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Abstract: A textile, embroidered antenna, based on the fractal shape of the Sierpinski triangle, is
designed in this paper for operation in the European free Industrial Scientific and Medical (ISM)
863–870 MHz band, as well as in the 902–928 MHz band designated for ISM applications in North
and South America. Several prototypes have been fabricated by employing different stitch patterns
and thread materials. The effect of the fabrication parameters on the performance of the proposed
antenna is investigated through measurements and simulations, with the results being in good
agreement. The antenna exhibits attractive characteristics such as wide bandwidth, relatively stable
radiation patterns, as well as robustness in washing. Several tests reveal that convex and concave
bent conditions do not affect the coverage of the aforementioned ISM bands, despite the shift of the
resonant frequency in some cases. Moreover, the SAR values resulting from simulations are below
the corresponding thresholds suggested by international guidelines.

Keywords: bow-tie antenna; curved antenna; embroidered antenna; Internet of Things; textile
antenna; wearable antenna

1. Introduction

Embroidery is an advanced technique that allows integration of flexible antennas
and sensors into clothing; it draws strong interest nowadays because embroidered and
textile antennas may serve as a smart interface between humans and technology. Modern
concepts, such as the Internet of Things (IoT), demand everything to be connected in a single
network. Thus, the possibility of “wearing” an antenna offers to humans the opportunity
to be part of the network [1]. Embroidery gains ground over other more conventional
manufacturing techniques for wearable antennas, such as printing the antenna by using
etching or attaching it to the fabric, because it enables mass production of garments and it
does not require any intermediate material between the antenna and the (textile) substrate,
since the former is fully embedded into the latter [2]. Moreover, the process of embroidery
allows for the implementation of customized designs and colorful, aesthetic shapes as well
as the incorporation of the antenna into logos [3].

The design and fabrication of embroidered antennas may be a challenging task. An
important requirement that should be satisfied is the mechanical robustness of the fabrics,
since the softness and flexibility of the latter, albeit essential in wearable systems, may lead
to a performance reduction of the antenna, due to bending, stretching, folding, compression,
and water absorption [4]. Moreover, low-profile, light weight, wireless connection and
reasonable cost are required in modern, wearable antennas [5]. The fabrication parameters,
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such as the stitch direction and spacing, may have a significant impact on the antenna
performance [6], whereas another issue to be addressed is the repeatability of the employed
fabrication process [7]. A matter of concern may be the antenna–body interaction, since
it is well known that the antenna characteristics may be affected by the presence of the
human body [8–12]. In addition, it is essential to satisfy the international regulations for
the absorption of the electromagnetic energy by the human tissues [13–15].

Embroidered and wearable antennas offer a wide range of applications including,
among others, radio frequency identification (RFID) [16–18], cellular reception, which
may be achieved by replacing the antenna embedded in the cell phone with a body-
worn version [9], electromagnetic energy harvesting [1], as well as medical monitoring
and healthcare; for example, the integration of a wearable antenna into the patient’s
garment and a remote transmission of vital readings to a healthcare professional may allow
treatment at home [6]. Furthermore, location tracking and body worn navigation may
be performed by using broadband-embroidered antennas; the latter may be part of an
“off-body” network with numerous applications in the emergency services and security
areas, such as the operation of rescue teams in poor visibility conditions [10].

The papers that appear in the literature for the design and fabrication of embroidered
antennas are countless; a few, recent, indicative works are cited below. Automated embroi-
dery of conductive e-threads has been applied for the realization of logo-shaped textile
antennas [3]; promising e-fibers, with high geometrical precision, have been proposed [19]
and used for the fabrication of a load-bearing spiral antenna [7]. Other configurations
include an embroidered slotted patch-like multiband antenna [9], a broadband spiral
antenna for off-body communications [10], a textile folded rectangular half-mode cavity an-
tenna [20], a non-uniform meshed patch that reduces the usage of the conductive thread [5],
a mixed embroidered and woven cavity-backed slot antenna [21], a four-layered, conven-
tionally embroidered antenna with an end-to-end slot with the layers sewn together [14], a
near-field communication antenna designed in the shape of a rectangular spiral coil [17],
and an embroidered meander ring dipole [22]. Recently, antenna arrays have been realized
in textile technology, such as a wideband array consisting of three overlapping dipoles for
on-body operation [23] and a dual-polarized textile antenna array consisting of a group of
embroidered patches [15].

