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ABSTRACT This research presents a far-field (FF) antenna with near-field communication (NFC) capability
for 3G/4G/LTE mobile devices. The integrated far- and near-field communication (FNFC) antenna was
fabricated using conductive silver ink on polyethylene terephthalate (PET) flexible substrate. The FF segment
of the antenna is operable in the frequency range of 1.8-2.1 GHz, and the NFC antenna is of dual loop and
operable at 13.56 MHz. In the antenna realization, simulations were performed and, to validate, an antenna
prototype was fabricated. The experimental results revealed that the FF antenna achieved an impedance
bandwidth of 37% (1.52-2.21 GHz), given |S11| of less than —6 dB, with the minimum and maximum
efficiency of 92.1% and 98%. The experimental gains are 1.76-2.08 dBi across the target operating frequency
band, with near-omnidirectional radiation pattern. The simulation and experimental results are in good
agreement. Moreover, the FNFC antenna achieves strong magnetic field distributions in Hy, Hy, and H,
orientations and holds promising potential for 3G/4G/LTE applications.

INDEX TERMS Conductive ink antenna, flexible substrate antenna, integrated antenna, mobile antenna.

I. INTRODUCTION
Flexible electronics technologies play an important role in the
development of modern wireless smart devices. Of particular
interest is flexible printed electronics on thin films, papers,
textiles, and a variety of flexible substrates. The aim is to
mass-produce electronics components that are lightweight,
lean, shapeable, durable, and economical [1]-[3].

Specifically, flexible antennas have been deployed in wire-
less local area network (2.45/5.2/5.8 GHz) and 3G/4G appli-
cations (1.8/1.9/2.1 GHz) [4]-[6]. These antennas however
are restricted to far-field functions for WLAN and 3G/4G
applications, rendering it less suitable for modern wireless
communication devices in which both near-field and far-field
communication functions are required.

Furthermore, a double exponentially tapered slot antenna
(DETSA) on flexible liquid crystal polymer organic material
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was proposed for UWB applications [7]. Meanwhile, a mul-
tilayer dual-frequency (14 and 35 GHz) dual-polarization
microstrip array antenna on liquid crystal polymer was devel-
oped for Ku and millimeter-wave applications [8]. In [9],
the researchers designed a microstrip patch antenna on flex-
ible polymer (SU-8/PMDS). In [10], a novel class of con-
formal antennas based on embroidered conductive fibers
on polymer substrates was proposed. In addition, antennas
based on Kapton polyimide substrate, which is known for
its flexibility, robustness, and thermal endurance, were pro-
posed for WLAN and Bluetooth applications [11]. The use-
fulness of these antennas is limited to far-field applications,
however. Attempts have thus been made to improve the
performance of printed flexible antennas based on copper,
silver, or conductive polymers [12]-[16].

The planar inverted F antenna (PIFA) structure is com-
monly used in sensor networks and mobile clients in wireless
communication systems [17]. In [18]-[20], inkjet-printing
PIFA antennas based on organic substrate were employed
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to economize the manufacturing cost. However, these anten-
nas lack the near-field communication (NFC) function (i.e.,
restricted to far-field function).

With the advent of cashless economy and changes in con-
sumer behavior, NFC technology in the smart device becomes
increasingly important. NFC is a short-range wireless com-
munication technology operating at 13.56 MHz with low
power consumption. The communication distance is approxi-
mately 10 cm with a maximum data transfer rate of 424 kbit/s.
To enable NFC capability in a smart phone or a tablet, users
only need to tap or touch an NFC reader or device with the
mobile device.

This research presents an integrated FNFC (far- and near-
field communication) antenna based on PIFA structure for
3G/4G/LTE applications. The FNFC antenna is operable
at 1.8-2.1 GHz and was fabricated using conductive silver
ink on polyethylene terephthalate (PET) flexible substrate.
Simulations were carried out using CST Microwave Studio
Suite [21] for optimal parameters of the integrated FNFC
antenna. An antenna prototype was subsequently fabricated
and experiments undertaken.

