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Abstract

The present study introduces an inkjet-printed flexible coplanar waveguide patch antenna array
concept. Single antenna and four-element antenna arrays were characterized, which were attached
to a subminiature version A connector via an innovative solderless, 3D-printed
‘plug-and-play-type’ tightener. Furthermore, indoor wireless communication and Internet of
Things scenarios with commonly used wall materials including gypsum and plywood boards, on
which patch antennas and antenna arrays can be attached, were also presented. In order to validate
the concept, design and fabrication iterations in parallel with numerical and experimental
investigations were executed. To elaborate, single antenna and antenna array configurations
without and with wall materials were characterized to see their functionality at 2.4 GHz resonance
frequency and beyond 300 MHz bandwidth, respectively. The results demonstrate that the
investigated configurations fulfill short-range radio transmission and can be utilized, e.g., for
indoor backscattering-type communications and wireless sensing applications, as an affordable
and versatile alternative to their conventional counterparts. Being attached to their corresponding
background materials, single-antenna specimens were measured to have return losses beyond 18 dB
and peak gains around 1 dBi, while higher peak gains above 6 dBi were detected for antenna arrays.
Moreover, the antenna arrays can enable multiple-input and multiple-output communication. The
proposed arrays had diversity performance in terms of return losses higher than 15 dB, isolation of
more than 20 dB, envelope correlation coefficient < 0.001, diversity gain > 9.95 dB, mean effective

gain < —3 dB, power ratio factor < 0.5 dB, and channel capacity loss < 0.4 bits/s/Hz.

1. Introduction

The recent rapid growth of the 5G and Internet-
of-Things (IoT) infrastructure is contributing to the
massive interconnection of the digital and physical
worlds. Meanwhile, the flexible radio frequency (RF)
components with low-complexity and low-cost fea-
tures are becoming increasingly popular [1-3]. As a
significant part of such RF devices, antennas prin-
ted on ultra-thin flexible substrates take advantage of
lightweightness, bendability, and compatibility with
various digital device technologies. Conventional
patch antennas fabricated using micro-electronics
have been widely used for IoT devices [4, 5] while
the direct writing and additive manufacturing meth-
ods have been also gaining ground with their increas-
ing yield and repeatability [6, 7]. Especially, in recent

© 2023 The Author(s). Published by IOP Publishing Ltd

years, inkjet printing technology, which has low-cost
yet high resolution, has become a popular thin film
electronics fabrication method [8]. This allows rapid
and drop-on-demand manufacturing of conductive
and radiating elements such as antennas on compli-
ant substrates.

For instance, Khaleel et al proposed a compact
inkjet-printed coplanar waveguide (CPW) antenna,
which was printed on polyimide substrate with silver
nanoparticle ink, for ultra-wideband (UWB) wire-
less applications [9]. Similarly, Casula et al developed
an inkjet-printed antenna with a custom topology
for passive radio frequency identification (RFID)
communication [10]. In their study, the antenna was
fabricated with silver nanoparticle ink and a poly-
ethylene terephthalate (PET) substrate. Shastri et al
implemented a similar ink—substrate combination to
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investigate the frequency-reconfigurable patch anten-
nas, for which capacitors and diodes were affixed onto
the printed aperture using conductive adhesives [18].
Thus, they were able to switch and tune the antenna
operating frequency.

Furthermore, an inkjet-printed RFID tag antenna
for sensor applications was also demonstrated by
Islam ef al [13]. Their configuration consisted of a
modified meander line radiator with a semi-circular-
shaped feed network, the antenna of which was prin-
ted on a photo paper with silver nanoparticle ink.
Saha et al also used photo paper as a substrate in
their investigations, through which an inkjet-printed
UWRB antenna was presented [21]. The antenna pat-
tern comprises a circular patch with a double-stepped
symmetric ground plane and was fed by a CPW tech-
nique on one-sided photo paper. Recently, Abutar-
boush demonstrated the capabilities of the inkjet-
printing method, where custom-shaped antennas
were printed on synthetic paper with silver nano-
particle ink [20]. The antenna bending tests were
carried out to validate the mechanical durability and
to measure the peak gains and efficiencies that were
deduced to be in the ranges from —3 to 2 dBi and
40%—-60%.

Apart from metallic conductive inks, graphene
inks have also been investigated for printing pur-
poses in the literature. For instance, Labiano et al
proposed an inkjet-printed graphene-based flexible
CPW antenna working in the frequency range of 5—
6 GHz [17]. In addition to the single antenna stud-
ies, researchers further investigated inkjet-printed
graphene-based antenna arrays. For instance, 1 x 2
phased array antenna by Monne et al was demon-
strated for the radio beam steering applications [23].
Graphene-based field-effect transistors were used as
switches in the delay line of the antenna. Khinda
et al proposed an inkjet-printed two-element patch
antenna array [24]. The stability of its RF perform-
ance was evaluated after several mechanical stress
cycles.

