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ABSTRACT This paper presents an innovative route to fabricate conformal patch antenna arrays based
on a flexible mesh-style conductive fabric / E-glass fiber composite laminate with improved performance
at microwaves. On the one hand, the ohmic loss in the antenna array is restricted by integrating a highly
conductive fabric into an E-glass fiber composite laminate and by using it as feeding lines and radiating
elements after its precise machining by laser technology. On the other hand, the dielectric loss is restricted by
inserting a foam layer (with dielectric characteristics close to those of the air) between the laminate substrate
and the ground plane which is made of the highly conductive mesh-style fabric. The bending effect of the
antenna array on its radiation pattern is minimized by applying a phase offset through phase shifters at the
feeding lines of the most curved patches. The high radiation performance in gain and efficiency at 5.8 GHz
(11.9 dBi and 75% in a flat configuration, and 8.7 dBi and 75% in a 50 mm-radius bending configuration,
respectively), the seamless integration process, and the flexible mechanical properties of such composite
antenna arrays pave the way for their promising and efficient integration into various devices, objects, and
vehicles made of composite laminate materials.

INDEX TERMS Composite antenna, flexible antenna, conformal antenna array, conductive fabric, 5G.

I. INTRODUCTION reinforcement fibers such as aramid, carbon, or glass. The

Nowadays, people depend on composite materials in numer-
ous aspects of their lives. The composite material is defined
as a combination of two or more different materials, namely
reinforcement, fillers, and binders. After combination, the
resulting material exhibits enhanced properties as compared
to those of the individual materials. Conventional man-made
composite materials are classified into three main groups:
Polymer Matrix Composites (PMC), Metal Matrix Compos-
ites (MMC), and Ceramic Matrix Composites (CMC) [1].
The most widely used is the PMC group, also known as Fiber
Reinforced Polymers (FRP). This type of composite material
is constructed from a resin, as the matrix, and a variety of
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PMC materials possess abundant outstanding features that
can be utilized in a variety of applications [2].

In the aerospace industrial field, approximately 50% of
the constituent materials of the aerospace vehicles, such as
military fighter aircrafts, helicopters, satellites, civil transport
aircrafts, launch vehicles, and missiles, are made of PMC
[1], [3], [4], [5]. The primary benefits of the PMC materi-
als are assembly simplification, lightweight, and mechani-
cal strength. Wireless communication applications are also
essential to aerospace vehicles. Therefore, integrating the
antennas into the vehicle’s body through their fabrication
from the same materials enable them to be embedded and
conformed [6], [7].

In the automotive field, PMC materials offer high mechan-
ical strength, lightweight, safer, and accordingly more
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efficient fuel consumption [8], [9], [10]. Nowadays, the vehi-
cle to vehicle (V2V) communication applications are growing
rapidly seeking safer driving and comfortable transportation
[9], [11]. Consequently, the integration of antennas into the
vehicle’s body will simplify the design of V2V systems.

PMC materials based on carbon fiber or glass-fiber rein-
forcements and thermosetting or thermoplastic resins are
used to fabricate most parts of electronic device covers such
as laptops, tablets, and mobile phones. Embedded antennas
into such covers will be of great interest [12], [13]. From
the application point of view, the wide range of PMC appli-
cations in our current and future daily life implies that this
major family of materials will play a very important role
in future wireless technology applications. Therefore, the
question arises if efficient antennas and radiofrequency (RF)
components can be fabricated from PMC materials to sim-
plify their manufacturing and enable them to communicate
effectively.

To fabricate an antenna from PMC material, this needs to
be used, (i) as a dielectric substrate and (ii) as a conductive
material for the radiating elements, the feeding lines, and the
ground planes. The conductive material has to be embedded
in both PMC surfaces for an integrated and compact structure.
A highly conductive material is essential to ensure low ohmic
loss and high efficiency at microwaves. Nevertheless, the
selection of the conductive material must not only base on
its conductivity values but also on its ability to be integrated
into the PMC material.

