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Abstract—This paper presents the design of a holographic
metasurface-based beamforming antenna. The metasurface, built
on the holographic principle, showcases its transformative ability
by converting an omnidirectional monopole into a highly
directional antenna. Here, we present a holographic metasurface
antenna designed on top of a novel 3D-printed substrate to
maintain light-weight and achieve conformality. It is meticulously
tailored for optimal performance at 15 GHz with precise beam at
60° while converting the omnidirectional pattern of the monopole
to directional antenna offering gain of 13 dBi using a holographic
metasurface. The results of the holographic metasurface antenna
are verified with cylindrical bending confirming its flexibility.

Index
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I. INTRODUCTION

HE IMMINENT requirement for novel and flexible
communication systems has increased in recent years [1],
[2]. Several technical barriers need to be addressed for antenna
designers to harness antennas for flexible communication
systems. In the aforementioned types of applications, having an
accessible, compact, flexible, and easily integrable antenna is
desirable. It is therefore essential to adequately choose and
implement a substrate in order to build an antenna with flexible
properties. With the increase in demand for flexible electronics
and evolution of printing technology, researchers have been
looking into new substrate materials.

As recent studies show [3]-[5] that polymer-based substrates
offer multiple advantages over rigid and paper-based substrates,
they are becoming increasingly prominent in antenna
applications. Polyimide (PI) and similar thin film substrates are
gaining greater acceptance in antenna applications [6]—[9]. Thin
film substrates lend multiple benefits owing to their distinctive
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attributes, that foster the development of light, portable, and
compact electrical devices. Along with electrical and
mechanical properties, such films can also be tailored to have
new optical characteristics such as high reflectivity,
interference effects, and anti-reflection coatings [10]-[12].

Manipulating electromagnetic waves in antenna design has
become prominent with the evolution of metasurfaces. Such
surfaces use 2D subwavelength elements and generate highly
directed beams. With precise control of the phase distribution
across the metasurface, beam steering can be achieved without
physical change in antenna structure [13]-[15].

Furthermore, metasurfaces perform exceptionally well in
polarization control, allowing antennas to comply with certain
polarization specifications in communication systems as well as
defense applications [16]-[18]. In addition, by suppressing
undesired polarization components in the radiation pattern,
metasurfaces improve antenna performance by lowering cross-
polarization. Though metasurfaces offer excellent prospects for
inventive antenna design, current researches are more focused
on addressing practical implementation challenges, particularly
at higher frequencies, in order to fully fulfill metasurfaces’
potential for advancing antenna technology [19], [20].

Holographic metasurface-based beamforming antennas
demonstrate substantial strides in antenna engineering. Their
adeptness for precise modulating and flexion electromagnetic
waves eventually led to intriguing applications for wireless
systems for telecommunications, imaging systems, radar, and
satellite communication. As research and development for
metasurface technology persists, the aforementioned antennas
are anticipated to play an integral role in future generations of
sensors and wireless communication [21]-[23].

First introduced in 1970s [24], holographic antennas were
used to attain the requisite radiation characteristics. Since then,
with the advancements in fabrication techniques, the
holographic metasurface has become a key interest for many
researchers. Several advancements in holographic antennas
using rigid substrates are readily available in literature. The
designed metasurfaces on rigid substrates are quite appropriate
for beam-forming applications, but not very suitable for
conformal applications where the antennas are required to be
attached to uneven surfaces. Such metasurfaces can be
optimized for flexible substrates, making them suitable for real-
life applications. Furthermore, for applications in the space
industry, such antennas need to be lightweight. Additive
manufacturing such as 3D-printing has been shown to be very
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useful for RF applications and can be used to print such flexible
substrates [25]-[27].

This paper aims at developing a novel flexible holographic
metasurface antenna using a new lightweight 3D printed
flexible substrate to convert a monopole antenna into a
beamformed directional antenna. The stipulated paper has been
organized into five sections. Section II discusses the design
principle of holographic metasurface. Section III delivers an
extensive explanation of the antenna design; Section IV unveils
the results and discussions; and Section V wraps up the research
as conclusion.

