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Featured Application: Wearable Antenna Technology.

Abstract: Screen-printed and inkjet-printed conductive fabric antennas have been investigated in this
manuscript. The former showed optimal radiation performance after fabrication and measurement,
which was the basis for developing a new fabric antenna feeding technique. The aperture-fed
technique is achieved with a single coaxial cable overlayed on a cut-out slot on the ground layer
of the patch antenna. The cable is connected with conductive silver-based epoxy paste with high
resilience to mechanical stress. Two antenna models for Bluetooth low energy (BLE) and long-range
(LoRa) wireless applications were designed, fabricated, and measured at 2.44 GHz and 868 MHz,
respectively, with good impedance and radiation performance. The measured antennas operated
from 2.4 to 2.48 GHz (BLE) and 853 to 886 MHz (LoRa) at −10 dB S11. Measured results also showed
a 56% radiation efficiency at BLE and 44.9% at LoRa. The screen-printing procedure and feeding
technique have been presented in this manuscript.

Keywords: antenna feeds; aperture-fed antennas; BLE; conductive textile; inkjet-printed antenna;
LoRa; screen-printed antenna; wearable antennas

1. Introduction

Flexible wearable devices have been at the center of recent smart clothing research as
they can be easily integrated into regular clothing with minimal discomfort to the end-user;
all the while maintaining the fashion aesthetics and intended communication capabilities.
A 2020 in-depth analysis of recent advances in the wearable research industry [1] indicated
that a critical concern in smart textile development is the elimination of on-body coupling
while incorporating additional functionality to the antenna system. The others are the use
of bendable, waterproof, and highly conductive fabric-based radiators.

In this regard, various research [2–8] has been conducted on material choice and
manufacturing technologies to achieve highly conductive and functional fabrics. These
technologies can be grouped into two general categories. First, is the use of conductive
sheets or threads attached, woven, or embroidered into fabrics with differing meshing
techniques. The second is the use of conductive inks and/or paint applied on fabrics using
special screen-printing techniques. The former has been investigated by [5,6] and many
others with the use of conductive yarns woven into radiating shapes such as a spiral or
monopole. [7,8] developed wearable antennas by integrating fabrics with thin copper sheets
shaped into radiator sizes for resonation. In addition to the obvious aesthetic discomfort
to the wearer with the use of these solutions, these antenna technologies are difficult to
integrate into existing clothing and pose a major challenge in input impedance matching.
That is, the potential air gaps between the radiator and fabric substrates, irregular thread
dimensions due to yarn coating, etc., result in unpredictable results.

Conductive ink applications [3,9,10], on the other hand, have overcome some of these
challenges with the use of highly conductive inks such as silver base inks printed directly
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(inkjet printing) on the target fabric or with the use of thin fabric bases such as polyester,
cotton, or nylon which acts a conductive fabric bed. The latter technique, known as screen-
printing, forms a thick quasi-conductive fabric that can be cut into various radiator shapes
and integrated into the target fabric. Both of these techniques will be investigated in this
letter to obtain performance characteristics, similar to what is presented in [3].

After choosing a suitable conductive ink technique, another major challenge with
textile antenna integration is feeding. The widely used method of exciting the printed
and/or woven antenna is with a SubMiniature version A (SMA) probe or edge feeding as
implemented in [3,4,9] among others. Although very excellent radiation and return losses
are obtained, the bulkiness of the SMA connector inhibits the general adaption of these
antennas into mainstream clothing.

To this end, as shown in Figure 1, simple patch antennas have been developed and
presented in this paper to show progressive advancements in the field of flexible, on-body
compatible antennas using ordinary fabric textiles. An in-house, silver-ink screen-printed
polyester base conductive fabric has been developed with high conductivity, high stretching,
and bending resistance with the screen-printing technique [4]. The antennas (shown as
model #1, #2 and #3) were developed at 2.44 GHz and 868 MHz, which are widely used
frequency bands for long-range communication. Bluetooth low energy (BLE) operating at
2.4 to 2.48 GHz and long-range wireless access networks (LoRaWAN) operating at 863 to
870 MHz are some of the popular communication standards used in long-range track and
detection, Internet of Things (IoT) communication devices, etc.
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Figure 1. Illustrated view of fabric-based antennas integrated into fabric clothing.