In addition to inkjet printing, there have also been
other printing techniques for flexible antenna fabric-
ation, such as screen printing, 3D printing, etc. For
example, Kazani ef al demonstrated screen-printed
wearable patch antennas on several textile substrates
using silver-based conductive inks [11]. They fur-
ther covered the printed antennas with a protective
thermoplastic polyurethane (TPU) layer to make the
antenna washable and durable. In a similar fashion,
screen printing was used by Adami et al to demon-
strate a 2.45 GHz microstrip patch rectenna that was
printed with silver ink on polyester/polycotton [12].
Furthermore, as listed and elaborated in table 1, there
have been various innovative fabrication techniques
for flexible antennas by Zhang et al [16], Sindhu et al
[19], Lietal [14], Yin et al [15] to name a few.

Moreover, several investigations were also con-
ducted on flexible antenna arrays that implemented
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different fabrication procedures than inkjet printing.
In their studies, Biswas and Chakraborty [22] and
Dey et al [27] fabricated two-element wearable
multiple-input multiple-output (MIMO) antennas
with copper conductive layers and jeans cloth sub-
strates. In both designs, two stubs were mounted
in the middle position located on the backside of
the antenna and attached to the partially etched
ground to enhance the characteristics of port isol-
ation. A textile 2.4 GHz 2 x 2 rectenna array using
a microstrip patch topology for RF energy harvest-
ing was demonstrated by Lopez-Garde et al for which
the conductive layer was glued on the felt substrate
[25]. Another 1 x 4 patch antenna array based on
a flexible mesh-style conductive fabric and E-glass
fiber substrate was demonstrated by Elmobarak et al
for wireless applications at the 5.8 GHz band [26].
Jayant et al also investigated four-port flexible UWB
MIMO antennas for wearable IoT applications and
reported their radiation performance when integ-
rated into footwear [28]. The configuration, fabrica-
tion, and application details for the above-mentioned
investigations and our proposed designs with their
performance metrics are also provided in table 1
for single antennas, and in table 2 for antenna
arrays.

It is worth noting that inks and substrates are of
critical importance for inkjet-printed antennas. For
several decades, researchers have been investigating
a wide variety of inks based on e.g., silver, carbon,
and copper, and their interactions with the substrates
in consideration of their performance [29-31]. Non-
etheless, there have been several investigations of the
commonly used substrates such as paper, polyim-
ide, PET, and TPU [29, 32, 33]. It has been demon-
strated that the performance of the printed antennas
is affected by multiple factors, such as surface rough-
ness and dielectric characteristics of substrates, con-
ductive characteristics of inks, as well as post-printing
processes, such as thermal, photonic, and plasma sin-
tering, etc, which ensures adhesion of the ink on the
substrate [24].

However, to the authors’ best knowledge, the
effect of background wall materials, on which the
thin film patch antennas are attached, the perform-
ance of inkjet-printed antennas have not been clearly
identified in the literature. In order to investig-
ate this metric, we introduced a solderless (plug
and play type of fixture), thin-film printed patch
antenna design operating at 2.4 GHz industrial, sci-
entific and medical (ISM) frequency band, which
is a good candidate for short-range radio transmis-
sion, especially in the case of indoor IoT and backs-
catter communications, as well as wireless sensing
applications. The investigations with such solder-
less configuration not only facilitated repeatable
experimental data for the performance metrics but
also demonstrated modular and easy-to-use antenna
setups.
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2. Antenna structure and fabrication

2.1. Substrate characterization

The primary characteristic of the substrate that affects
the design of the printed antenna is its relative permit-
tivity &, which can vary depending on the environ-
ment and measurement method. For instance, Mit-
subishi NB-TP-3GU100 transparent PET, which was
also used as the substrate in the present study, was
measured to have ¢, of 6.7 in [34] while &, of 2.4
was determined for the same substrate in [35]. There-
fore, the permittivity for the present case was obtained
through our methods of fabrication.

The dielectric permittivity of the PET substrate
was estimated using the differential phase length
method [36]. By means of this method, two transmis-
sion lines of different lengths were fabricated on the
substrate and then measured for their phase response
as a function of frequency. The effective permittivity
€., valid for the line geometry, can be expressed as

[ Aga \?
e (ZTrfAL) ’ M

where A¢ is the difference between the unwrapped
phase responses of the lines, ¢ is the speed of light
in vacuum, f is the frequency and AL is length dif-
ference of the lines. The relationship between e, and
the substrate’s relative permittivity £, depends on the
exact geometry of the line. This can be determined
by using an EM simulation of the line geometry and
trying different values for £, until the €. matches the
value from measurement.

In the present case, CPW transmission lines of
190 mm and 63.3 mm length were fabricated on the
PET substrate with a similar geometry as the feed line
to the printed antenna. A measurement probe con-
sisting of a subminiature version A (SMA) connector
with soldered pogo pins was attached to an adjustable
micrometer platform that connects the ends of the
transmission line to a vector network analyser (VNA)
to measure the phase response. The substrate was sup-
ported by a 3D-printed platform ensuring that the
immediate environment above and below the line was
air.

Using the measured phase responses, an average
value for the effective permittivity between 2 and
6 GHz was calculated as 1.38. The substrate’s relative
permittivity was estimated to be 4.8 by entering the
line geometry into the Keysight ADS LineCalc pro-
gramme and iterating until the simulated . matched
the value based on the measurement.

