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Wireless identification and sensing systems are emerging
in everyday use and the demand for ubiquitous automatic
cognition and wireless sensing is growing rapidly [1, 2]. For
example, passive sensors are critical and highly desirable
in remote sensing platforms, where long term environment
controlling andmonitoring take place. Important features for
the design of these sensors are that the sensor is wireless,
battery-free, compact, and easy to integrate with other wire-
less passive sensors [3]. In addition, the growth of biosensors
and health-related monitoring devices has accentuated the
need for miniaturized, high-efficiency conformal sensing
devices that can operate over a wide range of frequencies
and are integrable in wearable and lightweight configurations
[4]. For example, recently published “electronic tattoo” [5]
presents an emerging wave of ideas of integrating sensors
and other flexible electronic devices directly on human body.
Electronic tattoo is a thin, extremely flexible device which has
the same mechanical properties of skin to facilitate seamless
attachment to the surface of skin.

Moreover, identification and monitoring of objects are
needed in various supply chains and everyday logistics [6, 7].
Requirements in life cycle management (LCM) of different
products have increased rapidly. For example, in construction
business the condition and moisture of building structures
are an important monitoring area. Also in the field of con-
sumer electronics it is important to be able to monitor and
manage the life cycle of products all the way from manufac-
turing to recycling.

Efficient wireless identification and sensing platforms
have a huge potential to enhance the quality of life, for

example, in the fields of healthcare, security, and efficient use
of available natural resources [8–11]. Antennas are one of the
key components in achieving the desired efficient intelligent
wireless platforms. In these future platforms, antennas should
be small in size, efficient, and manufacturable with additive
methods on environmentally friendly low cost substrates,
such as paper. They should also be platform tolerant to
enable attachment on various platform materials [2, 12, 13].
In addition, carbon nanotubes (CNTs) and graphene are
attractive nanoscale materials which have been gaining a
great interest in the research world recently [13, 14]. Their
unique mechanical, electrical, and thermal properties make
them promising building blocks for a large variety of appli-
cations in microelectronics and nanotechnologies [15]. In
particular, CNTs are expected to address effectively numerous
common electronic system challenges, such as tunability and
miniaturization.

Recently, sensing methods based on the changes, for
example, in the electrical properties of materials integrated
with radio frequency identification (RFID) tag antennas, have
gained a lot of interest within research groups globally [2,
8, 16]. Operation principle of passive RFID tag-integrated
sensors can be based on the effects of change in the electrical
properties of the sensing material on the performance of
the RFID tag. No discrete or microchip-integrated sensor
component is used in this kind of sensor tags. For example,
permittivity of distilled water changes as a function on
ambient temperature [16]. A sealed water pocket on top
of the tag antenna’s matching circuit affects the impedance
matching between the tag’s antenna and the microchip by
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changing the input impedance of the tag antenna. Change
in the impedance matching in turn affects the optimum
operating frequency of the sensor tag, which serves as an
indicator of temperature change or of a specific temperature
value.

This special issue presents articles containing newest
developments of antennas in wireless identification and sens-
ing systems. In the paper entitled “Dual-Band Antenna/AMC
Combination for RFID”M. E. de Cos and F. Las-Heras present
a novel antenna—artificial magnetic conductor (AMC) com-
bination usable in dual-band radio frequency identification
(RFID) tags over metallic objects.

To address the miniaturization requirements, X. Ren et
al. propose a novel electrically small antenna (ESA) based on
the meandered line structure in their paper entitled “A Novel
Electrically Small Meandered Line Antenna with a Trident-
Shaped Feeding Strip for Wireless Applications.”

Ultrahigh-frequency (UHF) approaches have caught
increasing attention recently and have been considered as a
promising technology for online monitoring of partial dis-
charge (PD) signals. The paper entitled “Resonant Frequency
Calculation and Optimal Design of Peano Fractal Antenna
for Partial Discharge Detection” by J. Li et al. presents a
Peano fractal antenna for UHF PD online monitoring of
transformer with small size and multiband features.

To improve the cost-efficiency of novel ink jet printed
RFID tag antennas, J. Virtanen et al. present a paper entitled
“A Selective Ink Deposition Method for the Cost-Performance
Optimization of Inkjet-Printed UHF RFID Tag Antennas”.The
deposition method is based on identifying areas with high
surface current densities on a given tag antenna and applying
additional silver nanoparticle ink onto such areas to increase
tag read range.

The paper written by C. Kakoyiannis and P. Constanti-
nou, entitled “Compact, Slotted, Printed Antennas for Dual-
Band Communication in Future Wireless Sensor Networks,”
describes how printed antennas, especially inverted-F anten-
nas (IFAs) can be efficiently designed as simple, compact,
device-integrated, dual-band antennas.

All papers appearing in this special issue have been sub-
ject to a strict peer reviewing process.They are of high quality
and address the area of antennas for wireless identification
and sensing systems from different perspectives. It is our
expectation that through this special issue, some valuable
ideas and conclusions on this challenging topic are provided.
In addition, we hope that the published papers provoke new
ideas and research in this area.

