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Abstract

Development of textile antennas is an important segment towards the goal of
creating smart clothing. In this paper, we report on a jeans-based circularly
polarized textile antenna designed for the E-band (around 2.45 GHz). We
present three variations of the design and the respective results. The antenna
comprises a multi-layer jeans-fabric as the substrate, a conductive fabric as
the patch, which is concealed with another layer of jeans, and the ground
plane is formed by either a cooper foil or another conductive fabric. A mul-
ti-layer structure was chosen to provide a wider bandwidth and better effi-
ciency, whereas the upper surface of the antenna was covered by one more
layer of jeans to both make the antenna less conspicuous, when worn on the
arm, and protect the patch and substrate from mechanical damages and
moisture. All three variants are characterized by a good realized gain of about
3 dB, a wide beam width and a wide bandwidth of 21% or better, around 2.45
GHz, having the radiation efficiency around 36%, and front-to-back ratio of 5
dB or better, with the ground plane being just slightly larger than the patch.
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1. Introduction

Technological developments have enabled us to envision a new type of solutions,
commonly referred to as wearable electronics. Various areas of research and de-
velopment can be recognized within that term, such as: wearable sensors, weara-
ble haptic devices, electronic textiles (knitted and woven), energy harvesting,
body area networks, or smart textiles [1] [2]. Among them, textile antennashave
also taken an important place when it comes to developing smart clothing of the

future. Realization of such R & D endeavors will be beneficial for various team
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and emergency services such as law enforcement, military services, paramedic
teams, healthcare services and patient monitoring, to mention some. Increased
research interest in this sense can be dated back to the second half of the 2000s
[3] [4]. Textile-based antennas are naturally designed as replicas of the conven-
tional microstrip antennas, with some variations when it comes to materials uti-
lized in use for the substrate, ground plane, and the patch. Benefits of textile an-
tennas are low cost of manufacturing, availability of materials, some degree of
flexibility of the antenna structure, and possibility to fabricate it by handcrafting
without a need to possess or rent sophisticated machines or order outsourced
services for circuit fabrication. But there are also inherent limitations, such as a
lower precision of fabrication, possibly higher dielectric losses, difficulty to work
with more complex antenna geometries, thermal and moisture sensitivity, and
attachment of a connector to the textile ground plane. The above limitations
seem to be the reason why most of the works proposed so far, mostly deal with
just a few (simplest) types of antenna geometry and feeding, yet that fact does
not lessen the importance of that research in the overall development of weara-
ble technology. A variety of materials have been utilized to serve as the antenna
substrate. In [5] [6] [7] polydimethylsiloxane (PDMS) was examined as a conve-
nient material for flexible antenna. Cordura textile was examined in some other
works (e.g. [8] [9] [10]). Some fabrics that are commonly used in garment in-
dustry have been the basis for the substrate in [11].

When it comes to jeans-based antenna specifically, we can make a short over-
view of prior art by grouping them by the material that was used for the patch
and/or ground plane, the polarization type and the line feed. In particular, in
[12] [13] [14] [15] [16], a copper tape or foil was used for the patch and/or the
ground plane. Most of the antennas in references [12] [13] [16] [17] [18] [19]
generate linear polarization and are all excited by a line feed, while [15] [20] are
among the rare works where antennas create a circular polarization, yet they also
used the line feed to excite the antenna. Moreover, a great majority of the cited
works utilizes only one layer of jeans for the substrate.

In this work, we propose a wideband and circularly polarized textile an-
tenna that is based on jeans fabric as the substrate in combination with elec-
tro-conductive fabrics as the radiating patch and the ground plane, while the
antenna excitation is based on the probe feed for the design frequency at 2.45
GHz. The objectives here were to: 1) apply a fabrication process that is simple; 2)
use materials that are easily available; 3) make the antenna small to be suitable
for wearing on clothing apparel in the area of upper arm and be visually incons-
picuous; 4) make it more effective for communication by the use of a circular

polarization.

