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Abstract: Textile patch antennas of simple rectangular, triangular, and circular shape, for operation
in the 2.4–2.5 GHz free industrial, scientific, and medical (ISM) band, are designed in this paper.
Thirty-six patch antenna prototypes have been fabricated by engaging different patch geometries,
patch materials, and substrate materials. Each patch antenna is designed after optimization by a
genetic algorithm, which evolves the initial dimensions and feeding position of the prototype’s
microstrip counterpart to the final optimal geometrical characteristics of the wearable prototype
(with the originally selected shape and materials). The impact of the design and fabrication details
on antenna performance were thoroughly investigated. Graphene sheet patches were tested against
conductive fabric and copper sheet ones, while denim and felt textile substrates were competing. The
comparative study between a large number of different graphene, all, and copper textile prototypes,
which revealed the excellent suitability of graphene for wearable applications, is the main contribution
of this paper. Additional novelty elements are the compact, flexible, and easy-to-fabricate structure of
the proposed antennas, as well as the use of state-of-the-art conductive materials and commercially
available fabrics and the extensive investigation of many prototypes in various bending conditions.
Simulations and measurements of the proposed antennas are in very good agreement. All fabricated
prototypes are characterized by flexibility, light weight, mechanical stability, resistance to shock,
bending and vibrations, unhindered integration to clothes, low-cost implementation, simple, time-
saving, and industry-compatible fabrication process, and low specific absorption rate (SAR) values
(computed using rectangular and voxel models); the graphene prototypes are additionally resistant
to corrosion, and the circular ones have very good performance under bending conditions. Many
antenna prototypes demonstrate interesting characteristics, such as relatively wide bandwidth,
adequate gain, firm radiation patterns, coverage of the ISM band even under bending, and very
low SAR values. For example, the circular graphene patch (with 55.3 mm diameter attached upon
a 165.9 × 165.9 mm) felt substrate CGsF1 prototype accomplishes 109 MHz measured bandwidth,
5.45 dBi gain, 56% efficiency, full coverage of the ISM band under bending, and SAR less than
0.003 W/Kg.

Keywords: patch antenna; curved antenna; textile antenna; wearable antenna; graphene sheet patch;
conductive fabric patch

1. Introduction

Body-centric communications are at the heart of all modern biomedical, healthcare,
entertainment, sportive, identification, commercial, and military system applications. Com-
munications around, upon, or within human bodies have managed to gather huge research
resources over the preceding years and still experience increasing expansion [1–3]. The
corresponding antennas have to be wearable, characterized by flexibility, conformability,
and stretchability, in order to suit curvilinear surfaces and endure dynamic motions [4–6].
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The development of flexible conductive materials has activated the rise of new antenna
designs and various innovative applications that were not possible with the old, rigid
structures. Thus, wearable antennas are rapidly becoming integrable parts of flexible elec-
tronic devices and sensors, smart watches, smart cards, future mobile phones, laptop and
palmtop computers, telemedicine and healthcare systems, health-monitoring and clinic
therapeutic devices, medical microwave radiometers, radio frequency identification tags,
vehicular navigation systems, and the whole internet of things (IoT) industry, in order
to seamlessly and invisibly communicate and exchange information and data between
machines, technology, and humans [3–5,7].

The most obvious, and probably the best, technique making an antenna or sensor
wearable is its integration into clothing. Textile antennas are flexible, thin, robust, inex-
pensive, low profile, light weight, resistant to daily usage, durable to washing, and easily
interconnected. They may be easily embedded into everyday everybody’s clothing, serving
all kind of body-centric, medical, military, and commercial applications in the most promis-
ing way, as ideal smart interfaces for interaction between humans and technology [5,8].
Thus, designing and fabricating textile wearable antennas is a truly difficult and promis-
ing task, because of all the previously mentioned advantages, along with these antennas’
full capability to integrate and interconnect with microwave devices and radio frequency
circuits, accomplishing very good results [9–14].

Besides the UHF band, the 2.4–2.5 GHz frequency range is extensively used for
wearable industrial, scientific, and medical (ISM) applications. For example, wearable
textile logo antennas are proposed in [15,16], while several flexible antennas are designed
in [17–21] for various on-body applications.

Various geometries and configurations of wearable and textile antennas have been
introduced and implemented recently by many researchers. The relative literature is vast.
To mention a few: Ref. [22] proposes an RFID-embroidered metamaterial, antenna; Ref. [15]
presents logo-shaped, colorful, textile antennas; Ref. [23] realizes, in textile technology, a
half-mode, folded, rectangular antenna, integrated on substrate cavity; Ref. [24] imple-
ments a circular, ring-slot, fabric antenna, integrated on a waveguide, cavity-fed substrate;
Ref. [25] constructs another integrated, mixed-embroidered, woven, textile, waveguide
antenna; Ref. [26] reports a dipole antenna, on the Kapton polyimide substrate, for flexible
display devices; Ref. [27] fabricates a slotted patch antenna on e-textile, created with sewed
copper tape; Ref. [28] fabricates an embroidered, meander ring, dipole antenna; Ref. [29]
introduces cotton or denim substrates to slit loaded textile antennas; and Refs. [10,11]
embroidered fractal bowtie antennas.

On the other hand, microstrip patch antennas, of various geometries, due to their
compact size, light weight, low profile, planar configuration, easy fabrication, convenient
modularization, high reliability, simple integrability with solid state devices, and low
cost, are important, in both theoretical research and engineering applications, and widely
used as transmitting antennas, despite their limited usable frequency bandwidth and low
gain [30–40]. As wearable electronics are recognized as very hot topic in today’s research
endeavor, the recent trend is to replace traditional metallic materials, such as copper,
with novel promising materials, such as graphene, the allotrope of carbon nanotube [41].
Research evolution in material science led to the use of graphene as a very advantageous
material for the design and fabrication of RF, microwave, and millimeter-wave devices [42].
Especially, the improvements of its material properties and characteristics, such as its
adequate electrical conductivity, in combination with its light weight (about 5 times less
than copper [43]), structural stability, and mechanical flexibility, reveal graphene as one of
the most efficient novel materials for flexible antennas. For example, Ref. [44] proposes
a highly conductive, graphene assembly film RFID tag antenna, with a performance
corresponding to that of the available in-market metallic antennas; Ref. [45] presents
a frequency-reconfigurable microstrip antenna for satellite communications, where the
multilayer antenna is fabricated from graphene-conductive, ink-printed textile (as an
alternative of metals), after its experimental comparison with a traditional copper antennas;
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Ref. [46] suggests an UWB elliptical, quasi-dipole antenna, printed onto kapton substrate
and measured in the frequency range of 1–5 GHz, with 2 dBi gain at 2 GHz, and revealed
stable resistance after numerous bending cycles during flexibility tests; and Ref. [47] uses
the water transfer method to print a graphene-based antenna on paper substrate, having
0.7 dBi max gain and 8.9% fractional bandwidth. Instead of the aforementioned graphene
antennas using flexible materials (such as Kapton, photopaper, etc.) as substrates, herein
we suggest the graphene sheet (in comparison to the conductive fabric and the copper
sheet) as a conductive material for patches of various simple geometries, using substrates
made of commercially-available fabrics that are widely used in the clothing industry.

Another issue of concern in wearable devices is the multilevel interaction between
antennas and tissues, since the effects of human body proximity on antenna characteristics
are well known [6,48–51]. Moreover, it is always necessary to comply with the standards,
regulations, and limits for the electromagnetic energy absorbed by human tissues [52–54].

Textile rectangular, triangular, and circular probe-fed patch antennas are presented in
this paper for operation in the free 2.45 GHz ISM band. Thirty-six different prototypes were
optimized, designed, simulated, fabricated, measured, compared, and presented using
three different conductive materials (graphene sheet, conductive fabric, and copper sheet)
for the active patch, four different textiles (thin and thick denim, thin and thick felt) for the
antenna substrate, and three different geometrical shapes. Even though the investigated
patch antennas have classical geometries, which have been successfully used by other
researchers in the past, the main contribution and novelty of this work is the comparative
study of graphene textile antennas versus all textile antennas. Additional novelty elements
are: (i) the compact, flexible, and easy-to-fabricate structure of the patch antenna prototypes,
in combination with the use of state-of-the-art conductive materials, such as graphene, and
commercially available fabrics, such as denim and felt; (ii) the comparative study of a large
number of different antenna prototypes in various bending conditions; (iii) the relatively
simple, low-cost, and time-saving fabrication process, which could potentially lead to
mass production; and (iv) the low SAR values, caused by graphene textile antennas and
computed using rectangular and voxel models. In order to document the aforementioned
novelty elements of the present paper and to place the proposed antennas in the context
of the available literature, we have dedicated Section 3.5 to extensive comparisons with
related works.