Leena Ukkonen
Harish Rajagopalan

Fan Yang
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Inverted-F antennas (IFAs) are a primary choice to implement the radiating system of portable devices. A tried and tested idea can
remain topical if proven useful in modern applications. This paper shows that printed IFAs (PIFAs) are capable of forming robust,
compact, dual-band radiating systems for wireless microsensors with an adjustable spacing between bands. Reactive tuning was
applied by inductively loading the structures with prefractal slots; inductive slot loading degenerates higher-order resonances and
increases the fractional bandwidth (FBW).The current distributions revealed that most of the element area is used for radiation at
both resonances. In radiation terms, the antennas provide satisfactory gains and high efficiencies (≥82%). A simple figure ofmerit is
used to compare the performance of the three PIFAs head to head. Operation at 2.5 GHz and 5.5GHz indicated that changes in slot
geometry almost double the FBW. The proposed antennas serve both the 5.15–5.35GHz U-NII and the 5.8GHz ISM bands; at the
lower band, their size is less or equal to the half-wavelength dipole.This study of dual-band antennas also showed that the aggregate
FBW of a PIFA is bounded; by degenerating higher-order modes, the designer redistributes whatever bandwidth is available by the
antenna itself to the desired bands.

1. Introduction

1.1. Background and Motivation. For the past fifteen years
inverted-F antennas have been a major design vehicle for
the implementation of radiating systems for portable devices
[1–8]. IFAs use image theory as their basic miniaturization
technique through a shorting wall or pin that ties them
to the ground plane (GNDP). The planar version of IFAs
inherits the cavity features of microstrip patch antennas,
thus its bandwidth is inherently limited. Extensive antenna
and/or GNDP alteration has been applied through slots and
slits to excite more radiating modes. The printed version of
IFAs is not shaped like a cavity, thus it is significantly more
broadband.

Dual-band printed and planar IFAs have drawn signifi-
cant attention in the existing literature [9–21]. Starting from
legacy applications like PCMCIA cards [9], the use of dual-
band PIFAswas extended to (i) wireless LAN communication
for laptop computers in the 2.4- and 5.2/5.8-GHz bands

[11–13, 15, 16, 20], (ii) mobile phone antennas operating at
900/1900MHz [14], (iii) dual-band communication at 2.6 and
5.5GHz [17], (iv) mobile phones equipped withWLAN capa-
bility operating at DCS/ISM frequencies [18], and (v) dual-
band antennas printed on USB dongles serving as multiband
antennas [19]. In the case of portable computers (laptops),
printed antennas are usually installed under the lid on the
back side of the screen [20]. Furthermore, printed dual-band
antennas can be readily applied toWLANrouters. Finally, in a
recent study, Li et al. [21] proposed a reconfigurable structure
that can be transformed from a double planar IFA into a
meandered loop antenna by means of a PIN diode switch.
The two modes of operation enable the antenna to achieve
complementary operating bands in the 0.79–2.56GHz range.

This paper addresses the design of dual-band PIFAs for
wireless sensor nodes. It aims to show that by properly
applying inductive loading in the form of prefractal slots,
printed IFAs are capable of producing robust, compact, dual-
band radiating systems for wireless microsensors with an
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adjustable spacing between bands. One could argue that
dual-band antennas find no use in wireless sensor networks
(WSNs), because dual-band WSNs do not exist: the second
integrated transceiver that is required along with its periph-
eral passive components bring extra complexity, cost, and
energy consumption for a wireless microsensor. So, it is best
to wait until very large scale integration (VLSI) technology
matures to the point of single-chip, dual-band, integrated
transceivers. However, the above arguments do not hold for
two reasons. On one hand, dual-band communication is
inherent in real-world WSN deployments: the microsensors
implement various algorithms, for example, routing, local-
ization, virtual array formation, and improved connectiv-
ity and coverage. These algorithms depend on GPS signal
reception; hence, a second communication band comes into
play. On the other hand, dual-band, single-chip, integrated
transceivers are already here: Cho et al. [22] designed an
energy-efficient, dual-band, fully integrated transceiver for
body sensor network applications in the 30–70MHz and
MICS (402–405MHz) bands.Thus, it is anticipated that dual-
band communication will become vital in future wireless
sensor networks.

To the best of the authors’ knowledge, the only existing
study on dual-band antennas that target wireless sensors is
the work of Mendes et al. [10]. We comment on this work in
Section 4, along with the rest of the relevant literature.

1.2. Theoretical Considerations. Boyle [5, 23] and Boyle and
Ligthart [24] used superposition and divided the operation
of the antenna into the balanced (nonradiating) and the
radiating mode. One of their key findings was that the PCB
length has a strong effect on antenna quality factor, 𝑄: the
𝑄 is minimized when the length is close to the 𝜆/2- or 𝜆-
antiresonance. Hence, the bandwidth (BW), which is related
to the quality factor 𝑄, is strongly affected by the length of
the GNDP. Furthermore, in the case of dual-band PIFAs, the
width of the two bands is not independent; to improve BW
at the lower resonance, the higher resonance BW must be
degraded.

Referring to the internal workings of dual-band slotted
planar IFAs [1, 25], Boyle suggested that slots in the antenna
top plate between the feed and short pins allow independent
variation of the impedance transformation and shunt reac-
tance [5, 23, 24]. Furthermore, slots in the top plate can tune
a planar inverted-L antenna (ILA) that is naturally resonant
between the lower and upper resonance. If the slot is too long,
the lower BW is degraded; if the slot is too short, the upper
BW is degraded.

The technique of degenerating higher-order radiating
modes by inductive loading of the antenna with slots applies
equally well in the case of nonadjacent frequency bands.
This has been shown for planar IFAs by Liu et al. [25] and
Boyle and Ligthart [23, 24]. Angelopoulos et al. [9] showed
that this response is also feasible with printed IFAs: the
authors of [9] presented an application of the slot-loading
concept, which involved a dual-band PIFA comprised of two
𝜆/4 monopoles coupled and separated by an L-slot. It was
suggested that each monopole radiates in its own resonance

frequency (2.45/5.25GHz) when fed by a single feeding port
connected to the smaller monopole. It was also theorized
that the function of the L-slot was to form a gap for higher
frequency currents, which at the same time is not wide
enough to disturb the lower resonance. The work described
herein will demonstrate that, in general, this is not the case.