II. DESIGN PRINCIPLE

In optical holography, the conjunction of two waves, the
object wave, ¥, and the reference wave, ¥, results in an
interference pattern. This interference pattern is utilized to
scatter the reference wave and produce the intended object
wave and can be defined as [28], [29],

(ovj Prer)Wrer = Ponj|Prer| (1)
An analogous approach can be leveraged to create holograms
for radiofrequency (RF) applications. The requisite radiation
characteristics serve as an object wave, and the feed monopole
antenna is used as a source for the reference wave, or surface
wave in this case. Knowing monopole antenna has a cylindrical
wavefront, the reference wave can be defined as,

lpref = g~ Jknyd (2)

Here, d and n, are radial distance and refractive index from
the monopole feed, respectively. Now, assuming the desired
radiated beam is pointing in the direction 6 in azimuth plane,
the object wave can be articulated as,

lpobj — e—j(kxsin9+ ®) (3)

Here, the arbitrary offset phase is ¢. The surface impedance,
(Zs) which act as an interference pattern can be expressed as,

Z;(6,y) = j Xavg[1 + MRe(¥,p; ¥ )] 4)

800 T T T T .
gq

~
o
o

Surface Impedance ( j£2)

100

01 02 03 04 05 06 07 08 09

Gap Size, g (mm)
Figure 1: Change in surface impedance as a function of gap between
unit-cell elements (Inset.: unit-cell analysis within simulation).

In this case, M is the modulation depth and X.., is the average
surface impedance. The reference wave evolves into an object
wave as it progresses along the holographic metasurface, and
surface impedance calculations facilitate an analytical
assessment of the requisite radiation characteristics. In order to
simulate the surface impedance, a unit-cell with period 4 mm is
employed using periodic boundary conditions, see Figure. 1. A

non-uniform structure can be designed by varying the
geometric properties of the unit-cell. The impedance of the unit-
cell is determined with change in gap size, g varying from 0.1
mm to 1 mm, see Figure 1. The surface impedance for the unit-
cell is calculated using the method described in [30], and is
found to spans from ;749 Q to j160 Q at 15 GHz with change
in gap size, whose least square fit can be obtained with the help
of MATLAB.

The refractive index (n,) for the bound surface wave is
expressed as:

nr=a= o, (5)

Here, v, is the phase velocity, c is the speed of light and &,
is the wave vector of the surface wave. For a given phase offset,
@ and unit cell dimension, u, the eigen frequency, w. can be
determined using the eigen mode solver of CST. The phase
offset is expressed as,

¢ = kyu (6)
Using this, the relative refractive index profile can be
evaluated easily. The effective surface impedance is determined

using,
Zo

1—n?

Zs ()

III. ANTENNA DESIGN

A. Antenna Schematic

The antenna design is made up of four layers: (i) metasurface
layer on top; (ii) thin film layer with adhesive; (iii) 3D-printed
substrate; and (iv) ground layer, see Figure 2(a). The top
holographic metasurface layer is made up of copper and is
designed based on the theory provided in Section II, and is
designed for a substrate of relative permittivity, &- = 2.2 and
height, 4, = 1.6 mm. The top metasurface layer is bonded with
the 3D-printed substrate using a GTS Mylar thin film of relative
permittivity, - = 3.5, loss tangent, fan 6 = 0.001 and thickness,
hgy = 30 um. The antenna is fed using a monopole element of
height, 5, = 3.30 mm which serves as the source of the reference
wave. The antenna design and geometric parameters are shown
in Figure 2(b).
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Figure 2: (a) Side view of the antenna design showing the four layers
of copper, GTS Mylar film and 3D-printed substrate,; (b) Orthogonal
view of the holographic metasurface layer on top.

B. 3D-Printed Substrate Design
The substrate design is the key to achieving flexibility within
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the proposed holographic antenna design. Here, we use a white
polylactic acid (PLA) thermoplastic material that offers a
relative permittivity, - = 2.7 and loss tangent, tan 6 = 0.004 at
15 GHz [26], [31]. The substrate is a 2D array of a 10 mm X 10
mm unit-cell with a hole of diameter, d, = 7.5 mm, see Figure
3(a). The introduction of hole ensures 60% of PLA material and
40% air-gap within the unit-cell and was characterized in CST
Microwave Studio. The equivalent relative permittivity of such
a substrate is ¢, = 2.2 and was confirmed using split post
dielectric resonator method [32]. The printed height of the

substrate was 1.6 mm £ 0.2 mm and is shown in Figure 3(b).
BN o o

(©

Figure 3: (a) Simulated substrate design within CST Environment, (b)
3D-printing of the substrate on an Ultimaker 3 printer; (c) final
fabricated substrate easily conformed in hand.