A flowchart of the present work is graphically shown in Figure 1 and arranged
in four Sections. Section 2 presents the geometries of the antennas under study, the
methodology to determine the prototypes dimensions, and the fabrication procedure, while
Section 3 discusses the simulated and measured antenna performance results (resonant
frequency, reflection coefficient, standing wave ratio, bandwidth, fractional bandwidth,
gain, directivity, efficiency, radiation patterns, and SAR values from two different models),
under normal and bending conditions, for 36 different prototypes. A comparison with other
related works is also presented in Section 3, where the advantages of the graphene patch,
the circular shape, and the lower-loss substrate are revealed, confirming the suitability
of graphene textile antennas for wearable applications. Final conclusions are drawn
in Section 4.
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2. Materials and Methods

For each of the proposed herein prototypes, a different combination of radiator’s
conducting material (graphene sheet, conductive fabric, or copper sheet), substrate’s di-
electric material (thin denim, thick denim, thin felt, or thick felt), and patch’s geometrical
shape (rectangular, triangular, or circular) is chosen. These three originally selected charac-
teristics are the fundamental antenna design factors; upon which, the exact geometrical
characteristics of each prototype will be computed, in order to perform efficiently in the
2.4–2.5 GHz ISM band. The design of each textile patch antenna is performed in 2 stages:
(1) the initialization stage, during which we use known theoretical models for the corre-
sponding classical microstrip structures [55] to determine the approximate dimensions
of the homologous microstrip antenna resonating at 2.45 GHz, and (2) the optimization
stage, during which we use the genetic algorithm tool of CST 2021 [56] to evolve the initial
sketchy dimensions to their exact optimal values.

2.1. Rectangular Patch Antenna Design

The geometry of the wearable, rectangular, under-study antenna is shown in Figure 2,
where a probe-fed, rectangular microstrip patch is illustrated as a structure consisting of
5 layers: (1) the upper-layer radiator, which is a conductive rectangular patch (made of
graphene sheet, conductive fabric, or copper sheet), with length Lp, width Wp, and thick-
ness hp; (2) the ultra-thin bonding-layer (double sided thermoplastic adhesive), attaching
the patch and the substrate fabrics, with length Lp, width Wp, and thickness ~10 µm; (3) the
middle-layer dielectric substrate (made of denim D1, denim D2, felt F1, or felt F2 textile),
with length L, width W, and thickness hs; (4) the same as before, an ultra-thin bonding-layer,
now attaching the substrate and the ground-plane fabrics, with length L, width W, and
thickness ~10 µm; and (5) the bottom-layer ground plane (made of the same conductive
material as the upper-layer), with length L, width W, and thickness hp.
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For adequate radiation efficiency, practical values of the width Wp and the length Lp of
the rectangular microstrip antenna, based on the transmission-line model, are given by [55]:

Wp =
1

2 fr
√

µ0ε0

√
2

εr + 1
(1)

Lp =
1

2 fr
√

εre f f
√

µ0ε0
− 2∆L (2)
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where ε0 and µ0 are the dielectric permittivity and magnetic permeability of free space, εr is
the dielectric constant of the substrate, fr is the resonant frequency, and εreff is the effective
dielectric constant of the microstrip antenna.

εre f f =
εr + 1

2
+

εr − 1
2

[
1 + 12

hs

Wp

]−1/2
(3)

∆L is the extension of the length on each side of the patch

∆L
hs

= 0.412

(
εre f f + 0.3

)(
Wp
hs

+ 0.264
)

(
εre f f − 0.258

)(
Wp
hs

+ 0.8
) (4)

and hs is the height of the substrate.
The microstrip is fed by a coaxial line from underneath, at (xf, yf), as indicated in

Figure 2. The feed location plays a significant role for the input impedance, but not for
the resonant frequency. The distances xf and yf from the rectangular microstrip center are
approximately given by [57]:

x f =
Wp

π
sin−1

√
Rin
Red

, y f =
Lp

π
sin−1

√
Rin
Red

(5)

where Rin is the input resistance and Red is the input resistance at the edge. The impedance
varies from 0 at the center to Red at the edge, so the feed location should be carefully
positioned, in order to achieve the desirable input impedance Zin = 50 + j0 Ω. The microstrip
is fed by bringing the center conductor of an SMA connector through a hole in the ground
plane and substrate and connecting it electrically to the designed patch feed-point.

2.2. Triangular Patch Antenna Design

The geometry of the wearable, triangular, under-study antenna is shown in Figure 3,
where a probe-fed, triangular microstrip patch is illustrated as a structure consisting of
the same five layers described in the previous section. Here, the rectangular, upper-layer
patch and the rectangular, bonding-layer adhesive of Figure 2 were replaced by an isosceles
triangular conductive patch, with height Lp and base length Wp, and an equal triangular
bonding-layer adhesive, respectively.
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In this case, at the initialization stage, we apply, again, the transmission-line model values
of the corresponding rectangular patch resonating at 2.45 GHz, and using Equations (1) and (2)
we determine the approximate base length Wp and height Lp of the triangular microstrip.
As indicated in Figure 3, the microstrip is fed by an SMA connector from underneath at
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xf; the distance of the feed-point from the triangular antenna top is, approximately, given
by Equation (5).

2.3. Circular Patch Antenna Design

The geometry of the wearable, circular, under-study antenna is shown in Figure 4,
where a probe-fed, circular microstrip patch is illustrated as a structure consisting of the
same five layers described in the previous sections. Here, the triangular, upper-layer
patch and the triangular, bonding-layer adhesive of Figure 3 were replaced by a circular
conductive patch of diameter D and an equal circular bonding-layer adhesive, respectively.
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A practical design of the circular microstrip antenna, based on the cavity model,
assumes that the diameter D is given by [55]:

D =
0.02F√

1 + 2hs
πεr F

(
ln
(

πF
2hs

)
+ 1.7726

) , F = 1011 8.791
fr
√

εr
(6)

where εr is the dielectric constant of the substrate, hs is the height of the substrate, and fr is
the resonant frequency.

With correspondence to the rectangular patch case, we use Equation (5) to approximate
the distances, xf and yf, of the feeding point from the microstrip center.

During the next optimization stage, a genetic algorithm will be used to evolve the
initial dimensions to their exact optimal values. Aiming to design textile patch antennas
for the ISM 2.45 GHz frequency band and to evaluate graphene incorporation in the
design and fabrication procedure, we initialize the process by using parameters taken
from Equations (1)–(6) for the antennas’ microstrip counterparts. Since the dimensions
of the patch and the substrate obviously and strongly depend on the materials used,
the most important design factors are the patch material, the substrate material, and
the patch shape. The optimum values for the dimensions and the feeding point were
obtained by using the optimization tool of CST 2021 [56]. The values of the various design
parameters, as evaluated from CST, are presented in the following section for 36 different
antenna prototypes.

2.4. Optimized for the 2.45 GHz Patch Antenna Design and Fabrication

The approximate values, resulting from Equations (1)–(6), are the initial estimations
given to the optimization genetic algorithm of the CST software [56], in order to achieve
for each under-study patch antenna its final, optimized geometrical characteristics that
will be used for simulation and fabrication. In each case, the exact material properties of
the patch, the substrate, and the ground-plane are taken into account or properly modeled.
Characteristically, both the graphene sheet and conductive fabric were modeled in CST
Studio Suite [56] as ohmic sheets, in order to relate the electromagnetic fields on their
ohmic sheet surface. The unknown conductivities were modeled as impedance surfaces
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(Zs = Rs + jXs), where both reactance (Xs) and resistance (Rs) are material properties. The
impedance surface of graphene sheet (conductive fabric) is modeled as Zs,Gs = 0.338 + j2.75
(Zs,Tc = 0.35 + j1.25) at 2.45GHz, as a result of an iterative method that combined the
simulations and measurements [9,58,59].