Metals are commonly used as radiating elements, feeding
lines, and grounds planes for antennas and RF components
because of their high conductivity. However, the nature of
the metal, its cost, its weight, and its chemical affinity with
resins to keep the structural strength can limit its use and
make it unsuitable for integration in PMC materials. Recent
studies have presented various conductive materials as a
replacement for metals to design full composite antennas
[14], [15], [16], [17]. Advanced Carbon-Fiber Composite
(CFC) materials are widely used in a variety of applications as
a suitable replacement for conventional conductors (metals)
because of their low weight, high strength, and easiness to
be integrated for PMC fabrication [18], [19], [20], [21]. Two
types of CFCs are highly conductive, namely the Carbon
Nanotube Composites (CNT) [22], [23] and the Reinforced
Continuous Carbon Fiber (RCCF) [24]. The individual con-
ductive CNTs possess outstanding mechanical and electrical
properties. However, issues such as high contact resistances
between nanotubes and inhomogeneous dispersion of the
nanotubes affect the transfer of individual properties to those
of the composite laminate [25], [26]. The RCCF is most
commonly fabricated from carbon fibers oriented in a specific
direction(s), i.e. a fabric embedded into thermosetting resin.
Its electrical conductance depends on the thickness and the
weave of the fabric, the number of carbon filaments per fiber,
the diameter, and the intrinsic conductivity of the carbon
filaments [27], [28], [29]. However, the study presented in
[30] shows that conductive carbon fabric used as an antenna
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radiating element at operating frequencies higher than 3 GHz
is not relevant due to the ohmic loss at high frequencies.
Both materials (CNT and RCCF) exhibit weak conductivity
values (Table 1) compared with that of a metal reference
such as copper (5.9 x 107 S/m) [14], [30]. Consequently,
the low conductivity leads to the weak performance of the
antennas made of such materials, especially for applications
requiring high gain and high efficiency such as antenna array.
Moreover, most of these materials are either not suitable for
integration with PMC or require further long and complicated
processes to be synthesized, such as CNT materials, mak-
ing the antenna fabrication process more complex as well.
A transparent and highly conductive mesh-style fabric inte-
grated into a polymer layer to fabricate a transparent Ultra-
Wideband antenna (UWB) has been presented in [31]. This
conductive material exhibits attractive properties such as high
conductivity, high flexibility, and a mesh-style fabric which
makes it suitable to be integrated as conductive layers in PMC
materials.

Conformal antenna arrays are required in many applica-
tions of PMC materials especially when the arrays should
be fixed on curved surfaces of vehicles, or near the edges
of composite objects and devices. Hence the present study
investigates the microwave performance of flexible PMC
(FPMC) antenna arrays based on a highly conductive mesh-
style fabric integrated on the surface of a thin E-glass fiber /
epoxy resin composite laminate for conformal applications.
The conductive fabric is used to fabricate the radiating ele-
ments, the feeding lines, and the ground planes of the antenna
arrays with the patterns of elements machined precisely by
laser technology.

TABLE 1. Comparison of the performance of the composite antennas
made of various conducting materials.

.. | Operating . .
. IConductivity| Maximum | Efficiency
[Ref]| Material frequency . . o
(S/m) (GHz) gain (dBi) (%)
[24] CFC 8x10° 1.5-3 0.2 38
[32] RCCF 3.5x10° 1.7-3 2.0 39.9
331 | swoNT | 3x10* | 09-57 35 Not
available
[28] MWCNT 4x10° 3.1-10.6 2.1 45
Conductive
[14] carbon 18x10° 1-4.6 3.0 65
fiber tissue
[34,35] S;‘l‘;lsr“ L1x10° | 3.3-10.5 6.8 67
Conductive 5
[31] mesh fabric 2x10 3-13 3.1 80

Thus, the paper is organized as follows. First, the fabri-
cation of a single-side conductive FPMC panel is presented
in Section II. Based on the design of an FPMC single patch
antenna described in Section III, the design and fabrication
processes of an antenna array are presented in Section IV.
The bending effect on the FPMC antenna array is detailed
and discussed in Section V. Finally, conclusions are drawn in
Section VI.
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II. SINGLE SIDE CONDUCTIVE FPMC LAMINATE
FABRICATION

Prior to the fabrication of the conductive FPMC laminate,
the characteristics of the composite materials, namely the
conductive and dielectric properties, are first presented.

FIGURE 1. Conductive mesh-style fabric. (a) Zoom (x50). (b) Photograph.