Additionally, a coaxial feeding technique has been developed and tested at these LoRa
and BLE frequency bands. The feeding technique is a proximity-fed aperture coupling of
the radiating patch with a coaxial cable attached to the ground plane. The effectiveness of
the technique in replacing dielectric resonating reflectors in mitigating large back radiations
associated with aperture-coupled patch antennas has been proven with measured results
using conductive screen-printed antennas.

This research aims to develop practical and high-performing antennas at a commercial
level with seamless integration into everyday clothing with little or no discomfort to the
wearer. The authors believe this to be a step in the right direction for smart clothing
technology.
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Section 2 elaborates on the materials used and the distinction between the use of
ink-jet/direct printing and screen-printing techniques. Section 3 describes the antenna
design and measured results of the direct printed and screen-printed techniques. Section 4
introduces the aperture-coupled cable feeding technique. This antenna feeding method,
the first of its kind to be used on fabric antennas, was tested with a patch antenna and
measured results have been presented as well.

2. Material Selection and Pre-Processing

Generally, fabric-based antenna research focuses mainly on the ergonomic and elec-
trical properties of fabric materials. An essential aspect of antenna development is the
selection and/or fabrication of the materials that constitute the antenna. The electrical and
mechanical properties of these materials are of utmost importance as they determine to a
large extent, the radiation performance of the antenna. Such materials include the fabric
type to be used for the radiators and ground layers, substrates or spacers, conductive yarns
and inks, adhesive films, conductive glue or epoxy, and cabling.

For the purpose of this research, the target fabric refers to the textile-based material
into which the final antenna will be integrated. This will act as the dielectric substrate on
which a conductive ink layer will be dispensed or printed on its top and bottom layers to
create a microstrip structure. The base fabric thus refers to a thin fabric material on which
conductive ink is soaking in, dispensed, or printed to be used as a conductive sheet that
can be cut into any planar shape.

2.1. Base Fabric Materials

There is no base fabric for the direct printed antennas since the conductive inks are
directly applied to the target fabric. However, for screen printing, several considerations
were undertaken in the choice of base fabric materials to use. One such consideration is the
ink absorption of the base fabric which is directly related to the yarn-weaving technique
and a fabric pre-processing called calendering. Yarns with a flat cross-sectional area (flat
yarns) were reported in our previous findings in [4] to be superior in absorbing silver-
based inks better than round yarns (yarns with a rounded cross-section). In addition, the
calendering process of compressing the fabric through heated rollers offers the flat yarns
a smoother and even surface roughness (after ink application) compared to round yarns.
Surface roughness is a key characteristic that determines the conductivity of a material [11].
Other considerations for the base fabric include the ability to withstand mechanical stress,
ease of production, and availability as well as stretchability.

The base material used for the screen printing was thus flat yarn-based polyethylene
terephthalate (PET) fabric or polyester as it met most of the mechanical, economical, and
electrical properties suitable for ink absorption and mass printing.

2.2. Screen-Printing of Conductive Ink

This technique is widely known in the textile printing industry as it affords large-scale
printing and fast production on an economic scale. It is achieved by pressing conductive ink
over a meshed screen onto the base fabric which can therefore achieve high print resolution
and uniform electrical conductivity based on several factors. The screen mesh size, the
number of print cycles, screening speed, the viscosity of conductive ink, as well as the
curing procedure, are some factors that determine the outcome of the print quality [12–14].

After careful research into these findings and our investigations presented in [4,9],
the screen-printing properties used were 70-mesh openings per 1 inch (pixel/in) with
each opening being ≈ 280 × 280 µm2 and mesh wire diameter of ≈ 75 µm. A high mesh
resolution however offered better surface roughness with less viscous conductive ink. Using
a silver-based conductive ink (Electrodag 479SS) from Henkel Co. [15] which has a viscosity
of 12,000 mPas(cP) and sheet resistivity of 0.02 Ω/sq/mil, the ink’s bulk conductivity was
deduced at 1.97 MS/m (bulk conductivity of copper = 58.7 MS/m).
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Although lower than copper, this value was high enough to achieve comparable gain
performance as shown in [9]. The course silver particles present in the Electrodag 479SS
ink or paste makes it more conductive and thus more viscous.

