power consumption beam steering

systems.
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1. INTRODUCTION
1.1. Beam steering and previous studies
In recent years, beam-steering has garnered significant interest in the antenna design
community due to the development of 5G wireless networks. Compared with 4G wireless
communications, the potential 5G wireless networks will provide more wireless capacity [1]. The
dramatic increase of capacity and utilization of higher frequency bands brings a lot of challenges
for antenna design. One of the most promising techniques to overcome those challenges is beam

steering. A traditional active beam steering system is shown in Figure 1.[2].
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Figure 1. Active beam steering [2].

Active phase shifters were used to change the phase of each radiating element of the array.
By tuning phase shifters of different elements, the direction of the main lobe of a radiation pattern
can be changed, therefore the beam can be guided to a desired direction. Compared with the single

element antenna, phased arrays can adjust the signal and combine multiple elements, therefore



enhance the overall performance including gain improvement. The concept of beam steering and
phased arrays is not new, but with the development of 5G networks pushing to higher frequencies,
antennas are required to overcome higher path loss. Furthermore, the shorter wavelength translates
into smaller antennas, which makes phased arrays and beam steering more feasible for commercial
products. Thus, beam steering became one of the most promising technique for antenna designs in
5G networks.

There are also multiple challenges for active beam steering and phased array antennas.
Phased array antennas usually involve synthesis of multiple elements and controlling circuits
which make the system complex and harder to fabricate. Moreover, multiple active phase shifters
also add cost and power consumption to the overall system [3]. Therefore, some researchers start
to explore low cost and low power consumption solutions.

There are many researchers trying to explore different methods to achieve beam steering
without implementing active phase shifters in the power source. Methods include antenna designs
based on coding intelligent surfaces [4-7], tunable materials [8-15], conformal surfaces [16-20]
etc. In [21], A reconfigurable transmit-array was used for beam steering and polarization. The
transmit-array element consisted of an active side, reflective phase shifters, and a passive side.
With a tunable active patch structure and two layers of passive patch structures, beam steering
with a scan range of 60 degree at 5.4 GHz was achieved. A wide range of beam steering was
achieved by utilizing active patch structures instead of an active phase shifter. However, the
complex structure of multiple layer structures also adds to the difficulty and cost.

In [22], a phase-gradient metasurface was proposed to control the most significant grating
lobes in two-dimensional beam-steering systems. By rotating a pair of phase-gradient metasurfaces

(PGMs), high directivity could be achieved. This research further proposed to reduce the



undesirable dominant grating lobes by optimizing a supercell and increase the transmission phase
gradient of PGMS. However, this method is complex and increases the manufacturing complexity
with multi-layer phase gradients.
1.2. Metasurfaces and previous studies

One method to increase the beam steering range is to utilize a metasurface. Metamaterials
are composed of periodic structures that resonantly couple to the electric and magnetic components
of the incident electromagnetic fields [23]. However, due to the high losses with the resonant
responses and the difficulty in fabricating the microscale 3D structures for metamaterials,
metasurfaces become a more practical approach for antenna design. Metasurfaces, consisting of
single-layer or several-layer stacks of planar structures can be readily fabricated, and the ultrathin
thickness in the wave propagation direction creates less undesirable losses [24,25]. Each unit cell
of the metasurface is regarded as an electrically small antenna that receives power from illuminated
waves and reemits waves to form reflected/transmitted wave fronts [26]. An overview of the

metasurface is shown in the Figure 2 [27].

(a)

S - (==
L o =oooo
Y RecooccescoocelOICICICT
- HaEss’ ) 1A
: L1000
[ = o o - | = L

-
==
t
=

dh

Figure 2. Overview of a phase-gradient metasurface[27].



Many research groups dedicate their studies to metasurfaces due to its distinctive
properties. Metasurfaces are used for gain enhancement [28], bandwidth improvement [29], phase
error rectification [30] and radiation pattern reconfiguration [31]. Moreover, by properly
manipulating the incident, reflected and transmitted field, certain desired wave transformations
can be realized. Metasurface can be use as artificial magnetic conductors [32], spatial filters [33],
and transit arrays [34].