1.3. Scope and Structure of the Paper. Based on our expe-
rience with multimode, single-band printed IFAs [26], we
have attempted to design microsensor-oriented PIFAs which
should satisfy the following specifications.

(1) Display a bandwidth at least equal to 100MHz in
the vicinity of 2.5 GHz, thus a fractional bandwidth
FBW
𝑉ℓ
≥ 4%.

(2) Display a bandwidth at least equal to 200MHz at the
lower end of the 5-6GHz range. A good application
example is the U-NII 5.15–5.35GHz band, which
features a fractional bandwidth FBW

𝑉𝑢
= 3.8%.

(3) Achieve the previous two specifications without
exceeding the electrical size, 𝑘𝑎, of the half-wave-
length dipole, (𝑘𝑎)

𝜆/2
= 𝜋/2 rad, at the lower band.

(4) Achieve a mean total radiation efficiency over both
bands at least equal to 80%, that is, 𝑛total ≥ −1 dB.

The paper describes the design of printed inverted-F
antennas that have been inductively loaded by four different
pre-fractal slots.The first three slot topologies were discussed
in detail in [26]: they are the simple, generalized, and dual
generalized, Koch curves of the second iteration. The fourth
slot resembles the quadratic type 2 Koch curve; its properties
are described in Section 3.4. The effect of the size of the
ground plane on both frequency bands was also investigated.
The reactive loading imposed by the pre-fractal slots not
only surpassed the specifications, but also outperformed the
results of several prior studies. Section 2 discusses design and
modelling issues. Section 3 displays an array of numerical
results produced by accurate computational models of the
four slotted antenna configurations. Section 4 discusses the
results. Section 5 presents measurement results harvested
from a prototype antenna. Finally, Section 6 concludes the
paper.

2. Antenna Design and
Electromagnetic Modelling

Out of the four antennas that were designed, the first three
were inductively loaded by slots shaped after the following
pre-fractal curves:

(1) the Koch curve of the second iteration (abbreviated
herein as “K2”) [26],

(2) the generalized Koch curve of the second iteration
(abbreviated herein as “GK2”) [26], and

(3) the dual generalized Koch curve of the second itera-
tion (abbreviated herein as “D-GK2”) [26].

Apart from [26], the properties of Koch curve variants are
also described in [27–30], thus the details are omitted here for
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Figure 1: Parametric breakdown of the printed IFA loaded with an embedded Koch-shaped slot. The substrate is transparent, showing the
ground plane on the bottom layer. The nomenclature of parameters is a simplified version of the one used in [26].

brevity. The fourth antenna was loaded by a quadratic type
2 Koch curve of the second iteration (abbreviated herein as
“MK2”), which is described in Section 3.4.

The antennas were designed to operate about the centre
frequencies 𝑓

0ℓ
= 2.5GHz and 𝑓

0𝑢
= 5.25GHz, where the

correspondingwavelengths are𝜆
0ℓ
= 120mmand𝜆

0𝑢
≃ 57.1

mm.The 2-layer PCBs are made of Taconic TRF-45 material
(𝜀
𝑟
= 4.38 and tan 𝛿

𝑒
= 0.0028 at 2.5 GHz). The substrate is

𝐻sub = 1.63mm thick, and it is loaded with 1 oz copper on
each side [31]. Higher frequencies at the upper band demand
the use of a good quality substrate that features low-loss
and well-controlled relative permittivity. TRF-45 combines
low-loss with an FR4-compatible printing process. In this
system model, the size of the PCB represents the whole size
of the sensor node. On the top layer, we etched the printed
antenna and the 3.1mm-wide microstrip line that excites it.
On the bottom layer, there is a continuous copper cladding
that serves as the ground plane (GNDP) of both antenna and
microstrip line. The GNDP was removed below the antenna.
Assuming that the PCB in Figure 1 is an autonomous node,
then all radiofrequency (RF) and baseband integrated circuits
and discrete components would be soldered on the bottom
layer in an actual implementation.This structure can be easily
transformed to uniplanar (single-sided PCB) by changing
the feed to coplanar waveguide (CPW). The use of ground-
backed CPW would double the available space for RF and
baseband electronics.

The antennas were designed and simulated by means
of a transient solver, which is part of a full-wave E/M
simulator that uses the finite integration technique (FIT) to
reformulate Maxwell’s integral equations into the so-called
“Maxwell Grid Equations.” In the time domain, by applying
Yee’s spatial discretization and time-stepping scheme, FIT
results in the same set of equations as FDTD [32, 33]. The
structures were excited by a wideband Gaussian pulse (DC-
7GHz). A spatially adaptive hexahedral mesh discretized the
objects. Finer meshing was applied inside the substrate to
capture the large gradients of the E-field; the same applies
across the microstrip feed, on the main arm, and inside

the dielectric of the SMA connector. The simulator stopped
when the initial system energy decayed by 40 dB. This trade-
off between simulation speed and FFT truncation error was
slightly in favour of speed. The maximum cell size at 7GHz
(smallest wavelength) was set at 𝜆

7GHz/20. The solvable
space was terminated at four Berenger PML layers, with a
distance-to-boundary equal to 𝜆

3GHz/8. The antennas did
not exhibit topological symmetry, thus did not satisfy the
required boundary conditions of electric and magnetic flux
for the placement of “magnetic walls”, which would lower the
computational burden. The complexity of the models varied
in the range 370–495 × 103 Yee cells. Complexity depends on
the size of the PCB and the level of detail exhibited by the
antenna element. Narrow copper traces and narrow object
spacing contribute greatly to complexity. The MK2 model
exhibited 28–33% greater complexity compared to the other
three model due to its inherently finer structure. Simulation
setup settings are summarized in Table 1.