The organization of this research is as follows: Section I
is the introduction. Section II details the antenna design,
consisting of the far-field and near-field segments of the
antenna; and surface current distribution and magnetic field
distribution analysis. Section III discusses the fabrication of
prototype antenna and experimental results. The concluding
remarks are provided in Section IV.
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FIGURE 1. Configuration of the far-field segment of integrated FNFC
antenna.

Il. ANTENNA DESIGN

A. FAR-FIELD ANTENNA

Figure 1 illustrates the far-field (FF) segment of the antenna
based on PIFA structure, following [22] with minor modifi-
cations. The FF antenna consists of two conductor layers: the
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TABLE 1. Characteristic parameters of the substrate and conductive silver
ink.

Materials Characteristics Value
Polyethylene terephthalate _Thlcknes_s . 100 pm

(PET substrate) Relative permittivity 35

Loss tangent 0.002

. .. 6

Conductive silver ink Electrical conductivity 1.6 x lf)) S/m

(HPS-012LV) Ag content 75%
Specific gravity 3.1

TABLE 2. The optimal design parameters of FF segment of the antenna.

Physical Electrical size
Parameters Description size
(mm) 1.8 1.9 2.1
GHz GHz GHz
L The length of patch 10 0.06 41 0.06 4> 0.07 A3
/4 The width of patch 40 0.24 4 0.25 A2 0.28 A3
The length of ground
Lg 50 0.30 44 0.32 4 03543
plane
W, The width of ground 40 0247 0254 0284
plane
H The distance between 80 0054 0054 0064k
patch and ground plane
St The length of slit_1 30 0.18 41 0.19 4> 0.21 43
S The width of slit_1 12 0.007. 0007 0.008
- A A A3
NP The length of slit_2 8.0 0.05 A4 0.05 A2 0.05 3
Sw2 The width of slit_2 0.9 0.005 0.005 0.006
= A A A3
The width from left edge
Wi of patch to st 2 34.1 0204 022/ 0247
The width from left edge
w2 of patch to grounding 23.8 0.14 4 0.15 4 0.17 3
strip
ws The width of grounding 12 0014 0014 0014
strip
wa The width from right 15 0094 0104 0114
edge of patch to
grounding strip
The length from lower
I cdge of patch to slit 1 6.8 0044 0044 005
h Conductive ink thickness 0.01 0‘021006 0‘022006 0‘023007

radiating patch (top plate) and the ground plane, separated by
a void with a distance of 8 mm. Both layers are electrically
connected by a grounding strip of 1.2 mm in width. The FF
antenna structure is of conductive silver ink on PET substrate
and is operable at the frequency band of 1.71-2.17 GHz for
3G/4G/LTE communications. Table 1 tabulates the charac-
teristic parameters of PET substrate and conductive silver
ink. Table 2 summarizes the optimal design parameters of FF
segment of the antenna at the center frequencies (1.8, 1.9, and
2.1 GHz), using CST Microwave Studio Suite.

Figures. 2(a)-(b) respectively compare the simulated |S1|
and input impedance of conductive silver ink and perfect
electric conductor (PEC) of the FF segment of the FNFC
antenna. Both conductive ink and PEC achieve almost identi-
cal impedance bandwidth of 32.83% (1.68-2.34 GHz), given
|S11] < —6 dB.

Although the reflection coefficient of an antenna should
be as low as possible, it is technically challenging to achieve
|S11] < —10 dB for mobile device antennas. This fact con-
tributes to the adoption of impedance matching of less than
-6 dB for integrated antennas for mobile applications [17].
Meanwhile, the real parts of input impedance of conductive
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FIGURE 2. Comparison between conductive silver ink and PEC of the
far-field segment.
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FIGURE 3. Comparison between conductive silver ink and PEC of the
far-field segment.

ink and PEC vary between 50 2 and 65 €2, and the imaginary
parts between —52 2 and 20 Q.

Figures 3(a)-(b) illustrate the simulated efficiency and
gain of conductive silver ink and PEC of the FF segment.
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FIGURE 4. Current distribution of the far-field segment of the antenna.