In principle, the effect of the measurement probe
is present in both of the phase responses. Thus, it is
cancelled out because only the phase difference A¢ is
considered along with the length difference AL. How-
ever, in practice, some uncertainty still remains due to
the positioning between the measurement probe and
the line. By using formulations provided by [36], the
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normalized error was calculated with a total £1 mm
error in the positioning of the probes, which resul-
ted in an error of approximately +3% for the meas-
urement of e.. As this error propagated through the
iterative process of finding ¢,, the resulting range of
¢, was determined to be between 4.3 and 5.2. As
observed, the error in €, was considerably larger than
in e.. This difference can be explained by an extremely
thin substrate that causes the permittivity of air to
dominate the . of the line. Thus, a larger change in
& was required to affect a smaller change in .. While
this causes difficulties in measuring ¢, accurately, it
also confers an advantage for coplanar structures on
thin substrates. Any deviations in ¢, have relatively
less effect on the RF performance with such struc-
tures than with thicker substrates or other geomet-
ries where the EM fields are more concentrated on the
substrate itself, e.g., microstrips.

2.2. Design

The CPW patch antenna is designed to function at
2.4 GHz resonance frequency with bandwidth of over
100 MHz for at least 10 dB return loss. In order to cre-
ate an initial patch antenna design, the transmission
line model of the analytical method [37, 38] is used
to roughly calculate the rectangular patch width and
length of the antenna. The width W and length L of
the patch are expressed by

Co 2

W:27f 4€r—|—l, (2)

L=_%
TN

where ¢ is the speed of light and f is the antenna
operation frequency. The relative permittivity, which
is also called the dielectric constant of the substrate,
is denoted by ¢;. The effective permittivity is denoted
by .. The relative and effective permittivity values
of the substrate were estimated to be 4.84 and 1.38,
respectively. This design was iteratively simulated
by fine-tuning the antenna dimensions to fulfill the
requirement of a 2.4 GHz resonance frequency with
a 100 MHz bandwidth of less than —10 dB. Eventu-
ally, antenna dimensions were clarified, and the final
design was fabricated (please, see the design and fab-
rication flowchart described in figure 1).

The CPW feed line, as shown in figure 2(a),
was dimensioned based on fitting it to a standard
PCB edge SMA connector without special considera-
tion given to its transmission line characteristics. The
impedance was calculated using the Keysight ADS
LineCalc programme at approximately 100 ohms.
However, as the feed line has a short length of less
than A\/10, the effect of the apparent impedance mis-
match on either the antenna or a nominal 50 ohm sys-
tem is negligible.

To investigate whether the patch antenna can
also fulfill the same requirements as being attached

3)
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Formula
based design

v

Simulate S,
parameter

Return loss > 10 dB at 2.4 GHz
with bandwidth > 100 MHz?

No | Adjust design

Yes

v

Fabricate

Figure 1. The flowchart of the antenna design process.

g
Part | Value (mm) 1
a 10.0 | L
g 6.0 . d
a pin 3.0 g_me
g pin 6.0 a_pin | . W
td_pin
d 1.0 =
d pin 1.2
L 42.0
W 34.0

(a)

Conductor (Silver nanoparticle ink)
? Dielectric (PET)

Layer Thickness Permittivity Loss tangent Conductivity
Conductor (SNPI) 440 nm 6x10° S/m
Dielectric (PET) 135 pm 4.8 0.138
(b)

Figure 2. Antenna design: (a) geometric parameters, (b) constituent material characteristics.

to different background materials, additional invest-
igations with the plywood board and the gypsum
board were conducted. The main driver for the selec-
tion of these materials was their prevalence in the

6

construction of indoor walls. Since these materi-
als have higher permittivity than air, they are gen-
erally expected to affect the resonance frequency
and the radiation pattern of the antenna. The Sy
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Air-design on Rohacell
— = Air-design on gypsum
Air-design on plywood

1 1.5 2 2.5 3

Frequency (GHz)

Figure 3. S;; measurement of air-design antenna on
Rohacell, gypsum board and plywood board.

Table 3. Antenna dimensions.

Material L (mm) W (mm) fvg (GHz)
Air-design 42 34 2.4
Gypsum-design 35 28 2.0
Plywood-design 37 30 2.1

measurements shown in figure 3 verified this expect-
ation. To compensate for the changes in resonance
frequencies caused by the gypsum and plywood, two
new antenna designs were created. These gypsum and
plywood designs are re-scaled versions of the ori-
ginal air-design, with provided dimensions in table 3.
The new dimensions for the re-scaled patch antenna
design can be expressed by rough estimation

fos

Xpg X == - Xy (4)
g fair airy

where fy, is the measured resonance frequency dip
with some background material and £ is the meas-
ured resonance frequency, with air surrounding the
antenna. Variable x,;, is the original size of the patch
antenna width or length. In this case, f; is 2.4 GHz
since it is the targeted frequency of the air-design.