3. Proposed Radiating Structures and
Numerical Results

Thedesign of the four slotted antennas is based on themanual
optimization procedure and design guidelines that were
reported in [26]. The controlling parameters of the antennas
converged to the values listed in Table 2. The nomenclature
of parameters shown in Figure 1 is a representative of all four
structures.

Table 2 lists at the bottom parameters 𝐿 ind and 𝑊ind. In
order to achieve a well-balanced input impedance in both
operating bands, there is a need to compensate the capacitive
part of the impedance.The imaginary part,𝑋in(𝑗𝜔), assumed
large negative values, because the common length of the
feeding and shorting stubs,𝐿 fs, is short due to high-frequency
upper band, thus the main arm of the PIFA approaches the
ground plane far more than it did in the case of the multi-
mode, single-band counterparts [26]. To mend this problem,
the last segment of the microstrip feed line, whose length
equals 𝐿 ind, was narrowed from 𝑊strip down to 𝑊ind. The
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Figure 2:The computational model of the dual-band K2 PIFA in perspective and the magnitude of its input reflection coefficient in the range
DC-7GHz.

Table 1: Settings applied to the FIT-TS solver [32, 33] during the
simulations of the slotted PIFAs.

Slotted PIFA simulation setup
Excitation signal Gaussian pulse, DC-7 GHz
Spatial discretization Hexahedral, nonuniform
Convergence condition 40 dB energy decay
Maximum cell size at 𝑓max 𝜆min/20

Absorbing boundary conditions 4-layer PML
Minium distance to PML
boundary 𝜆

3GHz/8

Computational complexity,
(D-)(G)K2 (370–385) ×103 Yee cells

Computational complexity, MK2 495 × 10
3 Yee cells

narrowed segment inserts extra inductance in series with
𝑍in(𝑗𝜔) and makes up the simplest matching circuit.

It is also noted that the design procedure verified the
manual optimization algorithm given in [26], but with one
important difference: excluding parameters 𝐿PIFA and 𝐿 slot,
the other six parameters affect the response of the antenna
in the two frequency bands in opposite ways. For example,
a change in 𝑑fs that improves matching and resonance in
the lower band, worsens the performance in the upper band,
and vice versa. Inevitably, parameter values were chosen in a
compensatory manner.

During simulations for the virtual prototyping, an auto-
mated calculation of the electrical size of antennas was
required. Thus, the automated estimation of the radius of the
circumscribing sphere was based on the simplified expression

𝑎 =
1

2

√𝑊
2

strip + (𝑊PIFA + 𝐿 fs + 𝐿gnd)
2

, (1)

which produces slightly larger electrical sizes than the actual
ones.

This section demonstrates through accurate computa-
tional models (virtual prototypes) the electrical performance
of the four slotted PIFAs.

3.1. Dual-Band PIFA Loaded by the Koch Slot. The first
antenna that was designed is inductively loaded by a Koch-
shaped slot of the second iteration, which has been described
in [26] and also in [27–30]. The computational model and
the broadband magnitude of the input reflection coefficient
are depicted in Figure 2. Antenna dimensions, starting with
𝐿 slot, were adjusted so as to obtain resonances at the desired
bands.The high-frequency upper band leads to a significantly
smaller slot compared to the one in [26]: the side length ratio
of the outline of the K2 slot remains constant as dimensions
vary, thus the slot is much shorter, allowing for the design of
a PIFA with a significantly narrower main arm. The feeding
line is offset with respect to the longitudinal symmetry axis
of the PCB. Application of the offset feed further facilitates
matching and resonance in both bands. The key numerical
results of the K2 PIFA are listed in Table 4.The antennameets
all four specifications, but the figure ofmerit assumes negative
values in decibels. In the lower band the low FoM values are
due to the reduced bandwidth, whereas in the upper band
they result from the increased electrical size: in the 5-6GHz
range the K2 PIFA is electrically large (𝑘𝑎 > 2 rad).

The Smith charts in Figure 3 were derived after placing
the reference plane of the scattering parameters at the
beginning of the SMA end launch connector. The charts
indicate that the compensatory dimensions that were chosen
for the K2 antenna produce a frequency response that is
well-balanced between inductive and capacitive reactance.
Furthermore, in the lower band the input resistance is equally
distributed below and above 50Ω, whereas in the upper band
we mostly get 𝑅in < 50Ω.

The surface current distributions (SCDs) in Figure 4 show
concurrent maxima of current density at every point on the
PCB. Concurrent maxima are physically unrealisable due to
the phase shift along the structure, but they are useful for
identifying “hot” and “cold” regions. The SCDs indicate that
(i) in the lower frequency band practically the whole extent of
themain arm radiates and (ii) in the upper band themain arm
radiates mainly along the K2 slot, whereas a discontinuous
image forms on the ground plane with a greater overall
length. In both bands, return currents are strong along all four
sides of the GNDP.
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Figure 3: Smith chart of the complex reflection coefficient of the dual-band K2 PIFA in the overlapping frequency ranges DC-4 GHz and
3–7GHz.
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Figure 4: Surface current distributions of the dual-band K2 PIFA at 2.5 GHz and 5.25GHz.
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Table 2: Values of parameters that determine the design of the four
proposed dual-band PIFAs. All dimensions are in millimetres.