A textile embroidered antenna is proposed in this paper for the unlicensed 863–870 MHz
and 902–928 MHz ISM bands. The external boundary of the antenna follows the shape of
a bow tie, whereas the Sierpinski (SPK) fractal geometry is applied for the formation of
the final layout. The SPK fractal geometry has been already used in the literature for the
design of antennas; so far, the fabrication of such antennas has consisted in printing the SPK
fractal shape on a conventional substrate, such as FR4 [24–26], while an attractive feature
is that they exhibit “miniaturization characteristics”, as shown in [25]. However, as far as
we could determine, an embroidered bow tie antenna, based on the fractal shape of the
SPK triangle, has not been implemented before. Thus, the main contribution of this paper
is the fabrication of the SPK bow tie antenna by using embroidery techniques. Several,
slightly different, prototypes are embroidered on a fabric substrate by using conductive
threads, a detailed description of which is provided in Section 2. The antenna performance
is investigated in Section 3 through measurements and simulations. The effect of bending
and washing on the operation of the antenna is, also, examined therein. The specific
absorption rate (SAR) is assessed and compared with the limits provided by International
Standards. In addition, comparison with other recent works is presented therein and it is
demonstrated that, although the efficiency and the return losses of the proposed antenna
are in the middle of the range reported in the literature, it exhibits a broader bandwidth
among similar structures. Finally, Section 4 comprises the conclusions of this work.
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2. Materials and Methods
2.1. SPK Fractal-Based Design and Embroidery Process

The design of the proposed antenna uses a bow tie as a generator and is based on the
SPK fractal geometry [27,28]. The original shape consists of two back-to-back equilateral
triangles; a small gap, denoted as wg, exists between them. The first step is taken by
removing one inverted equilateral triangle from each main triangular shape, whereas a
second iteration leads to the configuration shown in Figure 1, i.e., one equilateral triangle
is removed from each triangle created in the previous stage. The area removed in each
iteration is given by [25]:

AN =
1
3

N

∑
i = 1

(3/4)i (1)

Figure 1. Geometrical sketch of the proposed bow-tie antenna.

Herein, the number of iterations is N = 2 [29], meaning that, if we assume that the area
of the original triangle is equal to 1, then a total area of A2 = 1/4 + 3/16 is removed after
the 2nd iteration.

Seven similar (but not identical), antennas were constructed by embroidering the
pattern of Figure 1 on a Dupont Nomex meta-aramid fabric, composed of 93% Nomex, 5%
Kevlar, and 2% carbon, referred to as Nomex hereafter. The relative dielectric constant of
the aforementioned substrate was εr = 3.5, its surface resistivity per square was 1012 Ω, and
its loss tangent was tanδ = 0.006. Nomex is a flame-resistant textile commonly used for
petrochemical protective suits [30]. The sewing machine Bernina QE750, equipped with
a special module for embroidering, was used for the fabrication of the bow-tie antenna
prototypes. The latter have been manufactured by using different thread materials and
stitch patterns, in order to investigate the dependence of the antenna characteristics on the
aforementioned embroidery techniques. Moreover, the prototypes differ from each other
slightly in dimensions due to their home-made construction.