In addition to single antenna designs, antenna
arrays were another design objective of the present
investigations. To construct a highly directive array,
the antennas were fabricated in rows of four. An
empirical half-wavelength (A\/2) spacing between
array elements was implemented. This configuration
was carried out for the air, gypsum, and plywood
designs.

2.3. Fabrication

Mitsubishi NBSIJ-MUOI1 silver nanoparticle ink
(viscosity of 2.30 mPa.s and surface tension of
32mN m™") and A4-size Mitsubishi NB-TP-3GU100
PET substrate (microporous Al,O3;-PVA single-sided
coating and sheet thickness of 135 & 12 um) was used
with low-cost EPSON WEF-2840 DWF printer (resol-
ution of 5760 x 1440 dots per inch) as depicted in
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figure 4(a). The microporous coating of the substrate
was designed so that the silver nanoparticle ink can be
efficiently absorbed and react rapidly, which results
in highly conductive layers. Following the printing
process, 1500 W photonic curing was applied to the
printed surface for 15 s to sinter the ink [8], seen in
figure 4(b). It is worth noting that the photonic cur-
ing is a local process, which effectively reduces the
thermal stresses over the substrate, hence warping
and degradation, and curing time when compared
with the convective oven sintering occurring at high
temperatures [39].

A complete A-4 sheet of inkjet-printed anten-
nas is shown in figure 5(a). By means of a novel
yet extremely low-cost and non-abrasive in-house 3D
printed polylactic acid (PLA) tightener, as designed
and demonstrated in figure 5(b), SMA connectors
were modularly plugged into these antennas, shown
in figure 5(c). Hence, the use of soldering or conduct-
ive epoxy paste was totally eliminated.

3. Antenna simulation and optimization

3.1. Simulations

The antenna return loss (S;; parameter) and far-
field radiation pattern simulations were carried out
before printing to investigate whether the CPW patch
antenna designs had the potential to fulfill the afore-
mentioned requirements. Keysight Advanced Design
System (ADS) 2022 Update 1 was selected as the
software for running the simulations, which integ-
rates several simulation methods, e.g., Momentum
(RF), Momentum (microwave) and the finite element
method, for antenna layouts. The details of these
methods can be found in the software documentation
[40]. In the present investigations, the Momentum
(microwave) method was selected as the solver over
the antenna solution domain depicted in figure 6.

In the first stage, a mesh convergence study was
carried out to determine the optimal number of ele-
ments to be used for the simulations with reliable
results and reasonable computational times. There-
after, the single antenna and antenna array simu-
lations were carried out to investigate whether the
design requirements were achieved.

For the solution domain, a substrate model was
defined as a dielectric medium based on the Mit-
subishi NB-TP-3GU100 characteristics, on top of
which the conductive layer was appended by using
the Mitsubishi NBSIJ-MUO1 silver nanoparticle ink
characteristics as listed in figure 2(b). The rest of the
material surrounding the substrate is assumed to be
air. Further details are also tabulated in figure 2(b).

3.2. Mesh convergence study

A mesh convergence study was carried out to determ-
ine the optimal number of elements for numerical
analysis. Some of the layout meshes generated for the
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Figure 4. Manufacturing equipment: (a) an inkjet printer (EPSON WEF-2840DWEF), (b) custom photonic curing device.

Part | Value (mm)
a 1.5
b 2.3
c 7.0
d 12.0
e 5.0

NN
NRNE

Figure 5. Antennas and solderless design: (a) scanned images of inkjet-printed CPW patch antennas on an A4-sheet,
(b) dimensions for the 3D-printed tightener, (c) demonstration of solderless design for tightening the SMA-connector against the
conductive traces (left: front view, right: rear view and tightener).




10P Publishing

Flex. Print. Electron. 8 (2023) 025013

] Kerminen et al

(©)

elements.

Figure 6. Different meshes generated for the simulation: (a) 847 elements, (b) 2692 elements, (c) 5298 elements, (d) 33 734

(b)

(d

study are shown in figure 6. In the ADS momentum
(microwave) simulations, the ‘cells/wavelength’ para-
meter was fine-tuned to control the number of ele-
ments in the solution domain, thus the distance to
the lowest wavelength in the simulated frequency
range was estimated. Thereafter, the convergence
simulations were carried out by sweeping the fre-
quency within the range from 0 to 8 GHz with
240 points. Frequencies of 2.40 GHz, 2.41 GHz,
2.45 GHz and 2.46 GHz were intentionally inser-
ted due to them being within the investigated fre-
quency ranges for the present indoor applications.
As the solution domain started to have a finer mesh,
the resonance frequency measured with Sy, settled
around the 2.46 GHz region. As plotted in figure 7(a),
this behaviour was observed to become stable with
the number of elements greater than 5000. On the
other hand, the computational time was deduced to
increase with the increasing number of elements as
shown in figure 7(b). Therefore, to obtain reliable
outcomes within a reasonable duration, the solution
domain with 5298 elements for a single antenna was
used for further numerical analysis in the present
study.

3.3. Single antenna and antenna array simulations
The CPW patch antenna designs were simulated with
ADS. The first configuration contains a patch antenna
air-design. The second configuration contains four
patch antennas organized in an array configuration.
Both simulations were run with the substrate para-
meters described by 2(b).