With this high viscosity, a lower resolution mesh of 70 pixels/inch will perform better
than a higher resolution as a highly viscous ink paste permeates a wider aperture mesh
more evenly. The number of printing layers was also limited to two as presented in [3]
and [4] to be the best number for screen-printed conductive fabrics. These however also
depend on several factors such as the mesh size, curing time, and ink viscosity among
others. Printing more than two layers on the 70 pixel/in mesh did not increase the electrical
performance of the conductive fabric [4]. The final material takes about 24 to 48 h to
completely cure and be ready for use as a conductive textile sheet.

3. Antenna Design
3.1. Simulation and Fabrication

The antennas were first designed and simulated in ANSYS Electronics Desktop [16]
and then fabricated and measured. Figure 2 shows a prototype of the fabricated antennas
and SMA integration concepts for direct and inkjet-printed fabric antennas. A simple
square patch antenna is designed to obtain a comparative performance analysis of the two
printing techniques at 2.4 GHz. That is the direct/inkjet print method and screen printing.
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Figure 2. Fabricated antennas showing (a) top view of probe-fed patch antenna with conductive
polyester base fabric, (b) back view of direct printed probe-fed antenna showing SMA attachment
(c) top view probe-fed antenna with direct printed silver ink.

The base fabric from the screen printing (polyethylene terephthalate (PET)), is now a
conductive fabric sheet measuring 0.12 mm in thickness. This was used for the radiator and
ground layer of the patch antenna in Figure 2a. The probe-fed patch antenna is designed
with specifications from [17]. The square-shaped radiating patch measures 52 mm on
either side. The same material is used for the ground layer which is attached to a 66 mm2

felt substrate. A 10-micrometer adhesive film bonds the 0.12 mm polyester patch and
ground with the 1.0 mm thick substrate. To eliminate and/or minimize geometrical errors,
a specialized cutting tool was obtained from Cricut Inc. (Maker 3®) for cutting all fabric
materials and adhesive tapes.

A thin substrate of 1 mm was used to demonstrate a worst-case scenario for a lossy
felt substrate. As with all probe-fed patch antennas, the SMA connector is attached to the
patch and ground layers using conductive epoxy paste with high silver concentration and
fast curing time. The resulting antenna shown in Figure 2a is mildly heated and pressed to
ensure maximum bonding of the layers.
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Similarly, the direct printed antenna was designed and fabricated by directly injecting
and printing the silver ink on a pre-treated felt fabric. The pre-treatment involved thermal
pressing at 150 degrees Celsius to ensure an even surface to maximize ink adhesion. The
Mateprincs SCAG-003 [18] silver–copper-based conductive ink was used with a viscosity
of 14,550 mPas and sheet resistivity of 0.05 mΩcm (0.025 mΩ/sq), thus achieving bulk
conductivity of 0.04 MS/m. The ground plane was printed first and cured at 130 degrees
Celsius for 5 min, and then the radiating patch was also printed and cured for the same
duration. The direct print resulted in a thicker conductive layer of 0.35 mm compared to
the screen-printed method which achieved 0.12 mm thickness. The fabricated model is
shown in Figure 2b,c.

As explained earlier with the differences in the two printing techniques, it was not
feasible to use the same inks for the two methods as their printing mechanisms and ink
viscosity requirement were different. In addition, to ensure optimum results for each
technique, it was necessary to use the best available conductive ink that is optimal for each
printing method.

From Figure 2, each antenna measured 66 mm2 with a patch size of 52 mm2. The
thicknesses of the antennas were 1.24 mm and 1.7 mm for screen-printed and direct printed
methods, respectively. The SMA connector added an extra thickness of 9.5 mm (SMA
receptacle length) to both antenna models.