The exact geometrical and fabrication characteristics of each prototype, together with
the corresponding nominal values, are given in Table 1. L0 stands for the half-length of the
structure and L1 (L2) is the length of the side of each triangle after the first (second) iteration
(Figure 1). Besides, the thread material and the stitch pattern used for the embroidery
are listed in Table 1. The symbol “S” (“B”) stands for a Clevertex silver (brass) hybrid
conductive sewing thread. The silver hybrid thread is composed of 4 strands; each one
contains 33 polyester (PES) fibers and includes one silver plated copper (Cu/Ag) microwire.
The brass hybrid thread is composed of 2 strands; each strand contains 48 PES fibers and
4 brass microwires. Each PES monofilament has an average diameter of 14.5 µm, whereas
the diameter of the brass (or Cu/Ag) microwire is 30 µm, on average. The linear resistance
is 6.5 Ω/m for the silver hybrid thread and 8.9 Ω/m for the brass hybrid thread (nominal
values @ 20 ◦C). The hybrid threads were developed and tested by the University of
Bohemia in Pilsen, in cooperation with VUB Co. Ltd. (Usti nad Orlici, Czech Republic) [31].
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Table 1. Geometrical and fabrication characteristics of the antenna prototypes.

Antenna Prototype S1L S1M S1Ha S1Hb S2H B1Ha B1Hb Nominal Simulated

Thread material S S S S S B B - S/B
Stitch pattern Low Medium High High High High High - High

Conductive side 1 1 1 1 2 1 1 - 1
L0 (mm) 48.03 47.78 48.54 44.57 48.24 45.91 49.77 50 48
L1 (mm) 22.29 21.91 21.41 19.98 22.22 21.36 23.89 23 24
L2 (mm) 10.37 9.74 9.12 9.10 9.99 9.23 10.26 10 12
wg (mm) 2.79 2.81 3.03 3.88 3.07 1.90 3.13 2.1 2.2
θt (deg) 60.66 61.53 58.27 56.38 58.33 61.98 62.44 60 60

A low, medium, or high stitch pattern was used. The high stitch pattern corre-
sponds to 0.1 mm distance between two adjacent seam lines, whereas the distance becomes
0.2 (0.3) mm for the medium (low) stitch pattern. The “1” in the line labeled as “conductive
side” means that the conductive thread was used only on one side of the fabric, whereas
“2” denotes that both sides of the fabric were embroidered using conductive thread. A
picture of the prototype, named “S1Ha” in Table 1, is presented in Figure 2; the antenna is
fed at the center point between the two triangular arms.

Figure 2. Picture of the bow-tie antenna prototype “S1Ha”.

The connection of a mobile device to a textile antenna is a challenging task. An easy
and practical way, suitable for prototyping and measurements, may be through the use
of a coaxial cable such as the one shown in Figure 2. Another promising solution may
be an embroidered transmission line. It should be noted that the hybrid threads and the
textile substrate used for the fabrication of the proposed antennas are resilient to high
temperatures, allowing the use of conventional soldering methods for various connector
types, such as SMAs, UFLs, and FMEs. Moreover, a cutting-edge method may be to embed
the mobile device and the antenna in an all-textile PCB, but the design and fabrication of
such embedded systems is beyond the scope of this paper.

2.2. Modeling, Simulation and Measurements

Several experimental and simulation tests have been performed in order to assess the
performance of the antenna and its dependence on the thread material and the stitch pattern.
Measurements were conducted by using an HP 8714ET analyzer, whereas simulations were
performed by using the CST Studio Suite 2021 software package.

The dimensions of the SPK fractal bow tie antenna satisfy the relationship L0 = 2L1 = 4L2.
By using CST, we developed our own model (not inherent in any commercial software)
for the simulation of the proposed embroidered antenna. The model was based on the
repetition of a “unit cell”, which is an equilateral triangle with side length equal to 12 mm
(Figure 3). This triangle comprises seam lines (unequal in length) parallel to each other;
the distance between two adjacent seam lines is 0.1 mm (high stitch pattern). The thread
used is actually a cylindrical structure with a of radius 0.1 mm, and is sewed around the
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(textile) substrate in a sinus-like pattern, forming the seam line. The distance between the
two needle penetrations is 0.2 mm. A conductive triangular perimeter, with a width of
0.2 mm, encloses the unitary embroidered pattern in order to feed all the threads with
current. Once the “unit-cell” is complete, it is replicated according to the Sierpinski pattern
of Figure 1 to form the complete embroidered antenna.