Thirty-six antennas (twelve of each shape) have been designed, simulated, fabricated,
and measured, in order to mainly investigate the patch and substrate material effects on
wearable antenna performance. Three different materials were used for the patch: (i) the
conductive textile (Aaronia X-Dream+) copper-polyester compound [60], with thickness
hp = 0.5 mm and surface resistivity ≤ 0.07 Ω/sq, designated as Tc; (ii) the graphene
sheet (Sigma-Aldrich XG Leaf B 120µ) [61], with thickness hp = 0.12 mm and surface
resistivity ≤ 0.06 Ω/sq, labeled as Gs; and (iii) the copper foil sheet (3M Venture Tape),
with an electrically conductive acrylic adhesive [62] with thickness hp = 0.035 mm and
surface resistivity≤ 0.005 Ω/sq, titled as Cs. On the other hand, four different textiles were
used for the substrate: (i) the 14oz thick denim, with thickness hs = 1.0 mm, εr = 1.63, and
tanδ = 0.086, designated as D1; (ii) the 11oz thin denim, with thickness hs =0.5 mm, εr = 1.81,
and tanδ = 0.073, labeled as D2; (iii) the polyester thick felt, with thickness hs =3.0 mm,
εr = 1.13, and tanδ = 0.041, designated as F1; and (iv) the wool thin felt with thickness
hs =1.5 mm, εr = 1.34, and tanδ = 0.039, named as F2.

The exact geometrical characteristics for the simulation and fabrication of all 36 proto-
types are given in Table 1. Each prototype has a code name, consisting of three parts: (i) the
first symbol “R”, “T”, or “C” stands for the rectangular, triangular, or circular shape of the
patch, respectively; (ii) the second label “Tc”, “Gs”, or “Cs” corresponds to the conductive
textile [60], graphene sheet [61], or copper sheet [62] material of the patch, respectively;
and (iii) the third tag “D1”, “D2”, “F1”, or “F2” represents the 14oz thick denim, the 11oz
thin denim, the polyester thick felt, or the wool thin felt textile of the substrate, respectively.
In each case, the patch and substrate materials, lengths, and widths, as well as the feeding
point position, are listed in Table 1.

Table 1. Simulation and fabrication geometrical characteristics of the 36 antenna prototypes.

Rectangular
Antenna
Prototype

RTcD1 RTcD2 RTcF1 RTcF2 RGsD1 RGsD2 RGsF1 RGsF2 RCsD1 RCsD2 RCsF1 RCsF2

Patch Material Tc Tc Tc Tc Gs Gs Gs Gs Cs Cs Cs Cs

Substate
Material D1 D2 F1 F2 D1 D2 F1 F2 D1 D2 F1 F2

Patch Length
Lp (mm) 40.6 35.1 50.5 45.2 44.0 41.6 51.5 48.5 45.6 43.8 52.8 49.6

Patch Width
Wp (mm) 53.0 51.7 59.3 56.6 53.0 51.7 59.3 56.6 53.0 51.7 59.3 56.6

Feeding point
(xf, yf) (mm)

(1.9,
3.1)

(9.7,
2.0)

(3.4,
13.7)

(0.0,
6.2)

(3.8,
4.5)

(15.5,
4.2)

(6.7,
15.8)

(2.0,
13.2)

(19.8,
6.9)

(5.7,
2.0)

(4.3,
16.2)

(7.9,
15.1)

Substrate
Length L (mm) 81.3 70.2 101.0 90.4 88.0 83.1 103.1 96.9 91.2 87.7 105.6 99.1

Substrate
Width W (mm) 106.0 103.4 118.6 113.2 106.0 103.4 118.6 113.2 106.0 103.4 118.6 113.2

Triangular
Antenna
Prototype

TTcD1 TTcD2 TTcF1 TTcF2 TGsD1 TGsD2 TGsF1 TGsF2 TCsD1 TCsD2 TCsF1 TCsF2

Patch Material Tc Tc Tc Tc Gs Gs Gs Gs Cs Cs Cs Cs

Substate
Material D1 D2 F1 F2 D1 D2 F1 F2 D1 D2 F1 F2

Patch Length
Lp (mm) 45.5 39.7 56.2 51.4 48.8 44.4 58.5 56.5 52.4 50.4 59.2 56.7

Patch Width
Wp (mm) 62.3 59.8 69.5 67.3 62.3 59.8 69.5 67.3 62.3 59.8 69.5 67.3
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Table 1. Cont.

Triangular
Antenna
Prototype

TTcD1 TTcD2 TTcF1 TTcF2 TGsD1 TGsD2 TGsF1 TGsF2 TCsD1 TCsD2 TCsF1 TCsF2

Feeding point
xf (mm) 17.0 10.3 27.3 24.2 18.5 12.1 28.7 27.6 20.4 15.0 29.4 27.7

Substrate
Length L (mm) 91.0 79.4 112.4 102.8 97.5 88.8 117.0 113.0 104.9 100.7 118.4 113.3

Substrate
Width W (mm) 124.6 119.5 139.0 134.6 124.6 119.5 139.0 134.6 124.6 119.5 139.0 134.6

Circular
Antenna
Prototype

CTcD1 CTTcD2 CTcF1 CTcF2 CGsD1 CGsD2 CGsF1 CGsF2 CCsD1 CCsD2 CCsF1 CCsF2

Patch Material Tc Tc Tc Tc Gs Gs Gs Gs Cs Cs Cs Cs

Substate
Material D1 D2 F1 F2 D1 D2 F1 F2 D1 D2 F1 F2

Patch
Diameter
D (mm)

48.0 42.7 59.1 53.8 52.8 50.1 55.3 48.6 54.7 52.2 61.7 58.9

Feeding Point
(xf, yf) (mm)

(14.5,
13.2)

(12.4,
8.8)

(12.8,
0.1)

(9.5,
10.3)

(15.5,
10.8)

(21.3,
1.2)

(20.5,
7.0)

(21.6,
2.6)

(15.7,
13.4)

(12.6,
8.1)

(9.9,
19.6)

(10.4,
16.5)

Substrate
Length L and

Width W (mm)
144.1 128.0 177.2 161.4 158.3 150.4 165.9 145.7 164.1 156.5 185.2 176.6

As each one of the 36 prototypes of Table 1 is characterized by a unique combination
of patch shape, patch material, and substrate material, their performance optimization for
the 2.45 GHz band results in dimensions that differ in all cases.

All antenna prototypes have been fabricated by using a double-sided thermoplastic
adhesive to bond each conductive patch with the corresponding dielectric substrate. The
fabrication procedure is graphically presented in Figure 5. The graphene sheet of Figure 5a,
the conductive fabric of Figure 5b, and the adhesive-sheet are cut precisely to the opti-
mized dimensions of a rectangular, triangular, or circular patch using a CO2 BRM laser
(150-Watt) and permanently attached using thermal transfer method (due to the ultra-thin
bonding-layer adhesive) upon the corresponding textile substrate, previously cut to the
appropriate size.
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Figure 5. Fabrication procedure of (a) graphene sheet and (b) conductive fabric patch antennas on several substrate textiles.

Pictures of four rectangular, four triangular, and four circular fabricated prototypes,
named as RTcD1, RCsF2, RGsF2, RTcF1, TGsD1, TCsD2, TTcF1, TTcD2, CCsF1, CGsD1,
CTcF1, and CTcF2 in Table 1, are presented in Figure 6. The characteristic marks on every
patch correspond to the position of antenna feeding.

Regarding the interconnection between wearable antennas, mobile devices, and Inter-
net of Things (IoT) nodes, several solutions can be proposed. In this work, we used radial
50 Ω straight flange mount SMA connectors, because of the feasibility of conventional
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welding methods, while the usage of UFL and FME connectors would be equally effective.
Each antenna was drilled to the appropriate location (xf, yf), with a high precision laser
machine, creating a hole with ~0.8 mm diameter. This way, the pin of the SMA connector
passed through the ground-plane and the substrate, in order to establish an electrical
connection with the conductive patch. A small amount of silver conductive epoxy adhesive
(MG 8330) was carefully placed (i) at the surface of the conductive patch, in order to create
a permanent bond with the probe, as shown in Figure 6, and (ii) at the external surface of
the ground-plane, in order to create a permanent bond between the connector’s chassis
and the antenna’s ground-plane. Other ways to feed and connect textile antennas could
be either the usage of printed or embroidered textile transmission lines or to embed the
antenna and portable device into a fully wearable PCB. The integration of the antenna,
feeding circuit, and electronic transmission/reception system into an embedded system is
a rather difficult task with special requirements, which will be one of our future works, as
it goes beyond the context of the present paper.
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3. Results
3.1. Simulation and Experimental Results for the Antennas in Free Space

Multiple simulation and experimental tests have been implemented, in order to
evaluate the patch antenna performance and its dependence on the patch material, patch
shape, and substrate material. Simulations were accomplished with the CST Studio Suite
2021 software package, whereas measurements were performed using an HP 8714ET RF
network analyzer.