A. HIGHLY CONDUCTIVE MESH-STYLE FABRIC

A highly conductive mesh-style fabric (supplied by Less
EMF Inc, USA) is utilized as the conductive layer of the
single composite antenna and antenna arrays. The fabric
is consisting of woven mesh polyester fibers coated with
nickel/zinc blackened copper for better corrosion resistance.
It exhibits ultra-lightweight (15 g/m?) and high mechanical
flexibility. The fabric mesh is characterized by a pitch of
620 pm, a strip width of 90 um (see Fig. 1(a) and (b)) and
a thickness d = 57 pum. The sheet resistance Ry measured
by a standard four-probe setup is equal to 0.09 2/sq. The
effective electrical conductivity oey is computed from (1)
[14], as follows:

1
aeﬁ_Rsxd

(M
leading to a value o = 0.2x 10° S/m.

B. FABRICATION OF THE CONDUCTIVE FPMC LAMINATE
The one-sided conductive composite laminate was fabricated
by the infusion process. One ply of the conductive fabric
(15 g/m?) and one ply of an E-glass fiber mat fabric (30 g/m?)
were stacked onto a glass slab, one above the other. Placed
under vacuum (—0.8 bar) with a plastic bag as shown in
Fig. 2, the conductive and mat fabrics were infused jointly
with a liquid epoxy resin (with 19% by weight of hardener).
It was left for 4 hours at room temperature to complete the
polymerization reaction. The thin conductive FPMC laminate
(0.3 mm-thick, Fig. 3) was then suitable for release without
any post-bake. The FPMC laminate is therefore composed
of the conductive mesh-style fabric located on its front side
(conductive part of the laminate) and of the E-glass fiber mat
fabric on its back side (dielectric part of the laminate).

C. FPMC DIELECTRIC CHARACTERISTICS
In order to measure the dielectric characteristics of the
FPMC material, a pure E-glass fiber composite laminate has
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been fabricated following the same steps as described in
Section II.B without any conductive fabric.

The dielectric properties were measured using an open-
ended coaxial probe coupled to a vector network analyzer.
The relative permittivity (e,) is equal to 2.7 and the loss
tangent (tand) is equal to 0.02 at 6 GHz.

FIGURE 2. Conductive FPMC laminate during its fabrication by the
infusion process. Note the resin front in the conductive mesh-style fabric
and E-glass fiber mat.

FIGURE 3. 0.3 mm-thick conductive FPMC laminate after its fabrication.

Ill. FPMC SINGLE PATCH ANTENNA DESIGN

Before the design and fabrication of the antenna arrays based
on the flexible PMC material, a single patch antenna was
designed to operate at the resonance frequency f, = 5.8 GHz.
The geometry of the patch antenna is inspired by [36], where
L, is the length of the radiating patch and W), is the width of
the radiating patch. The feeding line (W, width) is designed
to match a 50 Q input impedance at 5.8 GHz. The extra
strip (Wr1 width) between the feeding line and the patch is a
quarter-wavelength transmission line to improve the match-
ing. The dimensions of the patch antenna are detailed in
Table 2, according to its layout depicted in Fig. 4(a).
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TABLE 2. Dimensions of the single FPMC patch antenna.

Parameters Patch antenna without Patch antenna with
the foam layer (mm) the foam layer (mm)
w 50.0 50.0
w, 17.6 17.6
Wy 0.6 0.8
Wy 1.0 5.5
L 55.0 60.0
L, 14.2 20.5

The conductive FPMC was designed with a thickness of
d; = 0.3 mm to keep the optimum flexible mechanical
properties of the laminate. It is well known that a microstrip
patch antenna presents low efficiency and bandwidth [35].
Moreover, the conductive fabric exhibits a lower conductivity
than that of a usual metal sheet such as copper. Therefore,
the ohmic loss has to be considered. Based on the numeri-
cal results, the antenna exhibits a bandwidth of 89 MHz at
-10 dB and a gain of about 1.9 dBi at the 5.8 GHz center
frequency, as shown in Figs. 5 and 6(a) respectively. The
antenna efficiency equals 45%. Furthermore, the low effi-
ciency and performance of the designed microstrip antenna
are also due to the thinness of the substrate (0.3 mm-thick)
which induces narrow strips of the transmission line, and
thereby increases the loss in the feeding line. The electric
field between the antenna (including the feeding line) and the
ground plane being strongly confined into the thin dielectric
substrate (with tand = 0.02), this contributes also to the weak
antenna performance.

To overcome this result, an air gap layer has been inserted
between the FPMC material and the ground plane (Fig. 7) to
decrease the dielectric loss and thus improve the bandwidth
and efficiency [37].