Figure 3. Schematic illustration of the bow-tie antenna structure.

We aimed at designing an embroidered textile for the ISM 868 MHz and 915 MHz
frequency bands and the design procedure was initialized by using parameters taken
from [25] for its microstrip counterpart. Since L0 and L1 obviously depend on L2, the most
important design parameters are L2 and wg; their optimum values were evaluated by using
the CST’s optimization tool. The values of all parameters, as obtained from CST, are given
in the last column of Table 1.

3. Results
3.1. Experimental and Simulation Results in Free Space

Firstly, measurements in free space under usual indoor environmental conditions (tem-
perature 19 ◦C and humidity 67%), were conducted for all prototypes. Table 2 summarizes
the measured characteristics of the prototypes, as well as the corresponding simulation
results. The resonant frequency fc, the magnitude of S11, and the Voltage Standing Wave
Ratio (VSWR) at fc are listed in the first three lines of Table 2, respectively. The −10 dB
bandwidth (BW) is given in the last two lines, while f 1 and f 2 stand for the lower and
upper limit, respectively, of the aforementioned BW.

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

Antenna Prototype S1L S1M S1Ha S1Hb S2H B1Ha B1Hb S-Simulated B-Simulated

fc (MHz) 963.2 949.1 957.2 975 970.2 961.4 860 918.3 912.4
S11 (dB) @ fc −18.7 −15.4 −16.1 −16.0 −21.9 −22.7 −23 −14.5 −15.4
VSWR @ fc 1.26 1.41 1.37 1.35 1.20 1.17 1.16 1.46 1.41
f 1 (MHz) 868 861 841 900 910 800 740 863 855
f 2 (MHz) 1027 998 1007 1019 1048 1028 977 982 974

−10 dB BW (MHz) 159 137 166 119 138 228 237 119 119
−10 dB BW (%) 16.5 14.4 17.3 12.2 14.2 23.7 27.6 12.9 13.1

The first remark about Table 2 is that the unlicensed 902–928 MHz ISM band is covered
by all antennas, albeit the performance of the prototypes may vary, depending on their
fabrication and geometrical characteristics. Moreover, most of the prototypes (i.e., S1M,
S1Ha, B1Ha, B1Hb, and partly S1L) offer coverage of the 863–870 MHz ISM band, too.
Table 2 suggests that the measured results are better than the simulated ones; for example,
the measured −10 dB BW of the prototype S1Ha is 4.4% greater than the simulated BW for
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the antenna with silver hybrid sewing thread. Generally, the prototypes fabricated with
brass hybrid thread exhibited lower S11 @ fc, as well as broader −10 dB BW, than those
embroidered with silver hybrid sewing thread. For example, the reflection coefficient (at
the resonant frequency) of the prototype B1Ha is about 6.5 dB better than that of S1Ha, and
its −10 dB BW is 6.4% greater. Moreover, a comparison between the prototypes B1Ha and
B1Hb demonstrates that they both exhibit a relatively great BW and, regarding the S11 @ fc,
they perform nearly the same; the lower resonant frequency of B1Hb may be attributed to
its (slightly) greater dimensions. In regards to the prototypes S1Ha and S1Hb, the (slightly)
greater dimensions of the former result in the covering of both ISM bands.

3.2. Effect of the Human Body

Consequently, the antenna was mounted on a human’s chest with a thin t-shirt in
between, in an attempt to estimate the effect of the human body on the performance of
the prototypes. The measured reflection coefficient, i.e., the magnitude of S11, is plotted
in Figure 4; the prototypes, named as “S1Ha” and “B1Ha” in Table 1, are considered
in Figure 4a,b, respectively. The dashed curve corresponds to concave natural bending,
i.e., the backside of the antenna is in contact with the t-shirt, whereas the dotted curve
represents convex natural bending with the front side of the antenna mounted on the t-shirt.
Moreover, measurement (solid curve) and simulation (solid curve with markers) results,
when the antenna was in free space, are included in Figure 4 for reference.