Indoor measurements in free space, under the usual environmental conditions for
temperature (19 ◦C) and humidity (67%), were performed for all 36 prototypes. In Table 2,
we have selected two rectangular (the conductive fabric RTcF1 and the graphene sheet
RGsF1), two triangular (the conductive fabrics TTcD1 and TTcF1, the graphene sheet
TGsD1, and the copper sheet TCsD2), and six circular (the conductive fabrics CTcF1
and CTcF2, the graphene sheets CGsD1 and CGsF1, and the copper sheets CCsD1 and
CCsF1) representative prototypes to present their simulation results, in comparison to
their corresponding measured characteristics. The first three lines of Table 2 contain the
simulated and measured values of the resonant frequency fc, the scattering parameter S11
at fc, and the voltage standing wave ratio (VSWR) at fc, respectively. The next two lines



Electronics 2021, 10, 2571 10 of 26

include the simulated and measured values of the lower limit f 1 and the upper limit f 2 of
the −10 dB bandwidth (BW), while the last 2 lines present the −10 dB BW in MHz and as a
percentage of fc.

Table 2. Measured and simulated characteristics of the selected antenna prototypes in free space.

Antenna
Prototype RTcF1 RGsF1 TTcD1 TTcF1 TGsD1 TCsD2 CTcF1 CTcF2 CGsD1 CGsF1 CCsD1 CCsF1

fc (MHz)
Simulated 2450 2450 2450 2450 2450 2447 2457 2450 2451 2433 2441 2448

fc (MHz)
Measured 2454 2464 2439 2461 2446 2459 2447 2428 2443 2457 2454 2464

S11 (dB) @ fc
Simulated −53.8 −55.4 −56.7 −58.8 −53.0 −53.0 −35.4 −49.0 −45.5 −29.6 −61.1 −45.9

S11 (dB) @ fc
Measured −22.36 −19.47 −22.50 −20.59 −19.54 −18.06 −21.45 −21.78 −18.79 −18.57 −19.65 −23.85

VSWR @ fc
Simulated 1.004 1.003 1.003 1.002 1.004 1.004 1.035 1.007 1.011 1.068 1.002 1.010

VSWR @ fc
Measured 1.2373 1.2376 1.1618 1.2059 1.2355 1.2856 1.1847 1.1772 1.2598 1.2672 1.2325 1.1371

f 1 (MHz)
Simulated 2364 2373 2353 2384 2364 2374 2374 2379 2357 2380 2364 2380

f 1 (MHz)
Measured 2371 2389 2352 2400 2373 2412 2378 2355 2363 2404 2391 2405

f 2 (MHz)
Simulated 2541 2532 2550 2520 2542 2524 2545 2524 2552 2511 2523 2519

f 2 (MHz)
Measured 2543 2530 2521 2523 2539 2518 2482 2525 2513 2521 2526 2543

−10 dB BW
(MHz)

Simulated
177 159 197 136 178 150 171 145 195 131 159 139

−10 dB BW
(MHz)

Measured
167 154 178 121 150 127 140 127 162 109 130 121

−10 dB BW
(%) Simulated 7.2 6.5 8.0 5.6 7.3 6.1 7.0 5.9 8.0 5.4 6.5 5.7

−10 dB BW
(%) Measured 6.8 6.3 7.3 4.9 6.1 5.2 5.7 5.2 6.6 4.4 5.3 4.9

The measured and simulated reflection coefficient (S11 magnitude) is plotted in
Figure 7 for: (a) the three circular CTcF1, CGsF1, and CCsF1 prototypes with the same felt
F1 substrate but different patch materials; (b) the three graphene patch CGsD1, RGsF2,
and TGsF1 prototypes with different substrate materials and patch shapes; (c) the three
fabric-patch RTcF2, TTcD1, and CTcD2 prototypes with different substrate materials and
patch shapes; and (d) the three denim D1 substrate CCsD1, RTcD1, and TGsD1 prototypes
with different patch materials and patch shapes.

Table 2 and Figure 7 reveal that all antennas under study fully cover the unlicensed
2.4–2.5 GHz ISM band, having resonant frequencies that are not more than 1% away from
the expected 2.45 GHz, although the prototypes’ performance may vary, based on their
geometrical and fabrication characteristics. The measurements confirm the simulations
and accuracy of the fabrication procedure, while the simulated results are better than the
measured ones, in all cases. For example, the deviation between the simulated and mea-
sured values of the resonant frequency (fc), the lower-band limit (f 1), and the upper-band
limit (f 2) were less than 1%, 1.6%, and 2.5%, respectively, for all prototypes. The difference
between the simulated and measured bandwidth, less than 18.3% for all prototypes, is also
acceptable. On the other hand, the considerable differences between the simulated and
measured S11 and VSWR were anticipated, due to the practical limitation of the actual free
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space measurements of S11 @ fc to a minimum analyzer reading of almost −35 dB. In all
cases, the use of graphene sheet for the patch is at least as effective as the use of copper
sheet or conductive fabric.
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Regarding the scattering parameter, the simulated values of S11 @ fc and the VSWR @ fc
for the antennas under study varied between−61.1 dB and 1.002 (for CCsD1) and−29.6 dB
and 1.068 (for CGsF1), while their measured values varied between −23.85 dB and 1.1371
(for CCsF1) and −18.06 dB and 1.2856 (for TCsD2). Table 2 does not reveal any obvious
effect of the patch shape, patch material, or substrate material on S11 and VSWR.

The simulated −10 dB BW varied between 131 MHz (for CGsF1) and 197 MHz (for
TTcD1), while the corresponding measured BW varied between 109 MHz and 178 MHz.
The graphene sheet CGsD1 prototype has an excellent BW performance, comparable to that
of the TTcD1 one, attributed to the thick denim D1 substrate, which is thinner (1.0 mm) than
the felt F1 (3.0 mm) and F2 (1.5 mm) substrates, but it has considerably higher dielectric
constant (1.63, in comparison to 1.13 and 1.34, respectively). A look at the graphene
sheet patch antennas CGsD1, TGsD1, RGsF1, and CGsF1 (with simulated/measured BW
195/162 MHz, 178/150 MHz, 159/154 MHz, and 131/109 MHz, respectively), conductive
fabric patch antennas TTcD1, RTcF1, CTcF1, CTcF2, and TTcF1 (with simulated/measured
BW 197/178 MHz, 177/167 MHz, 171/140 MHz, 145/127 MHz, and 136/121 MHz), and
copper sheet patch antennas CCsD1, TCsD2, and CCsF1 (with simulated/measured BW
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159/130 MHz, 150/127 MHz, and 139/121 MHz) (Table 2 and Figure 7) confirms the
positive effect of the substrate’s dielectric constant and thickness on bandwidth.

3.2. Results for the Antennas under Bending

Figure 8 shows our textile antenna geometries bending along their x- and y-axes over
circular, cylindrical PVC tubes. The prototypes’ backsides are mounted on four different
non-conductive tubes, with length 50 cm, dielectric constant εr = 4, diameters d = 60, 80, 100,
and 140 mm, and thicknesses 2, 2, 3, and 4 mm, respectively. For brevity, we have chosen
4 (2 circular versus 2 triangular and 2 graphene sheets versus 2 conductive fabrics) out of
the total 36 prototypes, in order to plot their reflection coefficient (S11 magnitude) versus
frequency when the antennas are bent in the convex way, along each x-axis, as displayed
in Figure 8. Figure 9a–d refers to the circular graphene sheet patch and felt-F1 substrate
(CGsF1), circular conductive fabric patch and felt-F1 substrate (CTcF1), triangular graphene
sheet patch and denim-D1 substrate (TGsD1), and the triangular conductive fabric patch
and felt-F1 substrate (TTcF1) prototypes, respectively. For visualization clearness, the
number of curves for S11 (dB), in each of Figure 9a–d, is confined to: (i) three or four
curves without markers for the simulation results, in case of antenna bending over different
tubes; (ii) one curve with markers for the corresponding measurement results, in case of
antenna bending over only one of the previous tubes; and (iii) two additional curves for the
simulation and measurement results, in case of the not-bent antenna in free space, included
for comparison and reference.
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Figure 8. Bending conditions for (a) the rectangular, (b) the circular, and (c) the triangular patch antennas.