¥, Conductive fabric (gromnd plane)

‘Conductive fabric (patch)

FPMC lammate

(a} (b)

FIGURE 4. Layout and dimensions of the single FPMC patch antenna.
(a) without the foam layer. (b) with the foam layer.

The air gap layer decreases the effective permittivity
ger and hence, strengthens the fringing field at the patch
periphery and increases the radiated power [38], [40], [41].
So the relative permittivity of the FPMC layer ¢, has to be
replaced with g4 of the multilayered structure as shown in
Figs. 4(b) and 7, and calculated from (2) according to [42],
where d; is the FPMC layer thickness and d> is the air gap
layer thickness.

_ er(d1+d2y

= 2
(d1+8rd2) @

Seﬁf
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=== Single antenna without the foam layer
= 3ingle antenna with the foam layer

04

10 4

[S44] (dB}

-15 4

=20 4

5.0 52 54 5.6 58 6.0 6.2 6.4
Frequency (GHz)

FIGURE 5. Simulated reflection coefficient magnitudes of the single
FPMC patch antenna, with and without the foam layer.

Realized Gain

dB

1.92
1.48
0.96
0.48
[}
-9.52
-19
-28.6
-38.1

Realized Gain
dB
7.89
5.91
3.9u
1.97
]
-8.03
-16.1
-214.1
-32.1

FIGURE 6. Simulated radiation patterns and realized gains of the single
FPMC patch antenna at 5.8 GHz. (a) without the foam layer. (b) with the
foam layer.

Condu ctive fabric

tive fabric ('grmmd plane)
chve (

Condt

FIGURE 7. Air gap layer inserted between the conductive FPMC laminate
and a conductive fabric (ground plane).

On the one hand, to maintain a constant air gap thickness
between the FPMC layer and a conductive fabric used as a
ground plane, this should be suspended away at the required
distance dp, which is practically not possible. Thus, a thin
layer of foam with a thickness of d; has been used here (Roha-
cell foam with dielectric characteristics very close to those of
air: &, = 1.05 and loss tangent tané = 0.0003 at 10 GHz).
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On the other hand, the foam layer is set to 1 mm to keep the
flexible properties of the microstrip antenna. Nevertheless,
the additional foam layer affects the matching of the transmis-
sion lines and accordingly, the microstrip feeding and quarter-
wavelength transmission lines widths have been adjusted to
keep the perfect impedance matching. The new values of Wy;
and Wy, are given in Table 2 associated with g, = 1.17,
d; = 0.3 mm, and d» = 1 mm. The numerical results of such
a single FPMC patch antenna with an additional foam layer
exhibit a strong improvement of the gain (7.9 dBi) and the
efficiency (71%) at 5.8 GHz (Fig. 6(b)) against 1.9 dBi and
45% without the foam layer.

IV. FPMC ANTENNA ARRAY DESIGN AND FABRICATION

Based on the numerical results of the single patch antenna, the
FPMC antenna array has been designed and fabricated. The
array consists of 4 x 1 rectangular patches and each patch
is excited through a quarter-wave transformer impedance
matching feeding line. Patches are spaced at A, /2 working
wavelength between the centers of two adjacent ones (Fig. 8).

[ 25.9 mm >

FIGURE 8. Layout and dimensions of the FPMC antenna array.

To fabricate the FPMC antenna array, the same process
described in Section II.B was used. The antenna array pattern
was subsequently formed through the laser etching (LPKF
ProtoLaser S124102) of the embedded top-layer mesh-style
fabric. The infrared laser beam (A = 1080 nm) was focused
accurately on the conductive fabric (25 um x 25 um laser
spot size) with the appropriate settings, such as laser scan
speed (400 mm/s), and power fluency (10 W/spot). Using
these parameters, the laser beam ablated only the upper
conductive fabric of the FPMC laminate without damaging
the dielectric bottom layer. Then the 1 mm-thick foam layer
was sandwiched between the single-side conductive FPMC
laminate and a conductive fabric layer (ground plane) as
shown in Fig. 9. To fix the SMA connector onto the microstrip
feeding line of the antenna array, the surface of the FPMC
was locally scratched gently to peel off the resin layer and to
release the conductive fabric. Afterward, the SMA connector
was fixed using a conductive silver epoxy glue to ensure
reliable electrical interconnection (the conductive fabric was
not suitable for conventional soldering). The return loss and
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radiation patterns were measured and compared with those
of the simulated ones in a flat configuration. The results fit
well as shown in Figs. 10 and 11. The measured gain at
5.8 GHz (11.9 dBi) is in good agreement with the simulated
one (12.9 dBi), such as the efficiencies: 75% against 76%,
respectively (Table 3).