Figure 4. Measured magnitude of S11 of the bow-tie antenna versus frequency: (a) S1Ha (silver hybrid thread) and (b) B1Ha
(brass hybrid thread) prototype. The effect of human body presence and bending conditions on bow-tie antenna’s S11 is
exhibited: the dashed/dotted curves refer to concave/convex bending of the antenna mounted on human body (measure-
ments), while the black solid and the blue marked curves correspond to the planar antenna in free space (measurements
and simulations, respectively).

It may be verified from Figure 4a that the measured −10 dB BW, which is 166 MHz
(17.3%) for the S1Ha prototype in free space, is increased to 343 MHz (50.7%), i.e., 619–
962 MHz, when the antenna is body-mounted in a concave manner (dashed curve), whereas
it reaches 430 MHz (52%), i.e., 594–1024 MHz, with the backside of the antenna mounted
on a human’s chest (dotted curve). Although there is a remarkable difference in the BW
of the free-space and the body-mounted antenna, both ISM bands are covered in all cases
examined. A similar behavior is depicted in Figure 4b for the B1Ha prototype. The −10 dB
BW of the latter, when it is body-mounted, is significantly broader compared to its free
space BW. Specifically, the BW of the B1Ha prototype, body-mounted in a concave manner
(dashed curve), is 386 MHz (47.4%), i.e., 646–1032 MHz, and it increases to 427 MHz (52%)



Electronics 2021, 10, 1983 7 of 14

when the antenna is body-mounted in a convex manner (dotted curve). The increase of
the BW when the antenna is mounted on a human body may be attributed to the fact that
the latter acts as an additional substrate with large dimensions and high permittivity that
affects the antenna’s performance.

3.3. Performance under Bent Conditions

The antenna behavior has been investigated under both the x- and y-axis’ bent con-
ditions, as shown in Figure 5. The fabric was mounted on a PVC cylindrical tube, with a
length of 50 cm and εr = 4, either from the backside (Figure 5a,c, i.e., concave), which is non-
conductive for all prototypes except S2H, or from the front (conductive) side (Figure 5b,d,
i.e., convex). Four different tube diameters have been considered, i.e., d = 70, 90, 100, 130 mm,
the thickness of each tube being 2, 2, 3, and 4 mm, respectively. The magnitude of S11 is
plotted in Figure 6 when the antenna is bent in a concave manner, along y-axis, as shown in
Figure 5c; Figure 6a,b refers to the S1Ha and the B1Ha prototypes, respectively. The curve
with markers depicts the simulation results for S11 (dB) when the antenna is in free space; it
is identical to the corresponding curve of Figure 4 and is included for reference.

Figure 5. Bent conditions: (a) Concave-x, (b) convex-x, (c) concave-y and (d) convex-y.

Figure 6. Measured magnitude of S11 of the bow-tie antenna versus frequency. The antenna is bent, as shown in Figure 5c.
(a) S1Ha and (b) B1Ha prototype.
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Figure 6 suggests that the resonant frequency fc of the bent antenna decreased as
compared to fc in free space. Specifically, fc of the bent S1Ha prototype (Figure 6a) is
found somewhere in the range 842–855 MHz, depending on the tube diameter, whereas
the free space resonant frequency of the same antenna is 957.2 MHz (Table 2). In regards to
the fc of the bent B1Ha prototype (Figure 6b), the lowest value, i.e., 858 MHz, occurs for
d = 100 mm (dotted curve) and the maximum value, fc = 959 MHz, corresponds to d = 70 mm
(continuous curve), whereas the resonant frequency of the same prototype in free space is
961.4 MHz (Table 2). However, due to the wide BW of the antenna, the aforementioned shift
of fc may not affect its operation under bent conditions, since both ISM bands fall within
the −10 dB BW of the bent antenna in all cases considered. The aforementioned remark
holds true for all bent conditions tested, albeit the entire set of results cannot be presented
herein due to limited space. According to other measurements not shown in Figure 6,
the −10 dB BW of the bent S1Ha (B1Ha) prototype was found roughly between 200 and
300 MHz, depending on the bent conditions, with an average value of 237 (273) MHz. The
considerable BW expansion of the bent antennas in Figures 4 and 6 may be attributed to
the greater volume occupied by the antenna due to bending, as well as to the presence of
an additional substrate [32].