Dimension K2 GK2 D-GK2 MK2
𝐿 sub ×𝑊gnd 57 × 37 54 × 35.8 54 × 36.2 60 × 33.6

𝐿gnd ×𝑊gnd 40 × 37 40 × 35.8 40 × 36.2 40 × 33.6

𝐿PIFA × (𝑊PIFA + 𝐿 fs) 24.0 × 7.7 23.3 × 7.8 23.2 × 7.6 21.2 × 8.1

𝑊strip 3.1 3.1 3.1 3.1
𝑑fs 2.5 2.1 2.2 1.5
𝐿 slot 10.3 8.9 8.9 6.7
𝐿PIFA 24.0 23.3 23.2 21.6
𝐿 fs 2.4 1.4 1.5 1.5
𝑊slot 0.5 0.5 0.6 0.3
𝑊PIFA 5.3 6.4 6.1 6.6
𝑊short 0.5 0.4 0.4 0.4
𝑊feed 1.0 1.1 0.6 0.9
𝐿 ind 6.2 6.1 6.4 6.2
𝑊ind 1.7 1.9 2.3 1.9
The first row denotes the extent of the PCB, the second row denotes the size
of the ground plane, and the third one denotes the extent of the antenna
element.

3.2. Dual-Band PIFA Loaded by the Generalized Koch Slot.
The second antenna that was designed is inductively loaded
by a generalized Koch-shaped slot of the second iteration,
which has been described in [26]. The computational model
and the broadband magnitude of the input reflection coef-
ficient are depicted in Figure 5. The antenna resonates at
2.5 GHz, 5.14GHz, and 5.71 GHz.This means that by a simple
change in slot geometry the reactive loading produces a
second 𝑆

11
minimum in the 5-6GHz range. As a result, the 5-

6GHz range meets the VSWR criterion practically in its full
extent. The key numerical results of the K2 PIFA are listed in
Table 4.

The Smith charts in Figure 6 indicate that the compen-
satory dimensions that were chosen for the GK2 antenna
produce a frequency response that is well-balanced between
inductive and capacitive reactance. Furthermore, in the lower
band the input resistance is equally distributed below and
above 50Ω, whereas in the upper band we mostly get 𝑅in <
50Ω. Finally, the 𝑆

11
minimum at 5.71 GHz is not a resonance

in the strict sense, but appears as a result of the small loop that
the curve traces.

The surface current distributions in Figure 7 show con-
current maxima of current density at every point on the PCB.
In the lower frequency band, the same comments as in the K2
case apply. At 5.14GHz, the main arm radiates mostly along
the GK2 slot, whereas a discontinuous image forms on the
ground plane with greater overall length. At 5.71 GHz, the
main arm radiates uniformly (not focused around the slot),
whereas a strong image forms on the ground plane away from
the slot.

3.3. Dual-Band PIFA Loaded by the Dual Generalized Koch
Slot. The third antenna was inductively loaded by the dual
generalized Koch-shaped slot of the second iteration, which
has been described in [26]. This particular version of the

Koch pre-fractal shape exhibits lower variations in height and
thus produced an antenna with slightly narrower main arm.
The computational model and the broadband magnitude of
the input reflection coefficient are depicted in Figure 8. The
antenna resonates at 2.5 GHz, 5.11 GHz, and 5.77GHz, that is,
the dual of the generalized Koch slot preserves the second 𝑆

11

minimum in the 5-6GHz range.The key numerical results of
the K2 PIFA are listed in Table 4.

The Smith charts in Figure 9 indicate that the compen-
satory dimensions that were chosen for the D-GK2 antenna
produce a frequency response that is well-balanced between
inductive and capacitive reactance. Furthermore, in the lower
band the input resistance is equally distributed below and
above 50Ω, whereas in the upper band we mostly get 𝑅in <
50Ω. Finally, the 𝑆

11
minimumat 5.77GHz appears as a result

of the small loop traced by the curve, which produces an extra
resonance.

The surface current distributions in Figure 10 show con-
current maxima of current density at every point on the PCB.
At 2.5 GHz and 5.11 GHz the same comments as in the K2 and
GK2 cases apply. At 5.77GHz, the main arm radiates in an
exceptionally uniform manner almost ignoring the presence
of the slot, whereas a strong image forms on the ground plane
away from the slot.

3.4. Dual-Band PIFA Loaded by the Quadratic Koch Slot.
The fourth antenna was inductively loaded by the quadratic
Koch-shaped slot of the second kind and second iteration.
This particular version of the Koch pre-fractal shape is also
known in the literature as the Minkowski sausage. The curve
is produced by an iterative function system (IFS) [26–30] as
illustrated in Figure 11: an initial straight segment is divided
into 𝑛 equally long, consecutive segments. Then, each one of
the 𝑛 − 2middle segments is replaced by a Π-shaped broken
line. The straight segments of the broken line are equal in
length to the initial subdivisions. In order for the curve to
preserve its self-avoidance, a sequence of proper and inverted
Pi shapes is created. In this way, during the first iteration of
the pre-fractal curve, the initial straight segment takes on the
shape of a meander line. Thus, we are working with a hybrid
meander-Koch curve, and this is where the abbreviation
“MK2” for the 𝑖 = 2 iteration came from. It is easily proven
that, with every new iteration, the updated curve comprises
3𝑛 − 4 straight segments, where 𝑛 is the number of segments
comprising the previous iteration. Therefore, the Haussdorf
dimension for 𝑖 = +∞ is equal to

𝐷MK =
ln (3𝑛 − 4)
ln (𝑛)

(2)

and is maximized when the initial straight segment is divided
into 𝑛opt = arg max{𝐷MK} = 4 subdivisions: 𝐷MK,max =