Two simulation scenarios were generated: a
single antenna at 1.0-3.0 GHz with 41 linearly

2.7
N
o 2.65
S
B
g 26
© 2.55
e
g
8
é 2.5
2.45 o n T T —a
0 0.5 1 1.5 2 2.5 3 3.5
Number of elements x10*
(a)
8000
=
=2 6000 g
2
k
% 4000 1
-
3
E
£ 2000 g
3
[=]
0 h . . 1 . .
0 0.5 1 1.5 2 2.5 3 3.5
Number of elements x10*

(b)

Figure 7. Mesh convergence: (a) resonance frequency with
respect to the number of elements, (b) computation time
with respect to the number of elements.

spaced frequency points, and an antenna array
at 1.0-3.0 GHz with 41 linearly spaced frequency
points. These frequency ranges were selected to
determine the antenna characteristics at and near
the resonance frequency. A mesh frequency of 80
cells per wavelength was used with 5000 elements
as previously described in the mesh sensitivity
study.

9



10P Publishing

Flex. Print. Electron. 8 (2023) 025013

4. Antenna measurement and
characterization

To validate and assess the antenna design, both the
printed antennas and the antenna arrays were char-
acterized in terms of S-parameters and far-field radi-
ation pattern. A Rhode & Schwarz VNA ZNB 8 was
used to investigate the S-parameters of the antennas,
and the StarLab antenna measurement system’ was
used to measure the radiation pattern of the antenna
and the antenna array, shown in figure 8(b). The
antenna under test (AUT) received the EM waves
transmitted by the measurement antennas circularly
embedded in the StarLab anechoic chamber and then
fed the receiving port of the chamber. The measure-
ment antennas of the chamber were connected to the
Port 1 (transmitting port) of a VNA Keysight E5071C
ENA, and the AUT was connected to the Port 2
(receiving port) of the same VNA through the feeding
port of the chamber. If the AUT is a proposed four-
element antenna array, a four-way power combiner
is used to feed the Port 2 of VNA with total received
power from all four elements. A host PC was utilized
to control the radiation of the measurement anten-
nas and to collect measurement data from the VNA.
The output data were further processed by MATLAB
to generate radiation pattern plots of the AUT. Using
such a measurement system, the scattering parameter
S,;1 of the AUT can be measured from various dir-
ections of the measurement antennas, resulting in
a complete AUT characterization in a 3D space. In
sequel, measurement results for both the antennas
and antenna arrays are shown and discussed. Fur-
thermore, as a potential enabler for MIMO commu-
nications, the antenna array diversity performance
was evaluated based on S-parameters measurement
results.

4.1. Single antenna

As a first step, the simulated and measured S;; val-
ues for a single air-design antenna were compared,
shown in figure 9. The simulation curve was determ-
ined to have a dip of —16.81 dB at 2.47 GHz, while
the measurement curve had a dip of —18.05 dB at
2.38 GHz. For a clear comparison, the S;; measure-
ments of the single gypsum-design antenna attached
to the gypsum board, as well as the single plywood-
design antenna attached to the plywood board are also
depicted in figure 9. The Sj; curve of the gypsum-
design had a dip of —19.61 dB at 2.47 GHz, and the
curve of the plywood design had a dip of —25.72 dB
at 2.42 GHz. There were shifts of a few tens of mega-
hertz due to the SMA connector introducing a static
capacitance and increasing the electrical length of the

2 wwww.mvg-world.com/en/products/antenna-measurement/

multi-probe-systems/starlab.
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device. The dips presented around 2.4 GHz indic-
ate that the printed antenna can be well operated in
the desired frequency band. The range of frequen-
cies for the return loss higher than 10 dB was around
the range between 2.2 GHz and 2.5 GHz, which
provides beyond 300 MHz operational bandwidth of
all antennas. In order to characterize the proposed
antenna designs as being attached to their corres-
ponding background materials shown in figure 8(a),
the radiation patterns of the three antenna designs
were investigated in the following sections.

4.1.1. The air-design antenna

As a benchmark, the radiation pattern of the air-
design antenna was simulated and measured. As seen
in figure 8(c), the antenna-attached Rohacell is a com-
mon holder or standing material in antenna charac-
terization with negligible effect on the radiation pat-
tern. As measured and also illustrated in figures 10(a)
and (b), the measured 3D radiation pattern was in
agreement with the simulated one. In figures 10(c)
and (d), the 2D pattern polar plots of both azimuth
cut (E-plane) and elevation cut (H-plane) were dis-
played for both simulation and measurement. The
simulated antenna peak gain (1.39 dBi) and the meas-
ured one (0.93 dBi) also show a good agreement with
the measured half power beam width (HPBW) exist-
ing around 144°.

It was further noticed that the antenna simula-
tions demonstrated an ideal coplanar patch antenna,
for which the antenna did not radiate towards angles
coplanar to the antenna. These angles were plotted as
gaps in the simulated radiation patterns. Such angles
in this case refer to the azimuth and elevation angles
of 90° and 270°, respectively. Apparently, the radi-
ation pattern measured in Starlab did not exhibit the
same behaviour at these angles since the set-up did
not measure the AUT at exactly the same angles.