The deviation of the resonant frequency under all bent conditions shown in Figure 5,
due to bending, is depicted in Figure 7 for four different tube diameters. The deviation
percentage is calculated as 100% × |fcb − f c0|/f c0, where f c0 and fcb are the resonant
frequencies before and after bending, respectively. Figure 7 suggests that the shift in the
resonant frequency due to bending does not exceed 20% for all cases examined. The
superiority of the brass hybrid conductive sewing thread over the silver one, in regards
to the fc deviation, for small tube diameters, may be observed in the bar chart of Figure 7.
For example, for a 70 mm tube diameter, the resonant frequency of the B1Ha prototype,
deviates from its free space value by less than 7%, whereas the corresponding detuning for
the S1Ha prototype may reach 18%, depending on the bent conditions.

Figure 7. Deviation (%) of fc, under various bent conditions, for the tube diameters as shown in the
vertical axis. S1Ha and B1Ha prototypes are considered.

3.4. Washing Tests

Subsequently, the performance of the proposed antenna has been investigated after
1, 2, 3, 5, and 10 machine washing cycles, using liquid or powdered detergent, with the
following parameters: temperature 40 ◦C, speed 400 rpm, and duration of each cycle 90 min.
After each washing cycle, the prototype was dried in the tumble dryer, but not ironed. The
coaxial cable was disconnected for washing and resoldered after drying. Results for the
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prototype B1Hb are shown in Table 3; the first column (i.e., washing cycle “0”) is the same
as the corresponding column of Table 2 and is included for reference.

Table 3. Characteristics of the prototype B1Hb, after several washing cycles.

Washing Cycle 0 1 2 3 5 10

fc (MHz) 860 842 845 892 903 911
S11 (dB) @ fc −23 −19 −16 −16 −18 −15
VSWR @ fc 1.16 1.27 1.38 1.38 1.30 1.44
f 1 (MHz) 740 735 730 719 731 840
f 2 (MHz) 977 977 946 977 979 987

−10 dB BW (MHz) 237 242 216 258 248 147

Table 3 indicates that, even after 10 washing cycles, and despite the shift of the resonant
frequency, stable coverage of the unlicensed 868 and 915 MHz ISM bands is achieved. The
resonant frequency has a tendency to increase after several washing cycles; however, the
maximum shift from the original fc, i.e., 860 MHz, does not exceed 6% and is observed after
10 washing cycles (last column of Table 3). The performance of the antenna, as expressed
by the reflection coefficient or the VSWR @ fc, remains satisfactory even after 10 washing
cycles; S11 (VSWR) @ fc does not fall below (exceed) −15 dB (1.44). In regard to the −10 dB
BW, it does not practically deteriorate unless 10 washing cycles are completed. Even then,
the antenna keeps serving its purpose by fully covering both ISM bands.

3.5. Radiation Characteristics

The radiation characteristics of the prototypes developed herein were estimated by
simulating and measuring the radiation patterns. The measurements were conducted with
the antenna radiation measurement system MegiQ RMS-0660 by using the direct method.
The uncertainty of the measurement system, as given by the manufacturer, is ±1 dB. A
picture of the measurement setup is shown in Figure 8.

Figure 8. Measurement setup of the radiation characteristics.