According to Figure 9, the resonant frequency (fc) of the bent antenna decreases almost
monotonically as the tube diameter also decreases. This characteristic behavior is more
obvious for the graphene sheet patch antennas, in comparison to the conductive fabric
patch ones, as well as for the triangular patch antennas, in comparison to the circular patch
ones. For example, the simulated fc of the TGsD1 (TTcF1) prototype in Figure 9c,d was
2.45 (2.45) GHz for the not-bent case, and 2.345, 2.309, and 2.272 (2.416, 2.412, and 2.395)
GHz for bending over a tube with diameters of 140, 100, and 80 mm, respectively, while
the simulated fc of the CGsF1 (CTcF1) prototype in Figure 9a,b was 2.443 (2.457) GHz for
the not-bent case, and 2.428, 2.425, 2.415, and 2.407 (2.461, 2.459, 2.460, and 2.458) GHz
for bending over a tube with diameters of 140, 100, 80, and 60 mm, respectively. The
same behavior also holds true for the measured resonant frequency, as the measured fc of
the TGsD1 (TTcF1) prototype in Figure 9c,d was 2.446 (2.461) GHz for the not-bent case
and 2.365 (2.423) GHz for bending over a tube with a diameter of 100 (100) mm; while
the measured fc of the CGsF1 (CTcF1) prototype in Figure 9a,b was 2.457 (2.460) GHz
for the not-bent case and 2.424 (2.447) GHz for bending over a tube with a diameter of
100 (80) mm.
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Figure 9. Measured and simulated magnitude of S11 versus frequency for (a) the circular graphene sheet patch CGsF1,
(b) circular conducting fabric patch CTcF1, (c) triangular graphene sheet patch TGsD1, and (d) triangular conductive patch
TTcF1 antenna prototype. The four antennas were bent along their x-axes, as shown in Figure 8.

Regarding the width of the −10 dB BW under bending, the simulated BW of the
triangular patch TGsD1 (TTcF1) prototype in Figure 9c,d decreased by 18 MHz (increased
by 26 MHz), from 178 (136) MHz for the not-bent case, to almost 160 (162) MHz for all
bending conditions, while the simulated BW of the circular patch CTcF1 (CGsF1) prototype
in Figure 9a,b slightly increased by 3 MHz (increases by 6 MHz), from 171 (128) MHz
for the not-bent case to almost 173 (134) MHz for all bending conditions. The measured
bandwidth confirms this behavior, as the measured BW of the triangular patch TGsD1
(TTcF1) prototype in Figure 9c,d slightly increased by 2 MHz, from 166 (123) MHz for the
not-bent case to 168 (125) MHz under bending, while the measured BW of the circular
patch CTcF1 (CGsF1) prototype in Figure 9a,b increased by 10 MHz (decreased by 7 MHz),
from 134 (110) MHz for the not-bent case to 143 (103) MHz under bending. Therefore, the
circular and conductive fabric patch antennas exhibit better under-bending performance
than the triangular and the graphene sheet patch ones, respectively.

Despite the adequate measured (simulated) bent antennas’ bandwidth, ranging from
103 (134) MHz to 168 (174) MHz for all prototypes and bending conditions, the above-
mentioned shift of fc, along with the BW decrement, affected antenna operation under
bending, only partially covering the 2.4–2.5 GHz ISM band, in most cases, except for



Electronics 2021, 10, 2571 14 of 26

those with circular conductive fabric patches. For example, the measured useful BW of
the bent TTsF1, TGsD1, and CGsF1 prototypes is 2.29–2.43, 2.29–2.46, and 2.38–2.48 GHz,
respectively; although, the CTcF1 antenna exhibited excellent under-bending behavior
(shown in Figure 9b by retaining its measured useful BW to 2.38–2.52 GHz and, thus,
covering the ISM band). This remark applies to all prototypes and bending conditions
tested, although the full set of simulated and measured results is not presented here
for brevity.

Consequently, the circular conducting fabric patch CTcF1 and the triangular graphene
sheet patch TGsD1 antenna prototypes were mounted on a human arm, in order to investi-
gate the effect of human body presence. The measured and simulated reflection coefficient
(S11) is plotted in Figure 10, when the prototypes are either: (i) in free space (measurements);
(ii) body-mounted on the arm of the complex, multi-layered, anatomical, full-body, voxel
model, named Hugo [56] (simulations); or (iii) body-mounted on the arm of one of the
authors (measurements). The bulleted curves correspond to the measured results, in case
of antenna natural bending on a human arm, when the prototype’s backside is in touch
with a t-shirt’s sleeve, whereas the solid curves represent simulated results, in case of the
prototype’s presence beside CST-Hugo’s arm. Measured results, when each prototype was
in free space (dashed or dotted curve), are inserted in Figure 10 for reference. Figure 10 re-
veals a down-shift of the resonant frequency from the measured 2.447 GHz (2.446 GHz) for
the CTcF1 (TGsD1) prototype in free space, 2.424 GHz (2.43 GHz) for the human-mounted
antenna, as well as the simulated 2.423 GHz (2.426 GHz) for the Hugo-mounted antenna.
At the same time the bandwidth increased considerably from the measured 150 MHz for
the TGsD1 prototype in free space, 162 MHz for the human-mounted antenna, and the
simulated 168 MHz for the Hugo-mounted antenna. Nevertheless, the ISM band was fully
covered, in all cases, which is very promising for the actual wearability of the antennas
proposed herein.

Electronics 2021, 10, x FOR PEER REVIEW 15 of 27 
 

 

simulated 2.423 GHz (2.426 GHz) for the Hugo-mounted antenna. At the same time the 
bandwidth increased considerably from the measured 150 ΜHz for the TGsD1 prototype 
in free space, 162 ΜHz for the human-mounted antenna, and the simulated 168 ΜHz for 
the Hugo-mounted antenna. Nevertheless, the ISM band was fully covered, in all cases, 
which is very promising for the actual wearability of the antennas proposed herein. 

 
Figure 10. Measured and simulated magnitude of S11 versus frequency for the CTcF1 and TGsD1 
antenna prototypes, when the antennas are in free space (measurements), body-mounted on 
CST-Hugo’s arm (simulations), or body-mounted on real human’s arm (measurements). 

At this point, it is noteworthy that the significant advantages of the wearable textile 
patch antennas, mentioned in the Introduction, are also valid for all antenna prototypes 
proposed in this paper, even though, during the design and fabrication procedures, we 
encountered some possible, slight drawbacks, such as: (i) the non-flexible connection 
between the antenna and the transmitter/receiver module, due to the SMA connector, (ii) 
low performance of the triangular patch antenna prototypes under bending conditions, 
(iii) lack of accurate simulation models for fabric substrates (which affects the antenna 
characteristics), (iv) uncertainties of the simulation models for complex conductive patch 
materials, and (v) expected demand for computational resources. 

3.3. Radiation Characteristics 
The radiation patterns and characteristics of all prototypes were simulated with the 

CST Studio Suite 2021 software and measured with the MegiQ RMS-0660 radiation 
measurement system. The measurements took place using the direct method, having an 
±1 dB uncertainty, according to the manufacturer. Figure 11 presents a picture of the 
measurement setup at work. 

Figure 12 shows representative results for the θ-plane (elevation plane or E-plane) 
radiation patterns of 12 different prototypes. The dotted, dashed, and solid curves 
illustrate the simulated results, whereas the circles, squares, and triangles present the 
corresponding measured E-plane radiation patterns of the patch antennas, mentioned for 
each inset. At the same time, Figure 13 presents the 3D radiation patterns of six different 
prototypes with the same F1 substrate. All patterns of Figures 12 and 13 are plotted for 
the corresponding prototypes’ resonant frequencies, which are shown at the first two 
rows of Table 2, for most cases, and given below. Moreover, the measurements for all 
antennas demonstrate a reasonable, and, in several cases, close agreement with the 
simulated results. The measured and simulated φ-plane (azimuthal plane or H-plane) 
radiation patterns, not shown in Figure 12, are omnidirectional and dipole-like, as 

Figure 10. Measured and simulated magnitude of S11 versus frequency for the CTcF1 and TGsD1
antenna prototypes, when the antennas are in free space (measurements), body-mounted on CST-
Hugo’s arm (simulations), or body-mounted on real human’s arm (measurements).

At this point, it is noteworthy that the significant advantages of the wearable textile
patch antennas, mentioned in the Introduction, are also valid for all antenna prototypes
proposed in this paper, even though, during the design and fabrication procedures, we
encountered some possible, slight drawbacks, such as: (i) the non-flexible connection
between the antenna and the transmitter/receiver module, due to the SMA connector,
(ii) low performance of the triangular patch antenna prototypes under bending conditions,
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(iii) lack of accurate simulation models for fabric substrates (which affects the antenna
characteristics), (iv) uncertainties of the simulation models for complex conductive patch
materials, and (v) expected demand for computational resources.