1.5. The increased complexity of the MK2 curve leads to
two geometrical differences with regard to the previous three
antennas: (i) the current covers a longer path as it traverses
the initial part of the main arm, thus length 𝐿PIFA turns out
to be 8.6–11.7% shorter when compared to the corresponding
lengths of the previous three antennas; (ii) the width of the
MK2 slot had to be reduced by a factor of two to facilitate
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Figure 5: The computational model of the dual-band GK2 PIFA in perspective and the magnitude of its input reflection coefficient in the
range DC-7GHz.
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Figure 6: Smith chart of the complex reflection coefficient of the dual-band GK2 PIFA in the overlapping frequency ranges DC-4GHz and
3–7GHz.

fabrication. The computational model and the broadband
magnitude of the input reflection coefficient are depicted in
Figure 12. The antenna resonates at 2.45GHz, 5.24GHz, and
5.88GHz. The meander-Koch slot preserves the second 𝑆

11

minimum; however, the matching meets the VSWR criterion
only approximately in the 5-6GHz range. The key numerical
results of the K2 PIFA are listed in Table 4.

The Smith charts in Figure 13 indicate that the compen-
satory dimensions that were chosen for the MK2 antenna
produce a frequency response that is well-balanced between
inductive and capacitive reactance. Furthermore, in the lower
band we get an input resistance 𝑅in > 50Ω, whereas in the
upper band we obtain𝑅in < 50Ω. Finally, in this case, it is the

𝑆
11

minimum at 5.24GHz that appears as a result of a small
loop traced by the curve.

The surface current distributions in Figure 14 show con-
current maxima of current density at every point on the
PCB. At 2.5 GHz the same comments as in the previous three
cases apply. At 5.24GHz and 5.88GHz, themain arm radiates
mostly in the vicinity of the slot, whereas a strong image
forms on the ground plane along the full extent of the main
arm.

3.5. Study of Ground Plane Effect. The effect of the size of the
ground plane was studied in the same manner as in [26, 34].
The most important findings are briefly summarized here.
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Figure 7: Surface current distributions of the dual-band GK2 PIFA at 2.5 GHz, 5.14GHz and 5.71 GHz.
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Figure 8: The computational model of the dual-band D-GK2 PIFA in perspective and the magnitude of its input reflection coefficient in the
range DC-7GHz.

The width of the ground plane should be at least large
enough to accommodate the main arm of the PIFA. Further-
more, small extensions are also required: towards the open-
circuited end of the PIFA, the substrate and ground plane
should be extended by 8 ≤ 𝑤

1
≤ 10mm. Towards the

short-circuited end of the PIFA, the substrate and ground
plane should be extended by 3 ≤ 𝑤

2
≤ 5mm. Changes

in 𝑤
1
affect both resonances significantly, so this parameter

must be chosen carefully. Changes in𝑤
2
only affect the upper

resonance; the lower one is practically insensitive. Note that
the values suggested above are frequency-dependent.

The results presented in Sections 3.1–3.4 correspond to
the common ground plane length 𝐿gnd = 40mm. This
common length is equal to 𝜆/3 at 2.5 GHz and 3𝜆/4 at
5.5 GHz. Table 3 lists the ranges of ground length that
produce maximum absolute bandwidth and total efficiency

for each antenna and frequency band. It seems that optimally
compensatory ground length equals 𝐿gnd = 32mm. This
length is equal to 0.27𝜆 at 2.5 GHz and 0.59𝜆 at 5.5 GHz. The
40 mm-long ground plane was chosen because it maximizes
the obtainable bandwidth at the lower band.

4. Discussion

4.1. Performance of the Four Slotted PIFAs. The results given
in Section 3 lead to conclusions and comparisons with prior
studies. First, it is important to note that, in the general
case, the whole structure is used at both resonances for
radiation. Unlike what was suggested in prior studies [9], the
current distributions indicate that the slot does not divide
the antenna element in two separate radiators, that is, it
does not facilitate the creation of two resonant current paths.
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Figure 9: Smith chart of the complex reflection coefficient of the dual-band D-GK2 PIFA in the overlapping frequency ranges DC-4GHz
and 3–7GHz.

Figure 10: Surface current distributions of the dual-band D-GK2 PIFA at 2.5 GHz, 5.11 GHz, and 5.77GHz.
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Figure 11: The first two iterations, 𝑖 = 0 → 2, of the hybrid meander-Koch curve for the optimum case of 𝑛 = 4 subdivisions.
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Figure 12: The computational model of the dual-band MK2 PIFA in perspective and the magnitude of its input reflection coefficient in the
range DC-7GHz.

Table 3: Comparison of well-performing GNDP lengths between the four dual-band printed IFAs in terms of bandwidth and efficiency.

K2 GK2 D-GK2 MK2
Band (GHz) 2-3 5-6 2-3 5-6 2-3 5-6 2-3 5-6
Maximum BW (GHz) 0.23 0.96 0.18 1.40 0.19 1.20 0.18 1.00
at 𝐿gnd (mm) 36–40 28 36–44 28 32–44 32–40 32–44 28
Maximum 𝑛total (%) 88 87-88 83 91 84 88–90 84 87-88
at 𝐿gnd (mm) 32–36 28–32 32–44 28–32 28–44 20–36 28–48 28

Table 4: Comparison of electrical performance between the four dual-band printed IFAs in each frequency band.