Indicative results are shown in Figure 9. The solid (dashed) curve depicts simulated
results for an antenna with silver (brass) hybrid sewing thread, whereas the squares and
circles correspond to the measured radiation patterns of the prototypes S1Ha, S1L, and
S1M, as shown to the inset. The patterns of Figure 9 refer to the resonant frequencies
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given at the first row of Table 2. Figure 9 demonstrates that the simulated, as well as the
measured, radiation patterns exhibit a dipole-like, omnidirectional behavior, as expected.
The stitch pattern and the thread material do not seem to affect the radiation characteristics
of the antenna significantly. Moreover, a reasonable agreement is observed by comparing
the measured with the simulated results.

Figure 9. Simulated (solid and dashed curves) and measured (squares and circles for the prototypes shown in the inset)
free-space radiation patterns: (a) E-plane (θ-plane or elevation plane) and (b) H-plane (ϕ-plane or azimuthal plane).

The measured gain and directivity, as well as the efficiency of several prototypes, are
given in Table 4, which indicates that the (measured) efficiency of the proposed antennas
varies, roughly, from 40% to 60%, which is a reasonable outcome. The simulation results
depicted in the last two columns of Table 4 suggest that the efficiency of the antenna with
brass (silver) hybrid thread is 85.2% (96.5%). The latter is greater than the measured values,
since real losses may be greater than the simulated ones.

Table 4. Gain, directivity, and efficiency of several prototypes.

Antenna Prototype S1M S1Ha S1L S2H B1Ha S-Simulation B-Simulation

Gain (dBi) 2.37 1.92 2.58 3.51 1.2 1.83 1.21
Directivity (dB) 6.23 6.02 6.02 5.68 5.44 1.99 1.90

Efficiency 41.1% 38.9% 45.2% 60.7% 37.7% 96,5% 85,2%

3.6. SAR Estimation

The SAR has been evaluated since the proposed antenna is intended for wearable ap-
plications. The prototype is supposed to operate in proximity to the human chest; the latter
has been modeled by a four-layer rectangular model [14], as illustrated in Figure 10. The
four tissue layers that constitute the model, as well as their properties, are given in Table 5;
the dielectric properties have been calculated by using well known approximations [33,34].
A cotton t-shirt with a of thickness 1.5 mm, εr = 1.6, tanδ = 0, and an 1 mm air gap (εr = 1,
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tanδ = 0) have been utilized between the antenna and the human skin (Figure 10). More-
over, SAR calculations have been performed by removing the aforementioned air gap in
order to consider the worst-case scenario with the antenna mounted directly to the human
body. The whole body SAR and the maximum SAR averaged over a volume of 10 g of
tissue have been calculated according to the pertinent International Standards [35,36]. The
antenna was placed in contact with the cotton t-shirt at the center of the model (Figure 10),
and the input power to the antenna was 0.5 W (rms value).

Figure 10. Layered human’s chest model (L and W are taken equal to 210 and 130 mm, respectively,
whereas hi, i = 1, . . . , 4, are given in Table 5).

Table 5. Tissue properties and thicknesses used for SAR estimation.

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

Dry skin 0.86 41.6 0.426 1100 1.5
Fat 0.05 5.5 0.190 900 13

Muscle 0.93 55.1 0.350 1080 20
Cortical bone 0.14 12.5 0.231 2000 3.5

Simulations were performed for the central frequency of the ISM bands, i.e., 868 and
915 MHz; the difference between the obtained SAR values was negligible. The SAR was
calculated over 10 g of tissue and, by considering an air gap between the antenna and
the human skin, it was found equal to 0.025 W/kg for the whole body, while the peak
SAR was 1.86 W/kg. By removing the air gap, the SAR was found to be slightly greater,
i.e., 0.029 W/kg (whole body) and 1.91 W/kg (peak). However, all the aforementioned
SAR values are below the limits set by the aforementioned International Standards, i.e.,
0.08 W/kg (whole body SAR) and 2 W/kg (max SAR over 10 g). However, if a ground plane
is inserted between the antenna and the cotton t-shirt, the simulations result in extremely
low SAR values: 2.35 × 10−7 W/kg for the whole body SAR and 1.93 × 10−6 W/kg for the
peak SAR over 10 g tissue.