3.3. Radiation Characteristics

The radiation patterns and characteristics of all prototypes were simulated with
the CST Studio Suite 2021 software and measured with the MegiQ RMS-0660 radiation
measurement system. The measurements took place using the direct method, having an
±1 dB uncertainty, according to the manufacturer. Figure 11 presents a picture of the
measurement setup at work.
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Figure 12 shows representative results for the θ-plane (elevation plane or E-plane)
radiation patterns of 12 different prototypes. The dotted, dashed, and solid curves illustrate
the simulated results, whereas the circles, squares, and triangles present the corresponding
measured E-plane radiation patterns of the patch antennas, mentioned for each inset. At
the same time, Figure 13 presents the 3D radiation patterns of six different prototypes with
the same F1 substrate. All patterns of Figures 12 and 13 are plotted for the corresponding
prototypes’ resonant frequencies, which are shown at the first two rows of Table 2, for
most cases, and given below. Moreover, the measurements for all antennas demonstrate a
reasonable, and, in several cases, close agreement with the simulated results. The measured
and simulated ϕ-plane (azimuthal plane or H-plane) radiation patterns, not shown in
Figure 12, are omnidirectional and dipole-like, as expected [55]. This behavior was clearly
revealed from the 3D radiation patterns of Figure 13, where the main lobe of each prototype
fully covered the area above the patch antenna (for z > 0), while several low side lobes
appeared below the antenna’s ground plane (for z < 0). The number and shape of the weak
side lobes varied in each configuration, while the simulated gain of the strong main lobe
as between 5.83 dBi (for the TTcF1) and 6.87 dBi (for the CTcF1). The circular prototypes
(Figure 13c,f) exhibit better performance than the rectangular ones (Figure 13a,d), which,
on their turn, perform better than the triangular antennas (Figure 13b,e). On the other
hand, graphene (Figure 13a–c) and textile (Figure 13d–f) prototypes of the same geometry
seem to have similar performance.
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Figure 12. Simulated (dotted, dashed, and solid curves) and measured (circle, square, and triangle symbols) free space E-plane
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The patch shape, patch material, and the substrate material significantly affected the
prototypes’ radiation characteristics. In Figure 12a, the comparison between the RTcD2
(@ 2.457 GHz), TGsD1 (@ 2.45 GHz), and CGsD1 (@ 2.451 GHz) prototypes revealed that
the graphene patch antennas on denim substrates, and, especially, the CGsD1 of circular
shape, have clearly better radiation performance, with higher gain and lower back-lobes,
than the fabric patch prototypes, such as RTcD2. This remark seems to be partially re-
versed in Figure 12b,c, where the RGsF1 (@ 2.45 GHz), TTcF1 (@ 2.45 GHz), and CTcF1
(@ 2.457 GHz) prototypes, as well as the RGsF2 (@ 2.439 GHz), TTcF2 (@ 2.441 GHz), and
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CTcF2 (@ 2.45 GHz) prototypes, respectively, are compared, because the fabric patch an-
tennas on felt substrates, and, especially, the CTcF1 and CTcF2 of circular shape, seem to
perform better with a slightly higher gain and definitely lower back-lobes than the graphene
patch prototypes RGsF1 and RGsF2. However, according to several other radiation mea-
surements (that are not shown in Figure 12), the pure performance of RGsF1 and RGsF2
was not due to the graphene patch, but to its rectangular shape, which was clearly disad-
vantageous, compared to the circular one. Finally, in Figure 12d, the comparison between
the CGsF1 (@ 2.433 GHz), CCsF1 (@ 2.448 GHz), and CCsD1 (@ 2.441 GHz) prototypes
reveals the radiation advantage of patch antennas with felt F1 substrate (with hs = 3.0 mm,
εr = 1.13, and tanδ = 0.041) over those with denim D1 substrate (with hs = 1.0 mm, εr = 1.63,
and tanδ = 0.086), due to F1′s lower losses and dielectric constant, regardless of its thick-
ness. It is worth mentioning that circular graphene sheet and copper sheet patches of the
same substrate have almost identical radiation responses, confirming our last remark of
the excellent suitability of graphene for wearable antenna applications.
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The simulated gain, directivity, and efficiency of all the 36 under-study antennas, are
given in Table 3. The simulated efficiency of the fabricated prototypes was varied from
5.0% (for TGsD2) to 57.1% (for CCsF1), which is rather reasonable. Regarding the antenna
efficiency, the substrate material was the determining factor, while the patch material
and shape had a relatively small effect. This behavior was expected, because the loss of
the substrate, due to its size, played a very crucial role, as lower-loss substrates (as the
felt F1) resulted in higher efficiencies, and higher-loss substrates (as the denim D2) led
to significantly lower efficiencies. If we classify the four substrate materials used in this
work in ascending order, according to their combination of dielectric constants (εr) and
loss tangent (tanδ), we firstly had the felts F1 (1.13 and 0.041) and F2 (1.34 and 0.039) and,
lastly, the denims D1 (1.63 and 0.086) and D2 (1.81 and 0.073). Consequently, the higher
values of efficiency in Table 3 were met in antennas with the felt F1 substrate, namely
the CCsF1 (57.1%), RCsF1 (56.7%), CGsF1 (56.0%), RGsF1 (53.5%), RTcF1 (53.0%), CTcF1
(52.6%), TCsF1 (49.5%), TGsF1 (45.9%), and TTcF1 (45.9%) prototypes.

On the contrary, the lower values of efficiency in Table 3 were met in antennas with
the denim D2 (or D1 for circular geometries) substrate, namely the TGsD2 (5.0%), TTcD2
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(5.2%), TCsD2 (5.5%), RGsD2 (6.7%), RCsD2 (8.0%), RTcD2 (8.5%), CTcD2 (11.3%), CGsD1
(13.0%), CTcD1 (13.6%), CCsD1 (14.7%), CCsD2 (16.1%), and CGsD2 (25.3%) prototypes.
As observed, for the same substrate material, the circular patch antennas were preferable
to the rectangular, and, especially, the triangular ones, while the graphene patch antennas
were slightly better than the fabric ones and almost as good as the copper ones.

Table 3. Radiation characteristics (directivity, efficiency, and gain) of the 36 antenna prototypes.

Rectangular
Antenna
Prototype

RTcD1 RTcD2 RTcF1 RTcF2 RGsD1 RGsD2 RGsF1 RGsF2 RCsD1 RCsD2 RCsF1 RCsF2

Directivity (dB) 8.36 8.15 9.09 8.79 8.52 8.37 9.2 8.92 8.64 8.45 9.26 9.01

Efficiency 14.0% 8.5% 53.0% 32.2% 13.1% 6.7% 53.5% 32.3% 14.5% 8.0% 56.7% 37.6%

Gain (dBi)
Simulated −0.20 −2.55 6.33 3.86 −0.31 −0.37 6.49 4.00 0.24 −2.50 6.80 4.74

Gain (dBi)
Measured −1.10 −4.23 5.22 2.67 −1.24 −4.79 5.98 3.35 −0.39 −3.46 5.67 3.29

Triangular
Antenna
Prototype

TTcD1 TTcD2 TTcF1 TTcF2 TGsD1 TGsD2 TGsF1 TGsF2 TCsD1 TCsD2 TCsF1 TCsF2

Directivity (dB) 8.13 7.78 9.21 8.75 8.34 7.99 9.32 9.06 8.57 8.32 9.36 9.04

Efficiency 10.3% 5.2% 45.9% 25.9% 9.9% 5.0% 45.9% 30.5% 10.7% 5.5% 49.5% 30.3%

Gain (dBi)
Simulated −1.73 −5.03 5.83 2.89 −1.69 −5.00 5.94 3.89 −1.16 −4.27 6.30 3.86

Gain (dBi)
Measured −2.36 −6.35 4.93 1.98 −2.00 −5.89 4.89 2.77 −2.34 −5.23 5.89 2.47

Circular
Antenna
Prototype

CTcD1 CTcD2 CTcF1 CTcF2 CGsD1 CGsD2 CGsF1 CGsF2 CCsD1 CCsD2 CCsF1 CCsF2

Directivity (dB) 8.48 8.10 9.68 8.85 8.55 8.45 9.20 8.44 8.64 8.45 9.90 9.16

Efficiency 13.6% 11.3% 52.6% 31.8% 13.0% 25.3% 56.0% 35.4% 14.7% 16.1% 57.1% 37.7%

Gain (dBi)
Simulated −0.182 −1.38 6.89 3.88 −0.323 2.48 6.69 3.94 0.267 0.525 7.47 4.92

Gain (dBi)
Measured −1.03 −2.01 5.48 2.63 −1.07 1.93 5.45 2.49 0.14 0.25 6.22 3.86

In the last row of each of the three parts of Table 3, the simulated and measured
results for antenna gain were depicted for comparison. The latter were significantly lower
than their corresponding simulated values, since real losses are always superior to the
simulated ones.