FIGURE 9. Photograph of the FPMC antenna array. The laser-etched areas
are in dark color and the pristine areas which define the antenna array
pattern are in a bright color.

[Syq (clB)

— Simulated
40 —_——— Measured

-50 4

-60
50 52 54 56 58 6.0 6.2 6.4 6.6

Frequency (GHz)

FIGURE 10. Simulated and measured reflection coefficient magnitudes of
the FPMC antenna array in the flat configuration.

V. BENDING EFFECT ON THE FPMC ANTENNA ARRAY

In order to evaluate the behavior of the FPMC antenna array
in conformal situations, an assessment of the antenna radia-
tion performance was carried out at 5.8 GHz. To simulate the
bending effect, the FPMC antenna array was first curved on
air cylinders (Fig. 12) with various bend radii (50 mm, 75 mm,
and 100 mm).

The simulated results depicted a deformation of the radi-
ation patterns as the cylinder radius decreases up to 50 mm
(Fig. 13). By using an air cylinder with a radius of 100 mm,
the radiation pattern remains satisfactory with a noticeable
decrease in the main lob level. However, the side lobs
level (SLL) increases strongly when the radius is lowered
from 75 mm to 50 mm.
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Measured H-plane Co-Polar
Simulated H- plane Co-Polar
Measured H-Plane X-Polar
Simulated H-Plane X-Polar

Normalized gain (dBi)

Angle (°)

FIGURE 11. Simulated and measured radiation patterns of the FPMC
antenna array at 5.8 GHz in the flat configuration.

FIGURE 12. Simulated FPMC antenna array curved on an air cylinder.

The worst case of the bending configuration (50 mm-
radius) has been considered experimentally. Therefore, the
fabricated antenna array was bent on a cylinder made of
Rohacell foam (the same foam used to fabricate the FPMC
antenna array, Fig. 14), and the related radiation patterns were
measured, and compared with those of the numerical results
(Fig. 15).

The deformation of the measured radiation patterns is also
clearly noticed. This phenomenon is explained by the weak
contribution of the two extreme patches at the end of the
array. In planar configuration, each patch is in-phase when
the radiation beam points in the axis. In the bending con-
figuration, each patch of the antenna array presents a phase
shift following the bending radius. The impact of the phase
shift becomes more important as the patches are located at
the edges of the array (Fig. 16).

To circumvent this behavior, it is necessary to offset the
phase shift by adding phase shifters to the microstrip feeding
lines of the two peripheral patches. In microstrip technology,
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FIGURE 13. Simulated H-plane co-polar radiation patterns of the FPMC
antenna array in flat and various bending configurations at 5.8 GHz.

Foam cylinder

FIGURE 14. Fabricated FPMC antenna array bent on a 50 mm-radius foam
cylinder.

Measured Hplane Co-Polar

Simulated Hplane Co-Polar
Measured Hplane X-Polar
Simulated Hplane X-Polar

Normalized gain (dBi)

Angle (%)

FIGURE 15. Simulated and measured radiation patterns at 5.8 GHz of the
FPMC antenna array bent on a 50 mm-radius foam cylinder.

any additional line in excess of a reference introduces a
phase shift. The actual length of the required transmission
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Radiation sources
Wave front

Phase offsat Bent antenna array

FIGURE 16. Bent N-patches antenna array with isotropic sources pointing

in the axis.

_/

Phase shift Phase shift

(a) (b)

FIGURE 17. Simulated FPMC antenna array with 100°-phase shifters at
both endpoints patch antennas. (a) layout. (b) curved on a 50 mm-radius
air cylinder.

Simulated H-plane with 125" phase shift
Simulated H-plane with 100° phase shift
————— Simulated H-plane with 75" phase shift

-10 4

15 4

Normalized gain (dBi)

-25 T T T T T T T
-150 -100 -50 0 50 100 150

Angle (%)

FIGURE 18. Simulated radiation patterns at 5.8 GHz of the FPMC antenna
array after bending on a 50 mm-radius air cylinder with 125°, 100°, and
75°-phase shifters.

line is obtained from (3) and (4) according to [43],
as follows:

l—Ag A 3)
v = 360 < ¥
Ag = & x — 4
8 fr \/Ee.ﬁ

where I, is the actual required length to offset for phase shift,
Ag is the phase shift angle (in degrees), and A, is the guided
wavelength at the operating frequency. The FPMC antenna
array has been simulated after adding the phase shifters
(Fig. 17(a)) and then bending on a 50 mm-radius air cylinder
(Fig. 17(b)). 1, has been adjusted to obtain different phase
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(a) )

FIGURE 19. Photographs of the fabricated FPMC antenna array with
100°-phase shifters at both endpoints patch antennas. (a) in a flat
configuration. (b) in bending configuration on a 50 mm-radius foam
cylinder.