3.2. Measurement

Figures 3–6 show the simulated and measured results of the two printing techniques
with a summary comparison shown in Table 1. The measurements were performed with
both a vector network analyzer and in an anechoic chamber to verify the electrical perfor-
mance of the antennas. The radiation efficiency is a measured ratio of the total radiated
power of the antenna in a 3D sphere with the input power at a given frequency point.
(center frequency).

Table 1. Comparison of direct/inkjet printing vs. screen-printing of fabric patch antenna.

Conductive
Ink

Bulk Conductivity
(MS/m)

Antenna Size
(Length ×

Width)

Measured
Bandwidth

(GHz)

Measured
Gain
(dBi)

Rad. Eff.
(ηeff)

FBR
(dB)

Screen-printed Electrodag
479SS 1.97 66 × 66 × 1.24 2.37–2.44

(70 MHz) 6.77 59.72 7.08

Direct/inkjet
printed

Mateprincs
SCAG-003 0.04 66 × 66 × 1.70 2.39–2.46

(70 MHz) 4.66 44.31 10.76

Copper-sheet
on felt fabric Copper sheet 58.7 65 × 65 × 1.06 2.36–2.42

(60 MHz) 7.57 83.79 9.61

patch antenna sizes without SMA connector. | Rad Eff. = radiation efficiency | FBR is front-to-back ratio.
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From Figure 3, the screen-printed antenna obtained a simulated bandwidth of 2.37
to 2.43 GHz (60 MHz) and a measured range of 2.37 to 2.44 GHz (70 MHz) at −10 dB S11.
Although the simulated and measured reflection coefficients (S11) results were similar, the
radiation patterns recorded differing gains of 4.17 dBi and 6.77 dBi at 2.4 GHz for simulated
and measured, respectively. This can be attributed to incorrect simulation values for the
bulk conductivity of the base fabric (conductive PET). The radiation pattern in Figure 5
nonetheless shows conformal patterns in both the simulated and measured results with
cross-polarization values lower than −20 dB.
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Figure 4 shows the reflection coefficient of the direct printed method with a visible
shift in the simulated bandwidth compared to the measured. Simulated S11 at −10 dB
is observed from 2.38 to 2.42 GHz (40 MHz bandwidth) and for measured S11 from 2.39
to 2.46 GHz (70 MHz). In addition to incorrect bulk conductivity approximations, the
difference could be attributed to fabrication errors with the epoxy application, SMA pin
misalignment, and poor curing of epoxy resin.

The radiation pattern shown in Figure 6 recorded a 3.4 dBi simulated gain and a
4.66 dBi measured gain at 2.4 GHz. The measured front-to-back ratio (FBR) of the direct
printed antenna indicates large back radiation which can be attributed to the uneven nature
of the printed ground plane resulting in an increased surface current and also fringing
effects from the thick 0.35 mm conductive ink layer.

The comparison in Table 1 shows a better performance of the screen-printed fabric
antenna over the direct printed. Although the poorly measured gain of 4.66 dBi can be
attributed to the low bulk conductivity, the printing technology could not permit the
use of a denser conductive ink without clogging the nozzle of the printer. The table
also shows a similarly designed probe-fed patch antenna with 0.05 mm thin copper film
on a 1 mm felt substrate. This was designed as an ideal reference for the two printing
methods. As can be seen, with a bulk conductivity of 58.7 MS/m, the copper-based variant
obtained a radiation efficiency of 83.79%, and a measured gain of 7.57 dBi but with a
narrower bandwidth. It is thus important to note the comparable performance of the
screen-printed fabric patch antenna with the reference copper model with respect to the
realized antenna gain, radiation efficiency, and front-to-back ratio. With just a 24% drop in
radiation efficiency compared with the copper model, the conductive PET can replace a
copper sheet and achieve comparable results.

Following the successful verification of the screen-printed fabric antenna as being
superior to the ink-jet-printed antenna and electrically comparable with the copper-based
model, the next section will focus on developing a new feeding mechanism that eliminates
the use of an SMA directly on the fabric antenna. The antenna in Figure 2a and the
results in Table 1 will thus serve as benchmarks in determining the performance of this
feeding approach.