2. Antenna Design and Fabrication
2.1. On the Selection of Materials

Textile materials have a property to conform to body movements by bending or
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twisting, thus changing its original geometry and electromagnetic properties, af-
fecting the antenna resonance frequency, impedance matching, and radiation
characteristics. Elasticity of a fabric also complicates the cutting and adhesion of
multiple layers. Amongst conductive fabrics, there exist coated fabrics (with sil-
ver or copper) and single- or double-sided conductive fabrics (e.g. [21]).
Amongst fabrics with dielectric properties, the most common are denim (Ze.

jeans), cotton, and polyester.

2.2. 0n Adhering Techniques

It is an imperative to keep the antenna geometry and dimensions precise and
stable, because errors in geometry are expensive at these frequencies with regard
to antenna characteristics. One way of adhering the layers of the fabric consti-
tuting the substrate is to use adhesive foils. Adhering by double-sided adhesive
foils is practical for creating a flat surface between the two layers, but the im-
practical side is the fact that the foil introduces additional losses in the substrate
and the adhesion is based on hot ironing of the upper fabric, which causes oxi-
dation of metallic surfaces, while hot steam also increases surface resistance and
lowers an antenna efficiency. Additionally, one must try to avoid possible air
bubbles that can be present between the two layers.

Sewing is another possibility because it is a simple and straightforward tech-
nique, but also carries risks because stitches must be straight and without pleats,
which is challenging to accomplish with soft fabrics. Moreover, stitches pass
through all the layers and make it possible to create accidental short-circuits
between the layers.

Yet another approach is to use a liquid glue, but it is hard to apply evenly over
the fabric surface. If a glue is in the form of a stick, its application is a bit easier
than that of a liquid glue, but an additional caution is advised when a glue is ap-
plied to a conductive fabric because the glue can eventually penetrate between

the conductive threads of the fabric and act as an isolator.

2.3. Calculation of the Antenna Geometry

We designed a probe-fed rectangular patch microstrip antenna for the resonant
frequency £, = 2.45 GHz (Figure 1). This type of the patch shape was chosen as
being simple enough for cutting of the textile, yet providing good enough radia-
tion properties of the antenna. The jeans that was chosen as the substrate ma-
terial was 0.78 mm thick. Relative permittivity of jeans is known to be about
€, =1.6 [22]. The overall substrate thickness A affects the antenna impedance
bandwidth, input impedance, and the resonant frequency [23] and is an impor-
tant design parameter. For thin substrates (Ze. h < A,, where A, is the
free-space wavelength) with a low permittivity, an increase in the substrate
height makes the antenna bandwidth wider and improves the efficiency, yet this
benefit has a limit at the point when surface waves, which are introduced by it,

start degrading the antenna radiation pattern and polarization characteristics
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Figure 1. The antenna geometry: top view and the cross-section. (a) Top view; (b)
Cross-section.

[24]. With the above-mentioned jeans, we designed three antenna models hav-
ing two different substrate thicknesses and two ground plane (and substrate)
sizes for the reason to compare the difference in the antenna characteristics due
to different substrate heights and ground plane sizes. One substrate thickness
was obtained by stacking up 6 layers of jeans, which gave the total substrate
thickness of A = 4.68 mm, while another one comprised 5 layers, making the
substrate height equal to 4 = 3.9.

The patch width W, and length Z, for 4= 4.68 mm and A = 3.9 mm were in-

itially determined using the transmission line method given by [23]

c 2
g (1)
2f \e +1
where cis the velocity of light and £, is the resonant frequency, and
Lot (, 120)"
e +1 € —
€p=""—+—"—"|1+— 2
7 2 2 ( 7, J @
w
e 403 L +0.264
AL=h-0.412— A (3)
€, —0.258 7p+0‘8
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1

L, 2 \/% m 2AL (4)
where €, and AL are the effective permittivity of the structure and the length
extension due to fringing effects, respectively. To achieve a circular polarization
using only a single-location probe feed, the feed coordinate (p,, p,) was initially
set following the theory in [23] [25] and then optimized, together with the an-
tenna dimensions, using simulations in CST Microwave Studio 2014 [26] to
achieve the best performance by balancing between the S, parameter at the re-
sonant frequency, the radiation- and total-efficiency as well as the directivity
value. Within this procedure, two sizes of the ground plane were also prepared
for the antenna with A = 3.9 mm to make the antenna dimension as small as
possible without much compromising the performance. The three antenna
models that will be analyzed in Section 3 in more detail are:

1) Antenna with ground plane size 50 x 57 mm and substrate thickness A =
4.68 mm;

2) Antenna with ground plane size 50 X 57 mm and substrate thickness A4 =
3.9 mm;

3) Antenna with ground plane size 70 x 80 mm and substrate thickness A4 =

3.9 mm.