In [35], a frequency-reconfigurable antenna was designed using metasurfaces. The
metasurface consists of rectangular-loop unit cells placed periodically in the vertical and horizontal
directions. Measured results show that the antenna has a tuning range from 4.76 to 5.51 GHz.
Radiation efficiency and a realized peak gain of more than 80% and 5 dBi was achieved. In [36],
the single and dual layer metasurfaces are proposed to miniaturize a low-profile wideband antenna.
The metasurfaces consisted of one and two square patch arrays, with the increased effective
refractive index, both the proposed antennas realize a gain greater than 6.5 dBi. In [ 37], Beam
steering was achieved by transforming phase of the antenna near field using a pair of totally passive
metasurfaces. Metasurfaces are rotated independently or synchronously around the antenna axis.
A prototype was fabricated to demonstrate experimentally that the beam of a resonant cavity
antenna can be steered. Those studies demonstrated that metasurfaces can be great candidates for
gain improvement and beam steering.

1.3. Conformal antenna and previous studies

Figure 3 shows an example of conformal antenna for wide beam coverage. Compared to
planar structures, conformal antenna arrays have an overall wider beam than the planar structure
[38]. Placing radiating elements on a conformal surface can increase the beam steering range of

the phased array. In [39], a self-adapting conformal antenna for changing spherical surfaces are



studied, the phase compensation expressions were validated experimentally at 2.47 GHz with a
precisely controlled 4x4 phased-array antenna attached to conformal surfaces. Different radius
conformal surfaces were used to validate the expressions.

In [40], an active conformal metasurface lens was proposed. Microwave varactors were
integrated to change the transmission phase of the cylindrical metasurface up to 195 degrees. By
increasing the number of feeding sources, the beam steering range of conformal lenses can be
expanded to 60 degrees. Without a complex feeding network, the conformal metasurface can be
manufactured easily with relatively low cost. Compared with other reconfigurable planar antennas,
this antenna has a large scanning range and lower side lobes. However, the conformal metasurface

lens still needs to be controlled by a dc bias voltage, and it’s not ideal for low power applications.
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Figure 3. Beam angle comparison between planar and conformal array (a) Curved array
structure (b) Planar array structure [38].



2. THE PROPOSED RESEARCH
In this work, we design and demonstrate different passive conformal metasurfaces for beam
steering, where each of the passive metasurfaces are placed near a conventional patch antenna as
a parasitic element. The overview of the conformal metasurface is shown at the Figure 4. The
conformal metasurface design has been simulated and manufactured by three different materials

and manufacturing methods.

Figure 4. Overview of the conformal metasurface.

Three conformal metasurfaces are:(1). A laser etched Rogers 5883 conformal metasurface,
(2). A 3D Printing Ninja flex conformal metasurface, and (3). A Panasonic Felios F775 flexible
PCB conformal metasurface. Then the three metasurfaces have been placed on surfaces with
different curvatures. When the curvature of the metasurface changes, the inducing electromagnetic
fields are altered, therefore the phase of the radiating element has been changed. Finite element-
based simulation via HFSS was used to analyzed and demonstrate the performance of the proposed

metasurface. Lab test results further verified the effectiveness of the proposed method. The



measured results showed a range of 20 degrees and a 2.7 dB gain increase with a passive and
simple structure.
2.1. Theoretical model

To effectively achieve passive beam steering, it’s necessary to understand the phase
compensation algorithm of a linear array on a conformal surface. In [39],the radiation pattern of a
1 x 4 microstrip antenna array attached to different conformal surfaces was studied. An overview

of phase compensation of a linear array on a cylinder shaped conformal metasurface is shown in

Figure 5.
z
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Figure 5. Overview of a phase compensation of a linear array on a single curved surface[39].

By denoting the position of the n™ element in the array as (r, ¢,,), The required phase
compensation can be computed as:

AQS, =+kr|sin( y) — sin (¢p-1)| (1)
where K is the free-space wave number , ris the radius of the cylinder. The expression assumes
that the scanning angle will be 90 degrees. To analytically compute the compensated radiation
pattern and validate the measurements of the antenna test platform on the conformal surfaces, the
following compensated array factor AF¢: was used[39]:
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AF = AFe/%n (2)
Where ¢, is the phase compensation term for the free-space phase delay computed using (1), and
array factor (AF) for an antenna conformal surface is[39]:
AF = YN_ w, e/Klxn(u=tts)+yn(v-vs)+2p cos 0], (3)
Equation (3) assumes a spherical coordinate system where u = sin 6 cos ¢, ug = sin 65 cos ¢ , v
= sin 6 sin ¢, v; = sin O, sin ¢y, O, is the elevation steering angle, ¢, is the azimuth steering
angle, and w,, is the complex weighting function.