4. Antenna Feeding for Fabric Antennas

As illustrated in the previous section and by most fabric-based antenna research, the
SMA port connection either by probe or edge feeding [19] is the commonest method to
feed the fabric patch antenna and achieves somewhat of an ideal performance without
any real-world application intended. In that respect, to properly and efficiently achieve
smart clothing applications, the ergonomic features of the antenna must be taken into
consideration. Alternate feeding methods include a stripline approach that feeds the
radiators directly with a printed stripline, with the obvious drawback being spurious
surface current induced between the ground and the radiator on the same plane.

The third and less common method is the aperture feeding technique using dielectric-
induced resonators and/or reflectors. This technique provides a slight advantage over the
conventional SMA ports and the stripline methods but with a high level of complexity and
antenna thickness making it unattractive. For instance, the most recent design iteration
reported in [20–22] shows a five-layer antenna with the first part comprising the patch,
substrate, and ground with an aperture slot. This first part is entirely fabric based. Attached
to the ground is the second part, made of printed circuit board (PCB) feed isolator/substrate
and microstrip line (on the PCB backside) with a soldered coaxial cable.
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The currents flowing through the microstrip line is induced onto the ground aperture,
designed to resonate at certain wavelengths to feed the top patch. Although not a truly
fabric-based solution with the inclusion of the PCB, miniaturization techniques in [20]
enable the second part to be small compared to the antenna size. This method also provides
wider bandwidths in certain cases. However, the risk of failure becomes high as special care
is required to solder and/or attach the PCB to the fabric ground layer without burning the
cloth while minimizing the air gaps that can potentially result in impedance mismatches. In
addition, the PCB inclusion presents a similar ergonomic discomfort to the cloth end-user
as both PCB and SMA poke into the undergarment.

In this section, the authors experimented with the aperture feeding technique but
implemented it in a unique way to suit printed fabric antennas with minimal discomfort.

4.1. Aperture-Coupled Feeding with Coaxial Line

Figure 7 shows the conceptual views of the feeding technique with a coaxial cable
mounted on a fabric patch antenna. Two antenna models are designed with the feeding
technique at BLE and LoRa frequency bands. As stated in Section I, both technologies
are ideal for long-range on-body mobile communication with low energy consumption
support for IoT devices.
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Similar to a regular patch antenna, a 3 mm felt fabric (εr = 1.36, tan δ = 0.02.) is
sandwiched between the radiating patch and ground layers, which are both made from
conductive printed fabric, elaborated in Section II-B. The aperture slot splits the ground
layer into two alternating sections when current is applied to the cable, enabling the
aperture to act as a resonating electromagnetic gap at the given frequency of operation. In
this regard, the aperture length (l) is approximately λg/4 (≈72 mm @ 868 MHz/≈ 26 mm
@ 2.44 GHz), thus making the aperture a quarter-wave dipole slot with maximum voltage
amplitude at either end of the aperture. The narrow slot creates a high impedance traveling
current towards the aperture ends. This phenomenon in turn drives the current upwards
to the low impedance radiating patch, hence the coupling. When performed optimally, this
technique results in lower back lobe radiation, which is a critical drawback to the aperture
feeding method.



Appl. Sci. 2023, 13, 2902 9 of 14

Unlike traditional patch antennas, the radiating patch width (Wpatch) shown in
Figure 7 is optimized to the same width as the ground width (Wground). This is per-
formed to ensure optimum coupling from the end sections of the aperture slot to the
radiating patch. In this instance, a trade-off is made between maximum coupling for back
lobe reduction and fringing currents required for the yz plane radiation pattern. Fringing
currents at the patch edges (yz plane) are optimized with the use of the thicker 3 mm
substrate and an optimized slot length. The patch lengths are optimized at λg/2 of the
operating center frequency. Table 2 shows the optimized parameters.

Table 2. Parameter List for Aperture-Fed Antenna.