K2 GK2 D-GK2 MK2
Band (GHz) 2-3 5-6 2-3 5-6 2-3 5-6 2-3 5-6
𝑓
𝑐
(GHz) 2.530 5.310 2.500 5.410 2.500 5.410 2.450 5.450

BW
𝑉
(GHz) 0.231 0.598 0.182 1.000 0.191 1.050 0.182 0.950

FBW
𝑉

0.091 0.113 0.073 0.185 0.076 0.193 0.074 0.174
𝑄 7.3 5.9 9.1 3.6 8.7 3.4 9.0 3.8
𝑘𝑎 (rad) 1.60 3.35 1.56 3.38 1.57 3.41 1.50 3.20
𝐺max (dBi) 2.0 4.2 2.0 4.3 2.0 4.4 2.1 4.6
𝑛rad 0.94 0.97 0.94 0.97 0.94 0.97 0.94 0.97
𝑛total 0.87 0.82 0.83 0.86 0.84 0.87 0.83 0.84
FOM (dB) −3.1 −5.6 −4.1 −3.3 −3.9 −3.1 −3.9 −3.4

𝑄
𝑟
(dB) +8.9 +7.8 +9.9 +5.7 +9.7 +5.4 +9.8 +5.9

𝑄
𝑡
(dB) +9.2 +8.6 +10.4 +6.2 +10.2 +5.9 +10.4 +6.6
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Figure 13: Smith chart of the complex reflection coefficient of the dual-band MK2 PIFA in the overlapping frequency ranges DC-4GHz and
3–7GHz.

Figure 14: Surface current distributions of the dual-band MK2 PIFA at 2.5 GHz, 5.24GHz, and 5.88GHz.

Rather, it provides the proper reactive loading (or “tuning
reactance”) for a single-resonant PIFA to become dual band.
The computational models corroborate Boyle’s theoretical
treatment [5, 23, 24].

Referring to the results tabulated in Table 4, the four
dual-band PIFAs meet the specifications that were set for the
fractional bandwidth, the electrical size, and the mean total
radiation efficiency. The choice of a low-loss substrate leads
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Figure 15: (a) Prototype dual-band PIFA reactively loaded by a K2 slot. (b) Comparison of numerical and experimental magnitudes of the
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Figure 16: Numerically estimated three-dimensional gain patterns of the K2 PIFA at (a) 2.6GHz and (b) 5.4GHz. Notice the different
amplitude scales (both are given in dBi).

to mean radiation efficiencies in the range 94–97%, that is,
−0.3 ≤ 𝑛rad ≤ −0.1 dB. All eight FoM levels take on negative
values in decibels. In the lower band, the low FoM values are
due to the reduced bandwidth, whereas in the upper band
they result from the increased electrical size: in the 5-6GHz
range all four slotted PIFAs are electrically large (𝑘𝑎 > 2 rad),
a fact that is also attested by the corresponding mean gain
values (gain averaged over each band).The expression for the
dimensionless figure of merit in decibels is repeated here for
convenience,

FOM = 10 + 10 log (𝑛total)

+ 10 log (FBW) − 10 log (𝑘𝑎) .
(3)

Karilainen et al. [35] suggested the use of the radiation
quality factor, 𝑄

𝑟
, for the comparison of overall performance

of antennas featuring different shapes, volumes, and resonant
frequencies,

𝑄
𝑟
=
𝑄

𝑛rad
. (4)

Taking mismatch losses also into account, the total
radiation quality factor, 𝑄

𝑡
, is proposed here in order to

evaluate the performance of the antenna system,

𝑄
𝑡
=

𝑄

𝑛total
. (5)

The values of the dimensionless 𝑄
𝑟
and 𝑄

𝑡
in decibels

are also tabulated in Table 4 (actually, the former is given as
𝑄/𝑛rad).Thegoal of any given design is tomaximize FOMand
minimize both 𝑄

𝑟
and 𝑄

𝑡
. All three metrics paint the same
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Figure 17: Comparison of numerical and experimental gain pattern cuts at 2.6GHz recorded at the principal planes (a) 𝜙 = 0 and (b) 𝜃 = 𝜋/2.
Notice the different radial scales (both are given in dBi).
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Figure 18: Comparison of numerical and experimental gain pattern cuts at 5.4GHz recorded at the principal planes (a)𝜙 = 0 and (b) 𝜃 = 𝜋/2.
Notice the different radial scales (both are given in dBi).
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Table 5: Aggregate absolute and fractional bandwidths achieved by
the four proposed dual-band PIFAs.

K2 GK2 D-GK2 MK2
BW
𝑉ℓ
+ BW

𝑉𝑢
(GHz) 0.829 1.182 1.241 1.132

FBW
𝑉ℓ
+ FBW

𝑉𝑢
0.204 0.258 0.269 0.248

picture with regard to the differential overall performance of
the four proposed slotted PIFAs.

Table 5 lists the aggregate bandwidth, absolute and frac-
tional, that was achieved by each PIFA. By comparison of
these bandwidth values to the ones given in [26], one con-
cludes that there exist clear indications that the cumulative
absolute bandwidth of each antenna is significantly increased.
However, this is a superficial conclusion, and it results from
the high centre frequency of the upper band, which is more
than double the centre frequency of the lower band. The
most appropriate indicator of impedance bandwidth is the
fractional bandwidth: Table 5 indicates that the aggregate
FBW that an antenna, either a single-band or a multi-band
one, can yield is strictly limited. Therefore, it is not actually
feasible to extractmore bandwidth froman antenna by simply
triggering more and more resonances. The aggregate FBW
of any given antenna is also given, in the sense that it is an
intrinsic quality of that particular antenna configuration.The
only aspect that the designer can actually influence is how the
available fractional bandwidth will be distributed amongst
the desired frequency bands.