When designing phased arrays and leaky wave antennas, array factor calculations [41]
inform the beam synthesis process. These methods provide weightings for each of the radiating
elements along the aperture to achieve a beam in a desired direction. However, independent control
over the phase and amplitude of each resonator is not available in metasurface antenna designs
[41], metasurfaces instead rely on the phase advance of the feed wave combined with the tuning
state of the elements to provide beamforming capabilities. Instead, the weights for metasurface can
be represented in the array factor calculation as[41]:

AF (o) = Y=y A (w)e ™/ oymsin (90)g=iFYm, 4)
When this factor is multiplied by the individual element’s radiation pattern[42][43], the ideal result
is a directive beam in the far-field. In this model, y,, is the position along the aperture, k, and Sare
the wavenumbers of free space and the feed wave, o is the frequency, N is the number of elements,
and ¢, is the desired beam angle. This equation can be solved for the elements’ complex weighting
factors, A,,,, which can be enforced to achieve the desired pattern.

Based on the previous equations and calculations, a conformal metasurface antenna system
is proposed. The proposed conformal metasurface antenna system consists of two parts: 1. The

conformal metasurface, and 2. the Conventional patch antenna. As shown in Figure 6, a conformal



metasurface is placed near a conventional patch antenna. The conformal surface acts as a reflector
of a patch antenna. With radio waves traveling with different distances and angles, the conformal
metasurface is divided into multiple subwavelength segments. The angle transformation from
conformal into planar waves can be based on the geometric method. The shortest distance in a
desired direction can be used as a reference, i.e. Ro+So. The phase difference between ray S; and
Sz can be regarded as [40]:

A¢=ko[(|R1|*|S1]) - (IRo[+|Sol)] ()
where A is the phase difference and ko is the free-space wave vector. From (1) the phase difference
can be controlled by manipulating the distance of different waves. One way to achieve that is by
changing the curvature of the metasurface. As Figure 6(b) showed, when changing the curvature
of the conformal surface radius from 40 mm to 88mm, the direction of the beam is expected to

change.
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Figure 6. Conformal metasurface antenna proposal: (a) proposed conformal metasurface with
radius of 40mm. (b) proposed conformal metasurface with radius of 88 mm.

2.2. Proposed conformal metasurface antenna system

To further verify this design idea, simulations are performed using the finite element solver
HFSS. The layout of the patch antenna and metasurface is show in the Figures 7 and 8. Figure 7(a)
showed the layout of the conventional patch antenna. This patch antenna is designed with a center
frequency of 2.4 GHz and is printed on a 1.6 mm thick FR4 substrate with dielectric constant of
4.04[44]. The goal here is to have the most conventional and cost-effective patch antenna to verify

10



the effectiveness of the conformal metasurface. The substrate size is designed as the same size of
the conformal metasurface path. The layout of the conformal metasurface is presented in Figure
8(a). The layout consisted of a 5x5 unit cell square with a size of 18mm. The overall length of the

substrate was 120mm. The gap between each unit square was 1 mm.

-
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1.6 mm
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0.2 mm

(a) (b)

Figure 7. Patch antenna layout (a) top view; (b) side view.
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Figure 8. Conformal metasurface layout (a) top view ; (b) side view.
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Three different conformal materials have been simulated as substrate: 1. Rogers 5870
conformal metasurface, 2. 3D Printing Ninja flex conformal metasurface, and 3. Panasonic Felios
F775 flexible PCB conformal metasurface. With each material came a different permittivity value
and firmness of the substrate. The specific property comparison of the conformal materials is
shown at the Table 1.

Table 1. Properties comparison of the conformal material.

Material Permitivity
Rogers 5870 2.33 [45]
3d Printing Ninja Flex 3.7 [46]
Panasonic Felios F775 3.2 [47]

2.3. HFSS simulation result

The objective of this dissertation is to explore the influences of conformal metasurfaces on
passive beam steering. To have a better understanding, three conformal materials are simulated.
While those materials have different permittivity, all the other physical de-sign parameters stay
the same. The radius of the conformal metasurface is changed from 43 mm to 83 mm.