Parameters BLE Model (mm) LoRa Model (mm)

Lpatch 43 125

Wpatch 42 145

Lground 52 150

Wground 42 145

w 1.0 1.2

l 25.5 72

t 0.24 0.24

4.2. Fabrication

The stable impedance at the feeding section is maintained on the aperture by carefully
placing the dielectric section of the cable on the aperture slot with equal widths. The signal
wire mesh is fixed to the upper section of the ground (above the slot) while the cable ground
mesh is fixed on the lower section as shown in Figure 7. The exposed cables are fixed to
the conductive fabric using conductive epoxy with a high curing/adhesion property. After
24 h of curing, the backside is shielded with a low loss of 0.1 mm polytetrafluoroethylene
(PTFE) silicone adhesive tape [23]. The resulting antenna is shown in Figure 8a,b, revealing
the cable placement with cured epoxy. The assembly of the radiating patch and ground
follows the same procedure used in Section III-A.
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5. Measurement and Result Discussion

The fabricated antenna models (BLE ad LoRa) are measured to validate the aperture-
coupled feed technique with coaxial cable and that of the modified patch structure. Figure 8c
shows the anechoic chamber setup for the LoRa antenna model. The results presented in
Figures 9–12 show excellent gain and return loss performance, nearing that of a regular
PCB microstrip patch. Figures 9 and 10 show the simulated and measured S11 of the
BLE and LoRa models, respectively. With a measured impedance bandwidth of 82 MHz
(2.40–2.482 GHz) at −10 dB S11 shown in Figure 9, the measured BLE model operates well
within the 2.44 GHz band. The LoRa model result shown in Figure 10 is measured at −10 dB
S11 from 853–885.5 MHz, representing 32.5 MHz bandwidth, also operating within the
LoRa band. Both models are comparable to the simulated results with minimal differences.
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Figure 10. S11 curve of LoRa aperture-fed antenna (868 MHz center frequency).

The success of the correlating results was a result of using very precise cutting tools,
minimal epoxy application, and low-loss adhesive film. The conductive epoxy adhesive
can significantly affect the impedance performance when not applied and cured properly.
Figure 10, for instance, shows slightly improved results in the S11 of the measured data
compared with the simulated. This among other reasons stated already may also be due
to the marginal inaccuracies of representing the dielectric coefficient, conductivity, and
loss tangents of the newly created conductive materials used in these models. Further
discussions on this are shown in [4,9].
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Figures 11 and 12 show the normalized radiation patterns in the yz and xz planes of
the BLE and LoRa models, respectively. A measured antenna gain of 3.85 dBi at 56.1%
radiation efficiency (ηeff) is recorded at 2.44 GHz. The simulated gain was obtained at
5.1 dB, representing a 1.25 dB drop in measured gain. A front-to-back (FBR) of better than
9.35 dB (≈−5.5 dB back radiation) is recorded in both planes and HPBW of 78.8 deg. and
73.76 deg. is recorded in the yz and xz planes, respectively.
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With the LoRa model, an antenna gain of 3.9 dBi is measured at 868 MHz with ηeff
of 44.92%. The simulated gain was obtained at 3.5 dB. A front-to-back (FBR) of better
than 20.62 dB (≈−16.7 dB back radiation) is recorded in both planes. Measured HPBW is
observed at 87.6 deg. and 73.4 deg. for yz and xz planes, respectively.

The BLE model in particular resulted in an FBR of 9.35 dB compared with the LoRa
with 20.62 dB. Although comparable to some aperture-coupled antenna results shown in
Table 3, this may be attributed to the higher fringing radiations in the yz plane resulting in
increased surface currents on the ground plane. The smaller patch size of the BLE model
thus resulted in a larger back lobe radiation. This can be corrected by increasing the ground
size of the antenna and/or the substrate thickness. Conversely, the minimized back lobe
observed in the LoRa model shows the performance improvement of this feeding technique
over the traditional aperture-fed patch antenna with suppressed back lobe.
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Table 3. Comparison of fabric-based patch antennas with aperture/proximity feeding techniques.

Ref. Aperture Feeding
Technique

Antenna Size *
L × W × H (mm)

Bandwidth
(GHz)

Fractional
Bandwidth Gain (dBi) Rad. Eff. (ηeff) ** FBR.