Figure 14 presents the indicative results for the θ-plane radiation patterns of four
different prototypes, bent over a tube, with diameters of 100 mm. The dashed and solid
curves illustrate the simulated results, whereas the symbols present the corresponding
measured E-plane radiation patterns of the bent patch antennas, mentioned for each inset.
The simulated results, when the prototypes were not bent in free space (dashed curves),
were inserted in Figure 14 for reference. A satisfactory agreement is, once again, observed
between the measured and the simulated results, while bending does not seem to have
significant effect on the main lobe of the radiation pattern, once again, proving the actual
wearability of the antennas proposed herein.

The 2D plots of the simulated gain (dBi) and efficiency (%) are shown in Figure 15
for three graphene sheets (rectangular RGsF1, triangular TGsF1, and circular CGsF1)
and three conductive textile (rectangular RTcF1, triangular TTcF1, and circular CTcF1)
prototypes. Since all six prototypes of Figure 15 have the same F1 substrate, comparisons
between antennas of different geometrical shapes and/or patch materials can be made.
The superiority of (i) circular (solid lines) over rectangular (dashed lines) and triangular
(dotted lines) prototypes, as well as (ii) graphene patch (red-colored lines) over textile patch
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(black-colored lines) antennas, is obvious in almost all cases. As depicted in Figure 15a
(Figure 15b), the radiation gain (efficiency) of the graphene sheet RGsF1 and TGsF1 (CGsF1)
prototypes exceeds the gain (efficiency) of the corresponding conductive textile RTcF1 and
TTcF1 (CTcF1) prototypes over the 2.4–2.5 GHz operating frequency band. Figure 15a
reveals that the gain of the circular (triangular) prototypes increases considerably (slightly)
with increasing frequency, while, at the same time, the gain of the rectangular prototypes is
rather stable or tending to decrease. On the other hand, Figure 15b demonstrates that in all
cases the efficiency reaches its peak value (between 45.9% for the TGsF1 and 56% for the
CGsF1) at the resonant frequency.
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3.4. SAR Evaluation

Due to the proximity of the proposed wearable patch antennas to the human body
(and especially to the human chest and arm), the produced Specific Absorption Rate
(SAR), which is the key radiation exposure parameter, has to be evaluated, studied, and
compared to the regulating electromagnetic radiation exposure limits provided by the
national authorities and the IEEE Standards [63,64]. For the general public, the SAR limits
set by international standards and apply in USA and EU are: 0.08 W/kg for the whole-body
max SAR, 1.6 W/Kg for the peak SAR averaged per 1 g of radiated tissue, and 2 W/kg for
the peak SAR averaged in a volume of 10 g tissue.

Figure 16 illustrates the simplified rectangular four-layered human chest model [11,53]
and the complex multi-layered anatomical full body voxel model named Hugo [56] used
in this paper for SAR calculations. Both simulation models are useful. On one hand, the
simplified rectangular chest model, due to its low complexity, has limited demands in
computational time and resources and can be easily modified concerning the number, the
thicknesses and the material properties of the tissue layers, leading to decent estimates. On
the other hand, the anatomical voxel model, due to its high complexity and close similarity
to real human body’s anatomical structure, demands much more computational resources
and time, ensuring high accuracy results.

Table 4. Electrical characteristics @ 2.45 GHz, densities and thicknesses of the human tissue layers
used for SAR estimation by the simplified planar chest model of Figure 16.

Tissue Type σ (S/m) εr tanδ Density (kg/m3) Thickness (mm)

Dry skin 1.46 38.0 0.283 1100 1.5

Fat 0.11 5.3 0.145 900 13

Muscle 1.74 52.7 0.242 1080 20

Cortical bone 0.39 11.4 0.254 2000 3.5
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Figure 16. (a) Simplified rectangular multilayered human’s chest model (with length L = 210 mm, width W = 130 mm, and
layer thicknesses h1, h2, h3, and h4 given in Table 4) for the estimation of SAR, due to the presence of the radiating RGsF1
prototype. (b) CST-Hugo’s human anatomical voxel model with a TGsD1 prototype in distance 2.5 mm from its left arm.

The electrical characteristics (conductivity σ, dielectric constant εr and loss tangent
tanδ, calculated @ 2.45 GHz using widely known approximations [65,66]), the densities and
the thicknesses of the four human tissue layers that compose the simplified chest model
are given in Table 4. A 1.5 mm thick cotton (εr = 1.6, tanδ = 0) t-shirt along with an 1 mm air
(εr = 1, tanδ = 0) gap, in case of Figure 16a, or just an 2.5 mm air gap in case of Figure 16b,
are considered to separate the human skin from the antenna.
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One after the other all the antenna prototypes are positioned at the top center of the
simplified rectangular chest model, as shown in Figure 16a, or in the vicinity of Hugo’s
left arm model, as shown in Figure 16b, and they are fed with 0.5 W rms input power.
All simulations are executed for the 2.45 GHz central frequency of the ISM band and
the whole-body max SAR and the average SAR in a volume of 1 g and 10 g tissue are
calculated according to the relevant international regulations and standards [63,64]. The
SAR results from both (the simplified and the voxel) models for 12 antenna prototypes
are presented in Table 5. The prototypes are sorted in ascending order of the value of
the peak SAR averaged in a volume of 10 g tissue, shown in the first row of Table 5. The
lower value of the simplified model’s peak 10 g SAR is 0.001 W/Kg, corresponding to
the CGsD2 and CCsF2 prototypes, while its higher value is 0.034 W/Kg, corresponding
to the RCsF2 prototype. At the same time, the higher values of the simplified model’s
peak 1 g SAR, the voxel model’s peak 1 g SAR, and the voxel model’s peak 10 g SAR are
0.06, 0.056, and 0.033 W/Kg, respectively, for the RTcF1 prototype. Moreover, the values of
the max whole-body SAR for all prototypes under study, not shown in Table 5, are between
5.43 × 10−4 and 4.98 × 10−3 W/Kg.

Table 5. Peak SAR values of several prototypes.

SAR Model Antenna
Prototype CGsD2 CCsF2 CTcF2 CGsF1 TTcD1 TGsF2 TGsF1 TCsF1 RTcD1 RGsF1 RTcF1 RCsF2

Simplified
Layered
Model

Peak SAR 10 g
tissue (W/Kg) 0.001 0.001 0.002 0.002 0.005 0.010 0.017 0.017 0.017 0.024 0.031 0.034

Peak SAR 1 g
tissue(W/Kg) 0.002 0.001 0.004 0.002 0.010 0.019 0.031 0.031 0.025 0.037 0.060 0.049

CST’s Hugo
Voxel Model

Peak SAR 10 g
tissue (W/Kg) 0.002 0.002 0.016 0.003 0.017 0.002 0.003 0.002 0.012 0.011 0.033 0.023

Peak SAR 1 g
tissue (W/Kg) 0.003 0.004 0.026 0.004 0.034 0.003 0.004 0.003 0.021 0.016 0.056 0.031

All the computed SAR values are far below the aforementioned limits. Even in the
worst-case scenario when the antenna is placed directly on the human body model and
there is no air gap, the SAR values increase imperceptibly, being always much lower than
the limits.

Figure 17 illustrates the SAR distribution on CST-Hugo’s voxel model, due to the
radiation of the TGsD1 prototype. The SAR values are maximum in the left arm area near
the antenna location and are rapidly diminishing as the distance from the antenna increases.
The SAR values do not exceed the general public regulation levels in any case and in fact,
as depicted in Figure 17 and Table 5, are very low for all the patch antenna prototypes,
because of the inherent presence (on the opposite side of the patch) of a ground-plane layer
facing the human body.