2.4. Selected Fabrics and Final Parameters Values

The following fabrics were selected to constitute specific layers of the antenna.
For the ground plane, a conductive MedTex180 [27] fabric was chosen. It com-
prises a nylon coated with silver, that provides surface resistivity lesser than 1
Q/sq. It is 0.35 mm thick and endures temperatures from —30°C to 90°C and is
stretchable in both directions. For the substrate, as introduced earlier, jeans was
chosen for its availability, firmness, and softness. At 2.45 GHz, its relative per-
mittivity is about 1.6 and its thickness is 0.78 mm. For the patch, a Ripstop con-
ductive fabric was chosen [28]. It comprises three layers: nylon, nickel, and sil-
ver, with surface resistivity being lesser than 0.02 Q/sq. Its thickness is 0.1 mm
and it withstands temperatures from —30°C to 90°C. For the adhesion of the
jeans-based substrate layers, a Gilitermann liquid glue was used, while for the
adhesion of the ground plane and the patch with the substrate, a Clover glue,
packaged in stick, was used (Figure 2).

The final design values, which also included one layer of jeans laid on top of
the patch, with the idea of better thermo-mechanical protection of the patch and

better visual appearance of the antenna surface, are listed in Table 1.

2.5. Antenna Fabrication

While cutting the jeans, we experimented with two types of cuts: a straight cut
with the scalpel and a zig-zag cut with a pair of tailor scissors. The interest was
to see if and how much the zig-zag cut affects the results. Experience during the

cutting process showed that zig-zag cutting was more damaging for the textile. It
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Figure 2. Application of a liquid glue to the jeans layers.

Table 1. Antenna design parameters.

Antenna Models
Model 1 Model 2 Model 3
Parameter (in mm)
Fabric Cutting Types
Straight zig-zag zig-zag
ground plane thickness, , 0.35 0.35 0.35
substrate length, Z, 50 50 70
substrate width, W, 57 57 80
substrate height, A 4.68 3.9 3.9
patch length, Z, 39 39 39
patch width, W, 46 46 46
patch thickness, £, 0.1 0.1 0.1
feed x-coordinate, p, 7.7 7.7 7.7
feed y-coordinate, p, 5.5 5.5 5.5
patch cover thickness, ¢ 0.78 0.78 0.78

also inherently modifies the antenna dimensions in a way that only the outer
cut-line equals the design size of the layer while the inner cut-line is shorter. The
difficulty while cutting the MedTex180 fabric (Ze. the ground plane textile) was
due to its elasticity and stretching during the cutting pressure, thus extending its
length and jeopardizing cutting it to the exact size. The zig-zag cutting was also
difficult for that matter. The Ripstop fabric (Ze. the patch textile) was somewhat
easier to cut because it is thinner and less elastic than MedTex180 fabric. The
hole for the feed location was prepared using a needle of 1.2 mm in diameter to
punch through the layers and then slightly widening the hole for the inner con-
ductor of the connector that had a diameter of 1.25 mm. Such a CAD-optimized
feed location enabled us to achieve a right-hand circular polarization (RHCP) of
the antenna by a single-feed and without having to trim the corners, as some
other techniques suggest. Figure 3 shows a simulated directivity pattern for the

left and right polarization. It clearly indicates the overall polarization is RHCP.
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Figure 3. The simulated directivity pattern indicated the overall polarization is RHCP. (a)
Left polarization; (b) Right polarization.

Figure 4 shows the back side (left) and the front side (right) of the antenna
prior to adding an SMA connector and the cover layer. At first, the connector
was adhered to the ground plane by a conductive silver that served as a cold
solder, but that did not produce solid enough a contact between the connector
and the ground plane, which is why we initially substituted the ground plane
textile with the copper foil. One completed antenna is shown in Figure 5. Later,
we managed to replace the conductive textile as the ground plane and make a
firm connection between the ground plane textile and an SMA connector (see
Section 4). Measurements were done for both of these cases and will be pre-

sented in the following sections.