4.1.2. The gypsum-design antenna

The gypsum-designed antenna was fabricated and
attached to a gypsum board to measure its radiation
pattern, as shown in figure 8(e). For proper com-
parison, the air-design antenna was also attached to
the same gypsum board, and the radiation patterns
were measured. Figures 11(a) and (b) indicate that
the air-design antenna and gypsum-design antenna
have similar shapes of 3D radiation patterns. How-
ever, once the cutting plots shown in figures 11(c)
and (d) were examined, clear differences exist in the
antenna gain over 3 dBi, for which the gypsum-design
has a peak gain of 1.83 dBi while the air-design has
only a peak gain of —1.78 dBi. Thus, it was proven that
the proposed gypsum-designed antenna could radi-
ate or receive more energy than the air-design antenna
that was also attached to the same gypsum board and
subjected to the same ambient conditions.


https://www.mvg-world.com/en/products/antenna-measurement/multi-probe-systems/starlab
https://www.mvg-world.com/en/products/antenna-measurement/multi-probe-systems/starlab
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(2
Figure 8. Antenna radiation pattern measurement set-up: (a) background materials, (b) measurement coordinate system of the
StarLab, (c) air-design antenna attached to Rohacell board, (d) air-design array attached to Rohacell board, (e) gypsum-design

antenna attached to gypsum board, (f) gypsum-design array attached to gypsum board, (g) plywood-design antenna attached to
plywood board, (h) plywood-design array attached to plywood board.

4.1.3. The plywood-design antenna

As seen in figure 8(g), the plywood-design antenna
was also attached to the plywood board so as to
measure the radiation pattern. For comparison pur-
poses, the same procedure as in the gypsum case
was implemented, i.e. in the air-design antenna was
attached to the same plywood board to measure and
compare its radiation pattern with the one for the
plywood-design antenna. In figures 12(a) and (b),
the air-design antenna and plywood-design antenna
can be seen to have similar shapes of 3D radiation
patterns. Similar to the gypsum case, their cutting
plots were also demonstrated to have clear differences

11

()

in antenna gain around 3 dBi, where the plywood-
design has a peak gain of 1.00 dBi while the air-
design has only a peak gain of —1.79 dBi (please, see
figures 12(c) and (d)). Thus, the proposed plywood-
design antenna is determined to radiate or receive
more energy than the air-design antenna under the
same conditions as the same plywood board.

For the azimuth cuts shown in figures 11(c)
and 12(c), there existed a shift of radiation towards
90° and 270° angles, which was assumed to be caused
by the attached background materials (here, gypsum
and plywood boards). Both materials have higher rel-
ative permittivity than the air surrounding the AUT
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Figure 9. S); simulations and measurements for antennas as being attached to the corresponding materials.
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Figure 10. Radiation pattern of a single antenna at 2.4 GHz (Unit: dBi): (a) simulation of 3D radiation pattern, (b) measurement
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in other directions. This shift is troublesome if we
expect the antennas to radiate or receive more power
from the direction of 180°, opposite to the attached
materials. In the following section, antenna arrays
that are capable of compensating such issues with
higher gains for both directions of 0° and 180° will be
introduced.

In addition, the efficiency of each antenna
attached to its corresponding material is shown in
figure 13(a). All the measured antenna efficiencies
were above 50% around 2.42 GHz. For the air-design
antenna, the difference between the simulated and
measured efficiencies might be induced by multiple
factors, e.g., the connection between the SMA con-
nector and antenna pins, as well as losses of the sub-
strate at the resonance frequency.

4.2. Antenna array

4.2.1. The air-design antenna array

First, as a benchmark, the radiation pattern of the
antenna array composed of four air-design elements
was simulated and measured. As seen in figure 8(d),
similar to the single air-design antenna measurement,
the array is held by a Rohacell board that has a negli-
gible effect on its radiation pattern. In figures 14(a)
and (b), the measured 3D radiation pattern can be
seen, which is in agreement with the simulation
results.

Furthermore, in figures 14(c) and (d), the 2D pat-
tern polar plots of both azimuth cut (E-plane) and
elevation cut (H-plane) were also shown for both
simulation and measurement. The simulated array
peak gain (8.85 dBi) and the measured one (6.54 dBi)

12
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Figure 11. Radiation pattern of the single antenna: air-design and gypsum-design directly attach to gypsum board at 2.4 GHz
(Unit: dBi): (a) 3D radiation pattern of air-design, (b) 3D radiation pattern of gypsum-design, (c) azimuth cut comparison,
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Figure 12. Radiation pattern of the single antenna: air-design and plywood-design directly attach to plywood board at 2.4 GHz
(Unit: dBi): (a) 3D radiation pattern of air-design, (b) 3D radiation pattern of plywood-design, (c) azimuth cut comparison,
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show an acceptable agreement and the measured
HPBW exists around 30°.