()
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Figure 4: (a) Top and (b) side view of the fabricated antenna design;
(c) the antenna design conformed in hand demonstrated flexibility.

C. Fabrication

The final fabricated antenna in planar and conformal forms
are shown in Figure 4. The top layer is fabricated on a GTS
Mylar sheet and then stuck on top of the substrate using a thin
layer of generic adhesive. The ground plane of the antenna is
created using copper tape. An SSMA connector is soldered on
the ground plane and a tin wire is soldered on top of the
connector to achieve the 3.30 mm tall monopole feed source.
The fabricated antenna weighs 48 grams in total. Here, the 3D
printed substrate was 25 grams.
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Figure 5: Simulated and measured S11 for the holographic metasurface
antenna.

IV. PARAMETRIC ANALYSIS AND MEASURED RESULTS

A. Measured Results for Flat Design

The antenna was simulated using CST Microwave Studio.
The simulated and measured S;; for the antenna is shown in
Figure 5. The antenna has a measured resonant frequency of
15.5 GHz while the simulated resonant frequency is 15 GHz.
The slight shift in frequency band is believed to be because of
human error during the fabrication process. Besides, the
measured S;; is found to be in line with that of simulations. The
antenna shows a 10-dB bandwidth of approximately 14 to 19
GHz, however, the maximum gain and directionality is
achieved at approximately 15 GHz because of the holographic
metasurface.
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Figure 6: Simulated and measured radiation pattern of the antenna at
15 GHz in (a) elevation and (b) azimuth plane. Inset: fabricated
antenna inside the anechoic chamber.
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The simulated and measured gain patterns of the antenna for
planar design at 15 GHz are shown in Figure 6. The antenna had
a measured gain of 13 dBi with beam pointing angle of 57° in
the azimuth plane. The measured results are very close to that
of simulations. The side lobe levels (SLL) are maintained below
8 dB throughout the frequency band. The cross-polarized
results were below -25 dB and hence, are not included here for
brevity. The measured gain of the antenna over frequency is
shown in Figure 7.
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Figure 7: Simulated and measured gain as a function of frequency for
the holographic metasurface antenna.

Figure 8: (a) Concave and (b) convex cylindrically bent holographic
metasurface antennas with a bend radius of 150 mm.

B. Measured Results for Conformed Design

One of the key novelties of the proposed holographic
metasurface antenna is its flexible structure which can easily be
bent. The bending is done in cylindrical form along the long
edge of the antenna structure and both concave and convex
bends were considered within simulation, see Figure 8.
However, as the bend radius for concave structure was reduced
the E-field starts to interfere destructively, damaging the
directional beam and hence, is not considered in this study.
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Figure 9: Simulated gain (left, solid black) and azimuthal beam-
pointing angle (vight, dashed blue) as a function of convex fold radius.

The antenna was bent convexly (as shown in Figure 8(b)) for
aradius of 90 mm to 240 mm at 30 mm intervals. The simulated
change in gain and beam-pointing angle in the azimuthal
direction with the change in bend radius is shown in Figure 9.
Two of these cases were verified within measurements with a
bend radius of 150 mm and 210 mm. The measured radiation
patterns for the two convexly bent configurations compared
with the flat structure is shown in Figure 10. With the reduction
in the bend radius, the gain of the antenna starts to reduce. This
is because the holographic metasurface was designed for a
planar surface, and degradation is introduced within the
structure with bending. However, the gain reduced by only 1.4
dB when it is bent from flat surface to a radius of 90 mm,
confirming the antenna is still suitable for conformal

applications.
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Figure 10: Measured convexly folded holographic metasurface
antenna compared with flat surface in (a) elevation and (b) azimuth
plane.

-20

V. CONCLUSION

This paper presented a holographic metasurface antenna on a
new 3D-printed substrate for flexibility. The proposed antenna
offers a novel approach to achieve precise beam control using
holography and offers a gain greater than 12 dBi across the
operating frequency band. The proposed process can be
repeated to change the beam angle to any desired location. The
3D-printed antenna weighed a total of 48 grams, making the
system extremely light and suitable for space applications. The
convex bending of the antenna shows slight degradation in the
performance with a drop of 1.4 dB in gain and 18° in azimuthal
beam-pointing angle in the worst-case scenario, making it still
suitable for both terrestrial and non-terrestrial applications.
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