Measured H-plane C o-P olar with phase shifters.
Simulated H-plane Co-Polar with phase shifiers
Measured H-plane C o-P olar without phase shifters
Simulated H-plane Co-Polar without phase shifters
Measured H-plane X-P olar with phase shifiers
Simulated H-plane X-Polar with phase shifiers.

Normalized gain (dB)

L.~
=

-150 -100 -50 0 50 100 150
Angle (%)

FIGURE 20. Simulated and measured radiation patterns at 5.8 GHz of the
FPMC antenna array with and without 100°-phase shifters and bent on a
50 mm-radius foam cylinder.

shifts (125°, 100°, and 75°) and to achieve the suitable phase
offset angle. As depicted in Fig. 18, the 100°-phase shift pro-
vides the relevant radiation pattern correction. Accordingly,
a new FPMC antenna array has been fabricated by adding
100°-phase shifters at both endpoints patch antennas.

The fabricated FPMC antenna array with 100°-phase
shifters is then bent on a 50 mm-radius Rohacell foam cylin-
der (Fig. 19(b)) and characterized at 5.8 GHz.

The measured results are in good agreement with the sim-
ulated ones (Fig. 20). The radiation pattern deformation is
strongly reduced, and thereby a significant decrease of the
SLL and a significant enhancement of the main lob level are
noticed. Indeed, the SLL is close to —13 dB for the simulated
flat antenna array configuration and close to —8 dB for the
simulated bent one with 100°-phase shifters, compared with
—5 dB for the measured bent configuration. Moreover, the
difference in the gain level between the flat and the bent
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configurations (11.9 dBi against 8.7 dBi respectively, Table 3)
may also be due to a fringing E-field effect by the edge of the
patches. In the flat configuration, a part of the radiation would
be added up in phase along the radiation direction. In contrast
of the bent configuration, the fringing E—fields at some parts
of the bent FPMC antenna array would be no longer added
up in the same phase of the radiation direction. As a result,
this phenomenon causes a deterioration in the gain level and
a variation in the radiation patterns compared with those of
the flat configuration.

Furthermore, the FPMC antenna array exhibits high mea-
sured efficiency, especially at the central operating frequency
(5.8 GHz) for which the antenna array is well matched: 75%
against 71% without any phase shifter (Table 3).

TABLE 3. Simulated and measured gains and efficiencies of the FPMC
antenna arrays in flat and bending configurations on a 50 mm-radius with
and without 100°-phase shifters.

Flat antenna | Bent antenna | Bent antenna
array without | array without array with
phase phase phase
shifters shifters shifters
Simulated gain (dBi) 12.9 6.1 8.6
Measured gain (dBi) 11.9 6.6 8.7
Simulated efficiency (%) 76 70 72
Measured efficiency (%) 75 71 75

VI. CONCLUSION

An innovative route has been proposed and investigated to
fabricate FPMC antenna arrays for conformal applications.
The FPMC antenna arrays were fabricated using a conductive
mesh-style fabric stacked on E-glass-fiber mat tissue and
infused with epoxy resin. Such composite antenna arrays
present high mechanical flexibility under bending, low ohmic
loss by using a 57 um-thick highly conductive fabric, and
low dielectric loss by inserting a 1 mm-thick foam layer
between the radiating elements and the ground plane. The
50 mm-radius bending effects on the radiation pattern of the
antenna array were minimized by adding 100°-phase shifters
at the feeding lines of both endpoints patch antennas. The
high radiation performance in gain and efficiency at 5.8 GHz
(11.9 dBi and 75% in a flat configuration; 8.7 dBi and 75% in
50 mm-radius bending configuration), the seamless integra-
tion process, and the flexible mechanical properties of such
composite antenna arrays pave the way for their promising
and efficient integration into various devices, objects and
vehicles made of composite laminate materials for the wire-
less and 5G networks.
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