4.2.2. The gypsum-design antenna array
After the benchmark investigations on the air-design
antenna array, the gypsum-design antenna arrays

were investigated, which were attached to the gypsum
board as shown in figure 8(f). Following the present
protocol of comparison, the air-designed antenna
array was also attached to the same gypsum board,
and its radial pattern was simultaneously measured.
In figures 15(a) and (b), the air-design array and

13
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Figure 13. Efficiency of the AUT with different designs: (a) antennas, (b) antenna arrays.
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Figure 14. Radiation pattern of the antenna array at 2.4 GHz (Unit: dBi): (a) simulation of 3D radiation pattern,
(b) measurement of 3D radiation pattern, (c) azimuth cut, (d) elevation cut.

gypsum-design array were measured to have sim- obvious differences in gain over 3 dBi, where the
ilar shapes of 3D radiation patterns. Once again, the gypsum-design array had a peak gain of 7.06 dBi,
cutting plots of figures 15(c) and (d) demonstrated while the air-design array had only a peak gain of

14



10P Publishing Flex. Print. Electron. 8 (2023) 025013 J Kerminen et al

0

dBi

© (d)

Figure 15. Radiation pattern of the antenna array: air-design and gypsum-design directly attach to gypsum board at 2.4 GHz
(Unit: dBi): (a) 3D radiation pattern of air-design, (b) 3D radiation pattern of gypsum-design, (c) azimuth cut comparison,
(d) elevation cut comparison.
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Figure 16. Radiation pattern of the antenna array: air-design and plywood-design directly attach to plywood board at 2.4 GHz
(Unit: dBi): (a) 3D radiation pattern of air-design, (b) 3D radiation pattern of plywood-design, (c) azimuth cut comparison,
(d) elevation cut comparison.

3.67 dBi. Thus, the proposed gypsum-design array on the plywood-designed antenna array attached to
was deduced to radiate or receive more energy than the plywood board, the measured radiation pattern
the air-design array with the same gypsum board of which is shown in figure 8(h). The air-design

background and ambient conditions. antenna array was also attached to the same plywood
board to measure and compare the radiation pat-
4.2.3. The plywood-design antenna array tern with the one for the plywood-design antenna.

Following the gypsum-designed antenna array meas- In figures 16(a) and (b), the 3D radiation patterns
urements, the investigations were also carried out for air-design array and plywood-design array were
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Figure 17. Reflection coefficient (upper) and mutual coupling (lower) of antenna arrays: air-, gypsum- and plywood-design from

the left-to-right column.

depicted, which exhibited similar forms. Neverthe-
less, their cutting plots, as shown in figures 16(c)
and (d), demonstrated a difference of gain over 1
dBi, where the plywood design had a peak gain
of 6.13 dBi, while the air-design had only a peak
gain of 4.97 dBi. This shows that the proposed
plywood-designed array can radiate or receive more
energy than the air-design array with the same
configurations.

For the azimuth cuts shown in figures 15(c)
and 16(c), similar to the single antenna cases, it was
noticed that there was a shift of the radiation towards
the direction of 90° and 270°, which was caused by
the attached background materials in such directions.
However, for each antenna array, the gains in both
directions, 0° and 180°, were measured to be higher
than 4 dBi, which supports radiation or receiving
more energy as them being attached to the corres-
ponding materials.

The efficiency of each antenna array attached to
its corresponding material is shown in figure 13(b).
All the measured array efficiencies were above 50%
around 2.42 GHz. For the air-design array, the differ-
ence between the simulated and measured efficiencies
might be induced by similar reasons described previ-
ously in section 4.1.

4.3. MIMO antenna diversity performance

The designed antenna arrays introduced in section 4.2
can enable MIMO communication. The diversity per-
formance indicators [41] of the MIMO antenna array
system were evaluated in sequels such as return loss
(reflection coefficient), isolation (mutual coupling),

16

envelope correlation coefficient (ECC), diversity gain
(DG), mean effective gain (MEG) and channel capa-
city loss (CCL).

4.3.1. Return loss and isolation

The measured reflection coefficients of the air-,
gypsum-, and plywood-designed antenna arrays were
shown in figures 17(a)—(c) in their respective order.
For the operating frequency band of 2.4 GHz, all four
elements of the air-design had return losses beyond
20 dB, and all four elements of the gypsum- and
plywood-design had return losses of more than 15 dB.
Furthermore, isolation, also known as mutual coup-
ling between individual elements of each array, was
investigated, shown in figures 17(d)—(f). For all three
arrays, the isolation between the four elements was
more than 20 dB.

4.3.2. Envelope correlation coefficient
To further investigate the correlation of radiation pat-
terns between elements of antenna arrays, the ECC
can be expressed with S-parameters of the array
system [42, 43]. The ECC between element i and j of
the N-element array is calculated by

’2;; S*S,
N ox ’
Hk:{i,j} (1 - Zn:l SinS”k)

pe(i’ij): (5)

where * denotes the complex conjugation. For
example, the ECC between the first and second
elements of the proposed 4-element array can be
expressed by
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pe(1,2,4) = [1 B (

Using measured S-parameters, the calculated ECC
values of the air-, gypsum-, and plywood-design
arrays were shown in figures 18(a)—(c), respectively.
For the operating band, all the ECC values were
lower than 0.001, showing a low correlation between
elements.