3. Antenna Characteristics

In this section, we show the measured characteristics of the three chosen anten-
na models by means of their S|, parameters, the bandwidth, and the radiation
pattern, including the beamwidth, the radiation efficiency, the gain, and the

front-to-back ratio. The three models described in Table 1 and shown in Figure 4
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Figure 4. The back side (on the left) and the front side (on the right) of
the three jeans-based antenna models that were compared.

Figure 5. One completed (zig-zag cut) antenna with a cover layer.

were selected for having the following distinctive features: model 1 has a thicker
substrate, having one more layer of jeans fabric that was cut straight. In contrast,
model 2 is one jeans-layer thinner (while retaining the same substrate width and
length) and cut using zig-zag scissors. These two models are interesting for a
comparison with respect to both the difference in the substrate thickness and the
cutting type. The last one, model 3, has the substrate height of model 2, but has
a larger area of the substrate and the ground plane and it will be interesting to
see how much that larger ground plane size will improve the front-to-back ratio
in the radiation pattern. The measurements were done using MegiQ vector net-
work analyzer VNA-0460e, and the radiation measurement system RMS-0640

[29], for most of the results.

3.1. Measurement of the Antenna Model 1

The antenna model 1 has a thicker substrate (A = 4.68 mm) than the one in
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model 2, while the substrate length and width are 50 mm and 57 mm, respec-
tively (recall Table 1 for a complete list of design values). From the measured S,
curve (Figure 6), we can read off that the —10 dB bandwidth is between 2.18
GHz and 2.73 GHz, which makes 550 MHz of the absolute bandwidth and 22.4%
of the fractional bandwidth! The normalized radiation pattern shown in Figure
7 was measured at 2.45 GHz. It exhibits an expected maximum radiation that is
perpendicular to the antenna ground plane, with —3 dB beamwidth of over 80°
and front-to-back (F/B) ratio of 5 dB or better. The realized gain is G, = 2.8 dB

and the radiation efficiency of e, = 36.5%.

0
2
4
6
5 3
“ 10

12

-14

-16
2.0 22 2.4 2.6 2.8 3.0 32 34

frequency, GHz

Figure 6. S, parameter of the antenna model 1.

180

Figure 7. The normalized radiation pattern of the antenna model 1 measured at 2.45
GHz. Two major cut-planes of the electric field are shown: ZX- and YZ-cut plane.

DOI: 10.4236/0japr.2020.81001

9 Open Journal of Antennas and Propagation


https://doi.org/10.4236/ojapr.2020.81001

M. Joler et al.

3.2. Measurement of the Antenna Model 2

The S,,-parameter of the antenna model 2 is shown in Figure 8. Its —10 dB im-
pedance bandwidth spans from 2.22 GHz to 2.93 GHz, which makes 710 MHz of
the absolute bandwidth and 21.36% of the fractional bandwidth. The normalized
radiation pattern is shown in Figure 9. It has the beamwidth wider than 75" in
either cut-plane and the F/B ratio better than 6 dB. The realized gain is G,= 3 dB
and the radiation efficiency of e,; = 36.7%. Due to minor difference in the de-
signs of model 1 and model 2, and various imperfections that occur during the
assembly of the models, it turned out that model 2 exhibited a slightly larger
bandwidth in spite of its nominally thinner substrate and also showed a little bit

better gain, radiation efficiency, and F/B ratio.

2
-4
-6

1w dB

-10
v -12
-14
-16
-18

2.0 22 24 2.6 2.8 3.0 32 3.4
frequency, GHz

Figure 8. S|, parameter for antenna model 2.
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Figure 9. The normalized radiation pattern of the antenna model 2 measured at 2.45 GHz
and presented by means of the ZX- and YZ-cut plane.