(dBi)

[19] Proximity feed with
probe 50 × 50 × 4.0 2.36–2.51 6.16% 1.5 55% -

[20] Dielectric
back-reflector 100 × 100 × 4.8 2.33–2.49 6.63% 5.6 47% 15

[21] Dielectric
back-reflector 40 × 60 × 1.03 2.39–2.49 4.1% - 58% -

[22] PCB solar cell
reflector 120 × 120 × 11.95 0.902–0.928 2.84% 3.0 - 4.0

[24] SMA side-feed with
AMC back-reflector 68 × 68 × 4.5 2.0–2.6 26.01% 2.86 65% -

Proposed designs
(coaxial cable with epoxy resin)

52 × 42 × 3.24 2.4–2.482 3.36 3.85 56% 9.35

150 × 145 × 3.24 0.853–0.886 3.73 3.9 44.92% 20.62

* L × W × H = length × width × height | ** Rad Eff. = radiation efficiency | fractional bandwidth is at −10 dB S11.

The cable placement on the antenna ground layer had minimal effect on the radiation
pattern. However, some distortions in the pattern can be observed especially in the xz plane
of the LoRa model and both planes of the BLE. The patterns show a dip between theta 90
to 120 degrees which is the plane on which the cable is laid. An effective suggestion might
be to use thinner cables with a higher grade of shielding; both of which were expensive
and inaccessible to the researchers in the course of the design.

Another area of concern was the cross-polarization (x-pol.) values obtained in the
measured results of the BLE model. The measured x-pol. values towards the back-end of
the model were rather high as seen in Figure 11a,b. A −5.1 dB x-pol. value in the xz plane
and −7.7 dB in yz. Similar to the back radiation, this could be attributed to the smaller
ground size which resulted in spurious fringing currents not being properly grounded.
The occurrence is not observed in the LoRa model with a 150 × 145 ground size, achieving
x-pol. values better than −13.9 dB and −17.7 dB in the xz and yz planes, respectively.

Although lower, the radiation efficiency of the aperture-coupled fabric antenna is com-
parable to the reference copper sheet-based felt patch antenna at 84% radiation efficiency
(see Table 1) with the former having a bulk conductivity of 1.97 MS/m and copper being
58.7 MS/m. (97% difference). The measured antennas performed well in the measurement
with good conformity with the simulation in general.

Recent fabric-based antennas with aperture/proximity feeding techniques are shown
in Table 3 and compared with the proposed design. As shown, the aperture-coupled
antenna with coaxial cable feed performs comparatively well to the referenced works
with respect to the parameters shown. Reference [22] showed a PCB-backed solar cell
placed on a thick 11.95 mm fabric that operated in the North American LoRa frequency
band of 915 MHz. Although it obtained a good single element gain value of 3.0 dBi at a
2.84% fractional bandwidth, the front-to-back ratio was very poor owing mainly to the
aperture slot method used. An improved concept is observed in [19–21] with radiation
efficiencies close to the proposed designs. The SMA probe-fed design in [24] produced a
very good radiation efficiency value of 65% from an initial low of 10% due to the inclusion
of the artificial magnetic conductor (AMC) backed reflector. However, as mentioned earlier,
the PCB components in these feeding structures make the antenna generally bulky with
little comfort when worn due to the inflexible PCB back structure. In addition, the back
reflectors are added primarily to mitigate the large back radiations in the aperture feeding
structures [21]. The proposed design achieves comparable front-to-back ratios and radiation
efficiencies as shown in Table 3 without the need for back reflectors and inflexible PCB
structures. The objectives set out in this manuscript in finding a suitable and simple solution
to feed fabric antennas were thus achieved.
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6. Conclusions

Screen printing and direct/inkjet printing of conductive fabric technologies have been
studied in this manuscript with the former showing better performance with fabricated
and measured samples. The screen-printed antennas were further used in developing an
aperture-coupled coaxial feeding technique that aimed at providing a simple and practical
feeding method for fabric antennas. The technique enables the complete elimination of
SMA connectors and PCB back reflectors used in most fabric antenna development, thus
paving the way for the mass production of wearable antennas integrated into clothing. The
technique was verified with the fabrication and measurement of two models operating
in 2.44 GHz and 868 MHz for Bluetooth low energy (BLE) and long-range (long-range)
communication technologies.
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