4.3.3. Diversity gain

DG is another significant metric of MIMO perform-
ance, which evaluates the received signal-to-noise-
ratio improvement obtained from a multi-antenna
system relative to a single antenna system in one
diversity channel [42, 44]. The DG is mathematically
relevant to the ECC [45], which can be approximated
by

DG =10 x /1 —(0.99p|. )

The calculated DG values of the air-, gypsum-, and
plywood-design arrays are shown in figures 18(d)—
(f), respectively. All the DG values were higher than
9.95 dB at the operating frequency, which ensured the
diversity performance of the arrays.
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4.3.4. Mean effective gain and power ratio factor

The MEG measures the ratio of the average power
received at the port i of a N-element antenna array
over the mean incident power of the array in the fad-
ing propagation environment [46]. Assuming that the
propagation environment is uniform, Rayleigh, the
MEG for antenna port i, can be calculated using S-
parameters [47, 48]

N
MEG; =0.5 [ 1->|s;" | .

j=1

(8)

The magnitude difference of the MEG values for port
iand j is expressed by the power ratio factor

ki = kjj = [MEG; — MEG;| . (9)

For reaching almost equal power ratios for all ports,
k should be less than 3 dB [48]. Using the meas-
ured S-parameters, the calculated MEG and power
ratio factors of the proposed three arrays are shown
in figure 19. For the operating frequency, all the MEG
values were lower than —3 dB, and the power ratio
factors were lower than 0.5 dB.
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Figure 19. Mean effective gain and power ratio factor of antenna arrays: air-, gypsum-, and plywood-design from the left-to-right
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Figure 20. Channel capacity loss of antenna arrays.

4.3.5. Channel capacity loss

In MIMO antenna systems, the CCL evaluates the
maximum rate of reliable information transmission
over the communication channel [49, 50], expressed
by

C = —log, det (lIIR) , (10)

where WX is the correlation matrix of N-element
receiving antenna array

P 0 PIN
AR EERE B (11)

PN1  “*  PNN.

where pii=1— Z;\]:l ISin|2 and pij = — (S;*,-S,»j + S;-:—Sij)
for i,j =1,2,...,N. For the proposed three arrays,
the CCL values were calculated using measured S-
parameters, providing losses less than 0.4 bits/s/Hz,
shown in figure 20.

In this sub-section, the proposed three antenna
arrays were evaluated in terms of several MIMO
antenna diversity performance metrics using the
measured S-parameters. The results indicate that the
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diversity performance of our antenna arrays can be
expected.

5. Conclusions

In this paper, CPW patch antennas and antenna
arrays are designed and characterized with com-
monly used background wall materials, i.e., gypsum
and plywood. For classification purposes, they were
named as air, gypsum and plywood designs. The
fabrication was thereafter realized with the inkjet
printing technique, which resulted in flexible, light-
weight, and low-cost specimens. For the air-design
antenna, the measurement of the S;; parameter and
the radiation pattern were deduced to be in agreement
with the simulation results. The measured resonance
frequency of this design was in the 2.4 GHz ISM band
with a bandwidth of 340 MHz for a return loss level
of 10 dB, demonstrating a peak gain of 0.93 dBi.
Moreover, the gypsum- and plywood-design anten-
nas also demonstrated resonance frequencies around
2.4 GHz with bandwidths beyond 340 MHz for a
return loss level of 10 dB. With them being attached to
their corresponding background materials, the peak
gains of gypsum- and plywood-designs were 1.83 dBi
and 1.00 dBi, respectively. The designed antennas
demonstrated efficiency values that were above 50%
around the operating frequency band.

Based on these three antenna designs, three 1 x 4
antenna arrays were fabricated and investigated. As a
benchmark case, first, the air-design array was invest-
igated. The measurement of the radiation pattern for
the array design was in agreement with the simu-
lation results, demonstrating a significantly higher
peak gain of 6.54 dBi compared to the single antenna
design. The gypsum- and plywood-designed arrays
also provided similar radiation patterns with respect-
ive peak gains of 7.06 dBiand 6.13 dBi. By implement-
ing the gypsum- and plywood-design arrays, it was
possible to compensate for the radiation shift issue,
which was observed during the single antenna meas-
urements. The arrays provided efficiency values above
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50% around the operating frequency band. Further-
more, the measured S-parameters indicate that the
elements of each array have return losses beyond
15 dB and isolation more than 20 dB. By calculating
the measured S-parameters, all three arrays provide
a diversity performance in terms of ECC (ECC <
0.001), DG (DG > 9.95 dB), MEG (MEG < —3 dB),
power ratio factor (k < 0.5 dB), and CCL (CCL < 0.4
bits/s/Hz) which ensure their MIMO performance
for various wireless applications. Therefore, printed
antennas and antenna arrays have been proven to be
implemented in short-range radio transmission scen-
arios, such as IoT, backscatter communications, and
wireless sensing applications for the indoor scenarios.
In future work, these scenarios with the introduced
designs will be investigated and further development
and application possibilities will be sought after.
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