DOI: 10.4236/0japr.2020.81001

10 Open Journal of Antennas and Propagation


https://doi.org/10.4236/ojapr.2020.81001

M. Joler et al.

3.3. Measurement of the Antenna Model 3

The model 3 differs from the model 2 merely for having a larger ground plane
(and substrate) and we will compare its results with respect to the results of
model 2. The S -parameter of the antenna model 3 is shown in Figure 10. Its
—10 dB impedance bandwidth spans from 2.237 GHz to 2.9 GHz, which makes
663 MHz of the absolute bandwidth and 21.41% of the fractional bandwidth.
The respective normalized radiation pattern is shown in Figure 11. It has the
beamwidth of over 70° in the YZ-plane and 90° in the ZX-plane, and F/B ratio of
8 dB, which is better than model 2. The realized gain is G, = 3.3 dB and the radi-
ation efficiency equal to e,; = 42.3%, which are both slightly better than the re-
spective results for the model 2. The summary of the measured results is pre-
sented (Table 2).

20 22 24 26 28 30 32 3.4
frequency, GHz

Figure 10. S, parameter for the antenna model 3.

—X
- —YZ
310
300 60
290 70
280 | 80
270 90
260 | ! 100
250 110
240 _ 120
230 /. X 130
220 T 140
210 ] 150
200 19010 160
180

Figure 11. Radiation pattern of antenna model 3 measured at 2.45 GHz and presented by
two major cut-planes.

DOI: 10.4236/0japr.2020.81001

11 Open Journal of Antennas and Propagation


https://doi.org/10.4236/ojapr.2020.81001

M. Joler et al.

Table 2. A comparison of the measured results.

Antenna Model
Output Parameter
Model 1 Model 2 Model 3

absolute bandwidth (MHz) 550 710 663
fractional bandwidth (%) 22.4 21.36 21.41

realized gain (dB) 2.8 3 33
radiation efficiency (%) 36.5 36.7 42.3

minimum beamwidth (°) 80 75 70

front-to-back ratio (dB) 5 6 8

Comparing the summarized results, one can notice that model 3 has slightly
better results than the other two models, yet the question is whether it is actually
worth to have the ground plane 20 mm larger (in comparison to the other two
models) for achieving those slightly better results. In our opinion, it is not worth
it, because it is probably more significant for most users to have a smaller an-
tenna with comparable values of most of the parameters, while the back radia-
tion suppression can be mitigated using some other and more efficient ap-
proach.

Furthermore, one can make an observation that the zig-zag cutting did not
make the antenna behavior less competitive to the antenna model prepared with
the straight cutting of the substrate layers, but we will also show a few more
comparative analyses that can be of a practical value for the design and assembly

of textile antennas.

3.4. Additional Comparisons of a Practical Value

We also want to comment on a few more interesting findings that can help a
practical antenna design. In this section, we have already shown that there has
generally not been any relevant difference between the straight- and zig-zag-cut
textile, but it was shown on two slightly different models (i.e. model 1 vs. model
2). Here, we will make a direct comparison on the same model—model 2, but
having two variants: with zig-zag cutting and with straight cutting. The result is
shown in Figure 12, as obtained by the measurement of the S, parameter using
a KeySight Technologies FieldFox N9914A VNA. These curves are little less
smooth than the curves before because the resolution in this case was set to 5
MHz unlike the earlier measurements where it was set to 1 MHz. The result for
the straight cut is labeled as “Measured S_H” and the zig-zag cut as “Measured
Z_H”.

The dotted curve is the result of the simulation, just for the reference, but the
simulation was done for a lossless case, which is why its curve is so narrow and
with a deeper notch than the other two curves. From the above two curves, it is
apparent that the difference between the results for the straight- and the

zig-zag-cut is negligible, which is perhaps a bit surprising for the reason that the
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Figure 12. A comparison of §; parameter for the antenna model 2 prepared with the
straight- vs. the zig-zag cut substrate.

zig-zag cut creates uneven substrate edges, which can affect the fields at the sub-
strate edges.