At 1.8 GHz, the efficiency and gain of PEC are 95% and
2.1 dBi, and at 1.9 GHz, the efficiency is 100% with a gain
of 2.4 dBi. The efficiency and gain are 97% and 2.42 dBi at
2.1 GHz. The corresponding efficiencies and gains of the FF
antenna with conductive silver ink are 92%, 97%, and 94%;
and 2.01 dBi, 2.3 dBi, and 2.27 dBi.

Figures 4 (a)-(c) illustrate the simulated current distribu-
tion of the far-field segment of the integrated FNFC antenna
at the center frequencies of 1.8, 1.9, and 2.1 GHz. The current
distribution patterns are closely similar, consisting of two
distinct regions: high and low current density regions.

The high current density region was observed on the radiat-
ing patch and the upper section of the ground plane surround-
ing the feeding point and grounding strip. The low current
density occurred on the lower section of the ground plane
away from the feeding point, thus minimally affecting the
radiation performance of the FF antenna. As a result, a near-
field (NF) antenna for short-range communication would be
integrated into the rear of the FF antenna in the low current
density region (lower section of the ground plane) while
the radiation performance of the FF antenna remains intact
without the coupling effect.

B. THE INTEGRATED FNFC ANTENNA

Near-field communication (NFC) is a short-range wireless
communication that utilizes inductive coupling technology.
NFC is operable at the frequency of 13.56 MHz [23].
The advent of cashless society and changes in consumer
behavior accelerate a wider adoption of electronic payment
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FIGURE 6. Comparison between the FF antenna with and without
dual-loop NFC.

through NFC-enabled mobile devices. Besides, NFC tech-
nology plays an essential part in modern mobile payment
transactions [24]—[28]. To that end, an NFC antenna for short-
range communication is incorporated into modern smart
devices. Thus far, a number of NFC antenna designs have
been proposed [29]-[34]. In this research, a dual-loop NFC
antenna [35] is mounted on the rear of the FF antenna (in the
lower ground plane area), as shown in Figure 5. The NFC
structure is of conductive silver ink on PET substrate.
Figures 6 (a)-(b) respectively illustrate the simulated |S1 |
and input impedance of the FF antenna in the presence and
absence of dual-loop NFC. The impedance bandwidth of both
antennas (32.83%, 1.68-2.34 GHz) are almost identical, given
|S11] < —6 dB. The real parts of input impedance vary
between 50 2 and 65 €2, and the imaginary parts between
—52 @ and 20 2. Figure 7 depicts the simulated isolation of
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FIGURE 8. Comparison between the FF antenna with and without
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the FF antenna with dual-loop NFC in which the isolation
of the FNFC antenna is below —45 dB across the target
operating band (1.71-2.17 GHz).

Figures 8 (a)-(b) illustrate the simulated efficiency and
gain of the FF antenna without and with dual-loop NFC.
The efficiencies of the FF antenna without NFC are 94%,
98%, and 94%, with gains of 2.01, 2.3, and 2.27 dBi at
the center frequencies of 1.8, 1.9, and 2.1 GHz. The cor-
responding efficiencies of the FF antenna with NFC are
92%, 98% and 95%, with gains of 2.06 dBi, 2.44 dBi,
and 2.47 dBi.

Figures 9(a)-(d) illustrate the simulated Hy, Hy, H,, abso-
lute magnetic field distributions of dual-loop NFC segment of
the antenna, given the frequency of 13.56 MHz. According to
the right hand rule of magnetic field distribution, Hx magnetic
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field is densely distributed around the x-axis, Hy magnetic
field around the y-axis, and H, magnetic field around the
z-axis. As shown in Figure 9(d), the magnetic field is dis-
tributed in all directions around the NFC antenna, and the
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farther the distance the weaker the magnetic field. Ultimately,
the configuration of the proposed FNFC antenna is shown in
the Figure 10, and this proposed structure is used to fabricate
and test to confirm the simulation results. The prototype
fabrication and measured results will be discussed in the
section III.
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FIGURE 13. Simulated and measured radiation patterns of the integrated FNFC antenna (simultaneously operated between

NFC and FF antennas).

lIl. PROTOTYPE FABRICATION AND MEASURED RESULTS
To validate the simulation, an antenna prototype was fabri-
cated using screen printing method and experiments carried
out. In the antenna fabrication, conductive silver ink was
applied on PET substrate using a stencil of 150 meshes per
inch and cured for 30 minutes at 120 °C for a conductor with
10 um in thickness. Figure 11 depicts the prototype of the
integrated FNFC antenna.