As shown in Figure 9, for the Rogers 5870 conformal metasurface, the overall gain
increased from 1.12 dB to 3.718 dB. The phase difference between the 43mm radius and 88 mm
radius is 25 degrees. Figure 10 shows the simulation results of the Ninja Flex metasurface
influence. Ninja flex is a 3D printing material that can be used as a substrate for an antenna.
Previous research [46] demonstrates that this can be used as a substrate for a patch antenna. The
overall gain was increased from 1.31 dB to 3.12 dB when the radius changed from 43mm to 88
mm. And the phase difference between the largest and smallest radius was 19 degrees. Figure 11

shows the simulation results of the Panasonic Felios F775 conformal metasurface influence. The
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overall gain was increased from 1.26 dB to 2.51 dB when the radius changed from 43mm to 88

mm.
1.122 dBi 1.927 dBi 2.616 dBi
y
P@max = 1°
Radius = 43 mm Radius = 50 mm Radius = 60 mm
Patch Antenna Source Patch Antenna Source Patch Antenna Source
(@ (b) ()
3.09 dBi 3.718 dBi 1.31 dBi
\ P ',t...,,/
. Omax = -5:,;”‘&# Omax =0
—_— =
Radius = 75 mm Radius = 88 mm no conformal metasurface
q_l 1 T E ——
Patch Antenna Source Patch Antenna Source Patch Antenna Source
(d) (e) (f)

Figure 9. Simulation result: comparison of different radius for Rogers 5870 conformal
metasurface on patch antenna at 2.45 GHz. (a) r =43 mm; (b) r =50 mm; (c) r = 60 mm; (d) r=
75 mm; (e) r = 88 mm. (f) no conformal metasurface.
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1.31 dBi 1.89 dBi 2.34 dBi

W

®max = 152
Radius =43 mm Radius = 50 mm Radius = 60 mm
Patch Antenna Source Patch Antenna Source Patch Antenna Source
(a) (b) (c)
2.73 dBi 3.12 dBi 1.31 dBi

W ®max = -4° ®max = 0°
1

Radius.__:I 75 mm Radius = 88 mm no conformal metasurface
Patch Antenna Source Patch Antenna Source Patch Antenna Source
(d) (e) (f)

Figure 10. Effect of different radius for Ninja flex conformal metasurface on patch antenna at
2.45 GHz. (a) r =43 mm; (b) r =50 mm; (c) r = 60 mm; (d) r= 75 mm; (e) r =88 mm. (f) no
conformal metasurface.
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1.26 dBj 1.35dBi 1.81 dBi

\ , '
®Omax = 11 Pmax =9 ° ®max = 72

Radius = 43 mm Radius = 50 mm Radius = 60 mm

Patch Antenna Source Patch Antenna Source Patch Antenna Source
(a) (b) (c)
2.12 dBi 2.51 dBi 1.31 dBi
' g
s . Omax=-3" _ Omax = 0°
max =2 - ~—
E\\H“"G—?_._‘___,_.—F'"/ T
Radius:[ 75 mm Radius = 88 mm no conformal metasurface
Patch Antenna Source Patch Antenna Source Patch Antenna Source
(d) (e) ()

Figure 11. Effect of different radius for Panasonic Felios F775 conformal metasurface on patch
antenna at 2.45 GHz. (a) r =43 mm; (b) r = 50 mm; (c) r = 60 mm; (d) r= 75 mm; (e) r = 88 mm.
(f) no conformal metasurface.

Comparing three different materials, it’s shown that the overall gain increased when the
radius of the conformal surface increased. When the conformal metasurface was not placed near
the patch antenna, the overall gain was shown to be 1.31 dB, when adding the conformal
metasurface, the overall gain was increase and phase has been shifted.

Overall, the Rogers 5870 conformal metasurface is shown to have a better ability to shift
the phase while the Panasoic felios F775 had the lowest in simulation. On the other hand, the
Panasoic felios F775 had the best ability to bend, while Rogers is more difficult to bend than the

other two.
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3. FABRICATION AND MEASUREMENT
3.1. Fabrication

There are many materials and techniques that can be utilized to fabricate metasurfaces.
Most of those materials and techniques can be divided into three categories: all-dielectric, printed
layers, and all-metal. All-dielectric metasurfaces were fabricated by low loss and high permittivity
dielectric structures [48]. It was utilized for many applications such as broadband optical beam
splitters [49], electromagnetic band gap (EBG) resonator antennas [50], and ultralow profile lens
antenna [51].

A metasurface can also be made of printed materials as explained in [52]. Printed layer
metasurfaces are known for their low cost and fast prototyping time for complex structures. Studies
such as [53] demonstrated the wide adaptability for low-cost projects. There are also some studies
utilizing all-metal structures such as [54]. In this paper, in-expensive thin layers of metal sheets
were used to fabricate frequency-selective surfaces(FSS), and those surfaces could be
manufactured in large quantities with low cost.