Another brief test was performed to see how much the resonance location will
shift if the antenna surface is pressed. We did it by squeezing the antenna struc-
ture between the thumb on the upper surface and the rest of the fingers on the
lower surface. Figure 13 shows the results. It is evident that the pressure on the
antenna surface (“Measured_H” curve) shifted the resonance lower. We can jus-
tify that by annihilating the air bubbles, which may have been present between
the substrate layers as the consequence of an imperfect adhesion process. Name-
ly, possible presence of air bubbles between the substrate layers contributes to a
lower value of the effective permittivity €, , which then causes the resonance
frequency shift to a slightly higher value (see the solid line, labeled Measured ).
When the antenna body is pressed, the air bubbles are ejected from the space
between the layers and €, value gets closer to €. value, positioning the
Measured H curve (the dashed line) closer to the simulated curve (the dotted
line). In fact, the activated pressure even improved the ), characteristics to some
degree, by making a better matching (lowering the values of the S}, curve), while
having a similar bandwidth as the non-pressured case. It is a desirable behavior
for the fact that the surface of a mounted wearable antenna can readily be
pressed by an external force.

In the earlier sections, we presented only the measurement results of the an-
tenna radiation patterns (which is what ultimately matters). However, to show
that the radiation of the fabricated antennas is very close to the characteristics of
the simulated antennas, in Figure 14 we present the results for the case of the
antenna model 2, while the results are very similar for the other two models. We

can see that the simulated and measured patterns follow each other very closely
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Figure 13. A shift in the resonance frequency of antenna model 2 measured without- and
with- the pressure applied on the antenna surface.
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Figure 14. The normalized radiation patterns for the antenna model 2: measured vs. si-
mulated results for the two major cut-planes.

in the main lobe direction, except for the fact that the simulation was prepared
for a lossless substrate and there is some difference in the back lobe suppression
between the simulated and the measured results.

We also wetted the antenna model 3 to test how strong an effect it makes on
the S|, parameter curve. The impedance bandwidth remained comparably wide
as earlier, but the resonance frequency shifted down to the center frequency at 2
GHz. That behavior was qualitatively expected because water has a much higher
relative permittivity than jeans, yet the particular resonance frequency shift will
depend on the quantity of water the substrate was wetted with. A more detailed

study of that impact can be found in [30].
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4. Antenna with a Conductive Textile Ground

While the above models were measured with the copper foil serving as the
ground plane, we followed up by replacing it with a conductive textile layer. The
SMA connector was attached to it via a metallic snap and a copper ring pad be-
ing placed between the connector plane and the ground plane (Figure 1(b)), to
enable good electrical contact by standard soldering and protect the conductive
textile from high temperature of the solder (Figure 15). In addition, there were
just three layers of jeans serving as the substrate, which were adhered by
hot-ironing adhesive foils, except for the ground plane and the patch that were
glued in order to avoid their damaging by a high temperature of the iron. The S,
curve maintained a wideband characteristics by covering a band from 2.1 GHz
to 2.88 GHz, thus having a 780 MHz of the absolute bandwidth, which is 31% of
the fractional bandwidth. The radiation pattern was measured at 2.3 GHz and

2.5 GHz and the patterns exhibit the behavior similar to the previous one.

5. Conclusions

We presented a wideband, probe-fed, circularly polarized rectangular patch tex-
tile antenna that was designed for the E-band (2.45 GHz). A successful perfor-
mance around the nominal resonance frequency was demonstrated, exhibiting a
wide frequency band (of about 21%) and a good realized gain (of about 3 dB).
Inherent limitations in the design, simulation, and fabrication of textile an-
tennas lie in the fact that working with fabrics cannot be as precise as working
with hard substrates due to fabrics softness, stretchability, and susceptibility to
fraying during the cutting process, as well as the property of humidity and water
absorption. Because of these properties, it is also harder to create a textile an-
tenna with a more complex patch layout as it is normally the case when hard
substrates are used. With already mentioned possibility that air bubbles be
present after adhering two layers, it is practically impossible to include these
various and randomly present microscopic effects in the simulation model.
Thankfully, the work presented here and in various other papers has shown that

these imperfections do not drastically alter the predicted antenna characteristics.

Figure 15. A conductive textile sheet serving as the ground plane, with a connector at-
tached to it.
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And one less spoken-about challenge that can be identified in this context is
related to feeding the power to the antenna. It stems from the fact that an SMA
connector is relatively too bulky and inflexible for a structure like a textile an-
tenna that is normally intended for seamless integration with a garment. For the
future research, the motivation is to come up with an antenna feeding system
that will have a lower profile than a typical combination of a coaxial cable and an

SMA connector that is nowadays used as a standard.
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