3.7. Comparisons

Finally, the performance of the proposed antennas is compared to related works.
Table 6 summarizes the basic characteristics of several embroidered antennas. Since the
prototypes presented herein do not operate in the same frequency band as the ones listed
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in Table 6, any conclusions extracted may be used with cautiousness. The indication
“body” in parenthesis refers to measurements that have been conducted with the antenna
mounted on a human body, whereas all other values refer to free space. The −10 dB BW of
Refs. [11,14,20,22] has been converted to percentages for the sake of comparison. Table 6
indicates that the proposed antennas exhibit a considerably broader −10 dB BW among
similar structures; their efficiency and minimum S11 are both somewhere in the range
reported in the literature.

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

Reference Antenna fc −10 dB BW min S11
(dB) Gain (dBi) Efficiency (%) Dimensions SAR over 10 g

(W/kg)

[3] Logo shaped 2.4 GHz - −17 3 - 37.4 × 24.4 mm2 -

[11] Textile patch 2.4 GHz
(2.44 body) 6.3% −23.1

(−22 body) 1 55
(40 body) 5 × 5 cm2 -

[13] Planar inverted-F
PIFA BT-JGJ

2.42 GHz
(2.32 body) 6.2% −11 2.49

(1.98 body)
82.2

(29.1 body) 50 × 16 mm2 0.97
(peak value)

[14] 4-layer patch 2.45 GHz 20.4% −28 7.11 67.03 58 × 63 mm2 0.01

[18] Textile tag 915 MHz - −24 −1 (body) - 72 × 20 mm2 -

[20] Folded half-mode
cavity 2.425 GHz 4.1% −28 7.1 85 82.8 × 41.4 mm2 -

[22] Meander ring
dipole 325 MHz 6.2% −18 1.5 49 342 mm

(diameter) -

This work

SPK fractal bow-tie
silver thread-S1Ha 957.2 MHz 17.3%

(50.7% body) −16.1 1.92 39

88 × 50 mm2

0.025
(with air gap)

0.029
(without air gap)

SPK fractal bow-tie
brass thread-B1Ha 961.4 MHz 23.7%

(47.4% body) −22.7 1.2 38

4. Conclusions

Seven prototypes of a wearable, bow-tie antenna, based on the fractal shape of the
SPK triangle, have been designed and fabricated in this paper. Specifically, they have
been embroidered on a Dupont Nomex meta-aramid fabric by using different conductive
sewing threads and/or stitch patterns. Simulations, as well as measurements, have been
conducted to evaluate the performance of the prototypes.

The antenna design aimed at covering the unlicensed 863–870 and 902–928 MHz ISM
bands—a goal that was reached in most cases examined. Generally, the −10 dB BW of
the prototypes embroidered with brass hybrid sewing thread were observed to be greater
than the BW of the prototypes fabricated with silver hybrid thread, whereas when the
antenna was mounted on a human’s chest, the −10 dB BW was remarkably increased,
reaching (and even exceeding) the value of 50% in certain cases. The performance of the
proposed antenna was found to depend on its fabrication characteristics and a rather great
sensitivity to the dimensions of the prototypes was observed. The antennas were tested
under bent conditions that caused a shift of the resonant frequency; this shift was found to
be greater for the prototypes embroidered with silver hybrid sewing thread. Moreover, the
−10 dB BW exhibited a tendency to increase under bent conditions for all prototypes. The
performance of the antenna was also evaluated after up to 10 washing cycles, and it was
observed that it may stand such basic rigors.

The measured and simulated radiation patterns have shown that the radiation char-
acteristics of the proposed antennas are not affected significantly by the thread material
and/or the stitch pattern. The gain of all prototypes is rather low (less than 3 dB in all
cases examined), since the radiation of the proposed antenna is similar to that of an electric
dipole. Regarding the efficiency of the prototypes, it was found to be roughly between
40 and 60%. Finally, the SAR values that were calculated by using a rectangular layered
model of the human chest do not exceed the limits suggested by International Standards
for all cases examined.
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