In this work, the goal is to explore different conformal metasurfaces for passive beam
steering. Most applications for passive beam steering require fast prototyping times and relative
low costs. While conformal antennas are easy to manipulate gain by changing their shape, they are
harder to manufacture than traditional patch antennas. In this work, three manufacture methods
have been utilized to manufacture the conformal metasurface. The Rogers 5870 conformal
metasurface was fabricated by a laser direct etching method. The Ninja flex conformal metasurface

was fabricated by 3D printing. The Panasoic felios F775 was a flex pcb material.

16



For the Rogers 5870 conformal metasurface shown in Figure12(a), a laser-direct engraving
method was used to fabricate it. The conductive layer was etched away, leaving only designed

square rings on the surface. A LPFK laser engraving machine was used for this printing.

(a) (b) (©)

Figure 12. Fabricated conformal metasurface (a) laser-direct engraving Rogers 5870; (b) 3D
printed NinjaFlex; (c) The Panasoic Felios F775 flexible PCB.

The thickness of this antenna was 0.7874mm (0.031 inch) which made the metasurface
conformal. There are some challenges that come with this method. Mainly the surface area is large,
some of the surface area is not totally smooth, but it shouldn’t influence the performance of the
conformal metasurface.

The ninja flex 3D printed conformal metasurface is shown in the Figure12(b). Additive
manufacturing by 3D printing has made a lot of progress recently [55-57]. The growing demands
for low-cost and complex 3D structures makes 3D printing a great option for many researchers.
NinjiaFlex is a flexible 3D printing filament which allows for conformal surfaces to be fabricated

by a 3D printer. Previous research [46] indicates it can be a good substrate material for conformal

17



surfaces. The permittivity of the material was reported as 3.7 [46]. For the 3D printing process, the
infill is set as 100% to get a better result. The squareconductors for designed ring are Electrifi. As
discussed in [62], utilizing NinjaFlex and Electrifi to print this design requires great care due to
the difference in filament extrusion temperatures. Furthermore, Electrifi conducting filament loses
some of its conductivity when dispensed at higher temperatures. However, when a lower print
temperature is used, extrusion is inconsistent and may produce voids (open circuits).

To achieve high quality extrusion at low temperatures, the factory default print nozzle (0.4
mm) was replaced with a larger 1.0 mm diameter nozzle, and the extrusion temperature was
reduced to 160 °C. To print at this lower temperature, g-code command M302 P1 was used to
disable the printer’s cold extrusion checking.

The Panasoic felios F775 conformal metasurface is shown in the Figure 12(c). Compared
with the other two materials, this conformal metasurface has the best ability to bend. The prototype
is outsourced to Oshpark which is very cost effective. This printed design sample comes with great

uniformity for the substrate and shows a great potential.
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Figure 13. Measurement setup (a) conformal surface top view. (b) conformal surface side view.
(c) measurement setup.
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Figure 14. Radiation pattern of far field gain for conformal metasurface (a) Rogers 5870. (b)
Ninjaflex 3D printing. (c) Panasoic Felios F775 flexible PCB.

3.2. Measurement setup and result

The measurements were performed in an anechoic chamber. To test the conformal
metasurface prototype’s influence on the patch antenna, support surfaces of various radius were
fabricated. The Styrofoam was cut as disks, this extruded polystyrene was chosen for uniformly
fine grain, rigidity, and low density. This material has a relative dielectric constant in the range of
1.02 to 1.04, which make them close to the dielectric value of free space. It is important to make
the cylindrical object surface as smooth as possible since the conformal metasurface is attached to
the cylindrical object. The patch antenna and conformal metasurface were fixed with the turntable
so they always faced each other. A reference horn antenna was placed in the far-field range as a
the transmit antenna as shown in Figure 13. There was a 20 mm fixed distance set between the
patch antenna and conformal metasurface. The far-field gain measurement was then per-formed
for each metasurface with different radius varied from 43 mm to 88 mm. Figures 14 shows the
simulation results of the far field radiation pattern for three materials as a comparison to the

measured result
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Figure 15a shows the measured far field radiation pattern for the Rogers 5870 conformal
metasurface at 2.4 GHhz . The gain increased from 1.21 dB to 3.47 dB when the radius increased
from 43 mm to 88 mm. The main beam was steered from 14° to —6°. A 20° phase shifting was
achieved. Figure 15b shows the far field radiation pattern for the Ninja Flex conformal metasurface
at 2.4 GHhz. The gain increased from 1.38 dB to 2.89 dB when the radius increased from 43 mm
to 88 mm. The main beam was steered from 10° to —5°. Figure 14c shows the far field radiation
pattern for Panasoic Felios F775 flexible PCB conformal metasurface at 2.4 GHhz. The gain
increased from 1.13 dB to 2.31 dB when the radius increased from 43 mm to 88 mm. The main
beam was steered from 9° to —2°. A simulation result and measurement comparison were shown
in Figures 14. There is a good agreement between the simulation and measurement results.