Electronics 2021, 10, 2571 22 of 26

Electronics 2021, 10, x FOR PEER REVIEW 22 of 27 
 

 

prototype. At the same time, the higher values of the simplified model’s peak 1g SAR, the 
voxel model’s peak 1g SAR, and the voxel model’s peak 10g SAR are 0.06, 0.056, and 
0.033 W/Kg, respectively, for the RTcF1 prototype. Moreover, the values of the max 
whole-body SAR for all prototypes under study, not shown in Table 5, are between 5.43 × 
10−4 and 4.98 × 10−3 W/Kg. 

Table 5. Peak SAR values of several prototypes. 

SAR Model Antenna 
Prototype 

CGsD2 CCsF2 CTcF2 CGsF1 TTcD1 TGsF2 TGsF1 TCsF1 RTcD1 RGsF1 RTcF1 RCsF2 

Simplified 
Layered 
Model 

Peak SAR 10 g 
tissue (W/Kg) 

0.001 0.001 0.002 0.002 0.005 0.010 0.017 0.017 0.017 0.024 0.031 0.034 

Peak SAR 1 g 
tissue(W/Kg) 

0.002 0.001 0.004 0.002 0.010 0.019 0.031 0.031 0.025 0.037 0.060 0.049 

CST’s Hugo 
Voxel Model 

Peak SAR 10 g 
tissue (W/Kg) 

0.002 0.002 0.016 0.003 0.017 0.002 0.003 0.002 0.012 0.011 0.033 0.023 

Peak SAR 1 g 
tissue (W/Kg) 

0.003 0.004 0.026 0.004 0.034 0.003 0.004 0.003 0.021 0.016 0.056 0.031 

All the computed SAR values are far below the aforementioned limits. Even in the 
worst-case scenario when the antenna is placed directly on the human body model and 
there is no air gap, the SAR values increase imperceptibly, being always much lower than 
the limits. 

Figure 17 illustrates the SAR distribution on CST-Hugo’s voxel model, due to the 
radiation of the TGsD1 prototype. The SAR values are maximum in the left arm area near 
the antenna location and are rapidly diminishing as the distance from the antenna 
increases. The SAR values do not exceed the general public regulation levels in any case 
and in fact, as depicted in Figure 17 and Table 5, are very low for all the patch antenna 
prototypes, because of the inherent presence (on the opposite side of the patch) of a 
ground-plane layer facing the human body. 

 
(a) (b) 

Figure 17. SAR distribution on CST-Hugo’s anatomical voxel model caused by the TGsD1 antenna 
prototype (@ f = 2.45 GHz) in distance 2.5 mm from the left arm. (a) SAR1g, (b) SAR10g. 

  

Figure 17. SAR distribution on CST-Hugo’s anatomical voxel model caused by the TGsD1 antenna
prototype (@ f = 2.45 GHz) in distance 2.5 mm from the left arm. (a) SAR1 g, (b) SAR10 g.

3.5. Comparisons

Finally, Table 6 compares the fabrication characteristics and the antenna performances
of the herein proposed graphene sheet and conductive fabric patch prototypes, with related
published works [23,43,45,47,51,52,59,67–71]. Refs. [23,47,51,52,59,71] present antennas
operating in the same frequency band as the prototypes under study, while [43,45,67–70]
refer to different operating frequencies, making cautiousness necessary before any direct
comparisons and drawn conclusions.

Table 6. Comparison of the proposed antennas with previous works.

Reference Antenna Active Element’s
Material

Substrate’s
Material

Fabrication
Method

Fabrication
Complexity fc (GHz) −10 dB BW

(MHz) VSWR Gain (dBi) Efficiency
(%)

SAR10 g
(W/kg)

[67] Planar dipole Graphene ink Flexible Doctor
blading Medium 0.876 165 1.404 −2.18 40 -

[43] Flexible graphite
sheet (FGF) FR4 - - 0.865 160 1.061 1.45 - -

[68] L-Shaped
Graphene
assembly

film (GAF)
Foam Laser cutting Medium 0.915 30 1.135 −7.3 90 -

[45] Multilayer patches Graphene ink Polyimide foam
-Polyimide

Print and
paste High

3.003
5.170
6.130

190
160
300

- 2.09 74 -

[69] quasi-Yagi–Uda Graphene ink Kapton Inkjet
printing High 5.65 3000 - -0.95 42 1.99

[70] Rectangular patch Graphene Based
Sheet (GBS) Flexible Molding High 6 - 1.025 5.87 64.9 -

[47] Planar dipole
with balun Graphene ink Flexible Blade printing High 2.4 213 1.499 0.7 - -

[51]
Higher-mode

microstrip
patch antenna

Copper sheet Felt Embroidering Medium 2.4 151 1.151 1.0 55 -

[52] PIFA Conductive yarn Jean Embroidering Medium 2.42 150 1.785 2.49 29.1 0.97

[23] Folded
half-mode cavity

Conductive
fabric Microwave foam Embroidering High 2.42 100 1.083 7.1 85 -

[71] Modified
rectangular patch

Conductive
fabric Denim Conductive

adhesive Low 2.43 42 1.01 7.1 78 0.11

[59] Rectangular
ring patch

Conductive
fabric 3D perforated - - 2.45 180 - 5.9

This work
Rectangular,
triangular,

circular patches

Conductive
fabric Denim or Felt Heat transfer

method
Low

2.428–2.454 121–178 1.162–1.237 −6.35–5.48 5.2–53.0 0.012–0.033

Graphene sheet 2.443–2.464 109–162 1.235–1.267 −5.89–5.98 5.0–56.0 0.002–0.011

The antennas reported in [23,47,51,52,59,71] exhibit: (i) −10 dB BW in the range
42–213 MHz, which is comparable to the bandwidth (121–178 MHz) of our prototypes,
(ii) VSWR in the range 1.01–1.785, which is analogous to the ratio (1.16–1.24) of our proto-
types, (iii) gain in the range 0.7–7.1 dBi, which is similar to the gain (−5.89–5.98 dBi) for
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several of our prototypes, (iv) efficiency in the range 29.1–85.0%, which is generally higher
than the efficiency (5.0–56.0%) of our prototypes, and (v) peak SAR averaged over 10 g of
tissue in the range 0.11–0.97, which is considerably higher than the SAR (0.002–0.011) of all
our prototypes. Consequently, the antennas under study seem to have a definite advantage
in terms of very low SAR, and a possible disadvantage regarding their efficiency in several
cases, although a nominal efficiency of about 50% is reasonably acceptable for hand-made
patch antennas with simple geometry and low fabrication complexity. For example, in [23]
the excellent efficiency value of 85% may be attributed to the microwave foam substrate,
which we are going to investigate in a future work, while in [71] the very good efficiency
value of 78% can be justified by its modified rectangular shape. The impressive ultra-broad
bandwidth of 3000 MHz in [69], despite its different operation frequency, may be attributed
to its special quasi-Yagi–Uda antenna (unlike the herein classical types and shapes), its
kapton substrate (in contrast with our every-day fabric substrates), and its high fabrication
complexity (against the herein procedure).

4. Conclusions

Textile rectangular, triangular, and circular probe-fed patch antennas, which may
be easily attached to clothing, have been presented in this paper for operation in the
free 2.45 GHz ISM band. Thirty-six different wearable prototypes have been optimized,
designed, simulated, fabricated, measured, compared, and presented. Patches from three
different conductive materials (graphene sheet, conductive fabric, and copper sheet) have
been pasted on substrates from four different textiles (thin and thick denim, thin and thick
felt) using an ultra-thin thermoplastic adhesive layer.

Extensive simulations and measurements have been performed to evaluate the proto-
types’ performance. The proposed antennas, despite their classical simple geometries, manage
to fully cover the ISM band. The comparative study of graphene textile, all textile, and copper
textile antennas reveal the excellent suitability of graphene for wearable applications.

The fabricated prototypes are characterized by their flexibility, light weight, mechani-
cal stability, resistance to shock, bending and vibrations, unhindered integration to clothes,
low-cost implementation, simple and industry compatible fabrication process, and very low
SAR values. Additionally, the graphene sheet patch prototypes are resistant to corrosion,
while the circular ones have very good performance under bending conditions.

Most prototypes present satisfactory performance, and some achieve very good char-
acteristics. For example, the circular graphene patch felt substrate CGsF1 prototype ac-
complishes 109 MHz measured bandwidth, 5.45 dBi gain, 56% efficiency, and excellent
performance under bending. According to SAR simulations with 2 different body models,
all antennas are far below the exposure limits and, thus, can be used for wearable IoT
applications. Antennas ageing properties, their operation under moisture, and their real
time performance when embedded in IoT nodes will be investigated in a future work.
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