In Figure 12(a), the measured impedance bandwith (|S11]|<
—6 dB) covers the frequency range of 1.52-2.21 GHz (37%),
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which is agreeable with the simulated result of
1.68-2.34 GHz (32.83%). In Figure 12(b), the minimum
and maximum measured gains across the center frequen-
cies of 1.8-2.1 GHz are 1.76-2.08 dBi, reasonably agree-
able with the simulated gains of 2.06-2.47 dBi. The
discrepancy could be attributed to fabrication and reflection
losses.

Figures 13(a)-(c) illustrate the simulated and measured
radiation patterns of the FNFC antenna at 1.8, 1.9, and
2.1 GHz, respectively. The integrated FNFC antenna achieves
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TABLE 3. Measured radiation characteristics of the integrated FNFC
antenna.

L Frequenc
Characteristics L8GHz __19GHz 2.1 Glz
HPBW (deg) in yz-plane 96 97 102
HPBW (deg) in xy-plane 92 92 92
Maximum cross-pol (dB) in xz-plane -10 -12 -10
Maximum cross-pol (dB) in yz-plane -15 -15 -15
Maximum cross-pol (dB) in xy-plane -10 -10 -10
Maximum ripple (dB) in xz-plane -3 -4 -5
Gain (dBi) 1.76 1.98 2.08

omnidirectional radiation pattern at 1.8 GHz and near-
omnidirectional pattern at 1.9 GHz and 2.1 GHz due to
ripples in the xz-plane. At 1.8 GHz, the radiation is of
omnidirectional pattern because the maximum ripple is less
than 3 dB. On the other hand, the radiation pattern is near-
omnidirectional at 1.9 and 2.1 GHz as the ripples are greater
than 3 dB (4 dB and 5 dB, respectively).

The polar form of radiation pattern of the FNFC antenna
was characterized in xz-plane (vary 6, ¢ = 0°), yz-plane
(vary 6, ¢ = 90°), and xy-plane (vary ¢, 8 = 90°),
The simulated and measured maximum cross-polarization are
approximately -10 dB for xz-, yz- and xy-planes over the target
operating frequency (1.8-2.1 GHz). The simulated and mea-
sured half-power beamwidth (HPBW) in yz- and xy-planes
are in the range of 90° - 100° across the operating bandwidth.
The discrepancy between simulated and measured radiation
patterns is caused from the imperfectness of antenna fabrica-
tion. The measured radiation characteristics of the integrated
FNFC antenna are summarized in the Table 3. The FNFC
antenna is suitable for 3G/4G/LTE communications despite
the near-omnidirectional nature.

IV. CONCLUSION

This experimental research integrated a far-field (FF) antenna
with near-field communication (NFC) antenna using PIFA
structure for 3G/4G/LTE mobile devices. The integrated
FNFC antenna was fabricated using conductive silver ink
on polyethylene terephthalate (PET) flexible substrate. The
operating frequency band of the FF segment of the antenna is
1.71-2.17 GHz, and the dual-loop NFC antenna is operable at
13.56 MHz. Simulations were carried out for optimal antenna
parameters, and an antenna prototype was fabricated. The FF
antenna achieved the measured impedance bandwidth of 37%
(1.52-2.21 GHz), given |S11| < —6 dB, with the minimum
and maximum efficiency of 92.1% and 98%. The measured
gains are 1.76-2.08 dBi across the center frequencies of 1.8-
2.1 GHz with near-omnidirectional radiation pattern. The
measured results are in good agreement with the simulation.
The near-field segment of the antenna efficiently induces
strong magnetic field distributions in Hy, Hy, and H, orienta-
tions and is capable of communicating in the x- y- and z-axes.
Essentially, the integrated FNFC antenna of conductive silver
ink on PET substrate is ideal for 3G/4G/LTE applications.
The measured reading performance between the NFC reader
and tag antennas for mobile app will be published as future
work.
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