Table 2 shows the gain and phase comparison between each material. This table also
indicated a good agreement between the measurement and simulation results. The above
simulation and measurement results verified the effectiveness of the passive conformal

metasurface.
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Figure 15. Far field radiation pattern rectangular plot comparison for conformal metasurface. (a)
Rogers 5870. (b) Ninjaflex 3D printing. (c) Panasoic Felios F775 flexible PCB.
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Table 2. Simulation and measurement result for gain and phase.

Material Radius ~ Simulated Gmax Measured Gmax  Simulated Prnax  Measured Prmax
43 mm 1.122 dB 1.21dB 17° 14°
50 mm 1.927 dB 1.86 dB 8° 9°
Rogers 5870 60 mm 2.616 dB 2.53dB 1° 5°
75 mm 3.09dB 2.98 dB -5° 2°
88 mm 3.718 dB 3.47 dB -8° -6°
43 mm 1.31dB 1.38 dB 13° 10°
50 mm 1.89 dB 1.74 dB 12° 8°
NinjaFlex 60 mm 2.34dB 2.14 dB 9° 5°
75 mm 2.73 dB 2.76 dB 5° 1°
88 mm 3.12dB 2.89 dB -4° -5°
43 mm 1.26 dB 1.13dB 11° 9°
50 mm 1.35dB 1.31dB 9° 5°
Panasoic felios 60 mm 1.81 dB 1.74 dB 7° 3°
75 mm 2.12 dB 2.07 dB 2° 1°
88 mm 2.51dB 2.31dB -3° -2°

The purpose of this work is to experimentally explor different conformal materials for
beam shifting and gain improvement. The conventional patch antenna used here was a very
common 2.4 GHz FR4 patch antenna with low cost. The overall gain without the conformal
metasurface was about 1.31 dB. By simply placing a passive conformal metasurface at a fixed
distance, the main lobe of the patch antenna was shifted. Furthermore, beam shifting could be
changed by increasing the radius of the conformal metasurface. Comparing the measurement
results of the three prototypes, the Rogers 5870 substrate had the highest gain improvement of 2.26
dB. The max phase angle also shifted 20° when changing the radius from 43 mm to 88 mm. Ninja
Flex had a 1.41 dB gain improvement and 15° beam shifting. Panasoic Felios had a 1.18 dB gain
improvement and the max phase angle shifted 11°. On the other hand, Panasoic Felios is the most
flexible one among the three fabricated conformal metasurfaces. It is a good option for gain
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improvement of compact antenna designs. Three different manufacturing methods were explored
for each conformal metasurface material. Ninja Flex 3D printing material had a lower cost
compared to the Rogers 5870 substrate making it a good option for fast prototyping. It also came
with challenges to adjust temperatures in case losing the conductivity of Electrifi.

Compared with active conformal metasurface, which the beam can shift up to 60 degrees
[34], this passive conformal metasurface has narrower beam shifting ability up to 20 degrees.
However, active conformal metasurfaces rely on phase control circuitry and beamforming
networks interrelated with active phase shifters. Passive conformal metasurface is more cost
effective, simpler to manufacture and easier to integrate.

To improve related research in the future, more complex structure such as antenna array
can be added as radiating elements to improve the overall gain. The conformal metasurface can
extract as a model for future research. Furthermore, the relationship between the side lobe and

radius when bending can be further studied.
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4. CONCLUSION

In conclusion, this work demonstrated that the conformal metasurface can be used to steer
the beam from a conventional patch antenna without using active phase shifters, a beamforming
network, or complex structures for the first time. The proposed passive conformal metasurface was
placed near a conventional patch antenna as a parasitic surface. Three conformal materials have
been experimentally evaluated to demonstrate the beam steering ability and efficiency. The
proposed designs have been simulated, fabricated, and measured. The radiation pattern shows up
to a 20° phase shift. Furthermore, different fabrication methods have been explored. The proposed
approach can be further extended to higher frequencies, enabling future work such as low power

consumption millimeter wave beam steering systems.
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