4.2. Comments on Prior Studies and Performance Comparison.
As mentioned in Section 1.1, the only existing study on dual-
band antennas for wireless sensors is the work of Mendes
et al. [10]. They designed a chip-size, multilayered, planar
IFA for operation at 2.4 and 5.7GHz. It achieved 50MHz
of bandwidth at 2.4GHz (2.1% fractional) and 170MHz at
5.7GHz (3.0%). The overall size of the radiator was 6mm ×

8.5mm × 4.5mm. The circumscribing sphere had a radius
𝑎
1
= 5.7mm, which corresponds to an electrical size equal

to (𝑘𝑎)
1
= 0.29 rad ≪ 1 rad. The definition of electrical

size is given in [26, 34]. Based on data reported in [10], the
quality factor of the chip-size planar IFA was estimated at
𝑄 = 31.6. However, the lower bound on 𝑄, that is, the well-
knownChu-Harrington-McLean limit, is equal to𝑄

ℓ𝑏
= 37.6.

One possible explanation for the discrepancy is the effect of
the coaxial connector on this electrically small antenna. The
antenna operates in dipole mode; hence, there exist radiating
currents on the outer sheath of the coaxial connector. If this is
indeed the case, then the connector must be included in the
circumscribing sphere. The height of the antenna increases
from 4.5mm to 14.5mm, and the electrical size becomes
(𝑘𝑎)


1
= 0.45 rad ≪ 1 rad. The lower bound on 𝑄 becomes

𝑄


ℓ𝑏
= 13.2, hence no violation occurs.
Moving on to the comparison, Table 6 lists the electrical

sizes, fractional bandwidths, and aggregate fractional BWs
that were obtained from the literature survey. Note that the
estimation of all electrical sizes was based on the assumption
that the whole extent of the finite GNDP contributes to the

radiationmechanism.The same policywas applied to the four
slotted PIFAs (see Table 4). It is also the reason why the work
of Wong and Chen [20] was excluded from the comparison;
all results reported therein had the antenna mounted on
the lid of a laptop, which provided the antenna with an
electrically large ground plane. All other structures discussed
herein involve strictly finite GNDPs, hence the comparison
would not be meaningful.

The aggregate bandwidths listed in Table 6 range between
5-32%, since the listed PIFAs vary in size from electrically
small to electrically very large. All bandwidths were calcu-
lated at VSWR = 1.92 : 1, that is, at a reflection level equal to
−10 dB. The aggregate bandwidths of the four slotted PIFAs
described herein compare favourably with those reported in
prior works.The twelve referenced studies can be divided into
three main categories:

(1) PIFA structures that are electrically larger and still
produce a smaller aggregate bandwidth compared to
the four slotted PIFAs [9, 16–18],

(2) PIFA structures that are electrically smaller and pro-
duce a smaller aggregate bandwidth compared to the
four slotted PIFAs either because they are smaller, or
because they are planar IFAs [10, 11, 14, 15, 21], and

(3) PIFA structures that are electrically smaller but man-
age to produce greater aggregate bandwidths com-
pared to the four slotted PIFAs [12, 13, 19].

The design of the four slotted PIFAs opted for maxi-
mization of the bandwidth of the lower resonance, hence the
antennas reported herein perform worse compared to design
approaches that maximized the upper band or both. More-
over, the electrical size of the slotted PIFAswas influenced not
only by the maximization of the lower bandwidth, but also by
the need for available real-estate on the PCB to solder the RF
and baseband electronics of the wireless sensors. Last but not
least, the dual-band technique reported herein also achieves
design simplicity and low cost of fabrication.

5. Measurement Results

Figure 15(a) depicts a fabricated, dual-band, printed IFA that
has been reactively loaded with a Koch-shaped slot of the
second iteration (K2).The antenna was fabricated on TRF-45
laminated substrate [31]. Parameter values are in accordance
with Table 2.

Measurements were conducted in an fully anechoic
chamber (far-field test site), suitable for antenna characteri-
zation in the range 0.8–40GHz. The reference antenna was
spaced by 4.7m from the antenna under test (AUT), that is,
by approximately 39𝜆 at 2.5 GHz. Both AUT and reference
antenna were connected through low-loss coaxial cables to
the ports of an E8358A vector network analyzer (VNA)
[36], which recorded the complex scattering parameters. The
settings that were applied to theVNAare listed in Table 7.The
measurements were done over two consecutive 3GHz-wide
bands.
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5.1. Measured Input Impedance. The result illustrated in
Figure 15(b) firstly shows that there is a lower-frequency
band exhibiting a resonance at 𝑓

0,ℓ
= 2.610GHz, a centre

frequency 𝑓c,ℓ = 2.618GHz, and an operational bandwidth
BW
ℓ
= 0.235GHz. The corresponding fractional bandwidth

is FBW
ℓ
= 0.090.

At the same time, an upper operating band exists in the
5-6GHz range. It exhibits a resonance at 𝑓

0,ℎ
= 5.395GHz,

a centre frequency 𝑓c,ℎ = 5.428GHz, and an operational
bandwidth BW

ℎ
= 0.575GHz. The corresponding fractional

bandwidth is FBW
ℓ
= 0.106.

The results stated above lead to an aggregate absolute
bandwidth equal to BW

ℓ
+ BW

ℎ
= 0.810GHz.The aggregate

fractional bandwidth is equal to FBW
ℓ
+ FBW

ℎ
= 0.196.

The results reported in this section compare favourably
with the corresponding numerical results listed in Tables 4
and 5. The relative error in centre frequencies is equal to
+3.5% and +2.2% for the lower and upper band, respectively.
Similarly, the differences in absolute bandwidth are +1.7%
and −3.8%, whereas the errors in fractional bandwidth read
−1.1% and −5.3%. Finally, the deviation in aggregate absolute
and fractional bandwidth is −2.3% and −3.9%, respectively.

5.2. Measured Far-Field Patterns. The far-field patterns of
the K2 PIFA were measured at 2.6 and 5.4GHz. For the
convenience of the reader, the computed three-dimensional
patterns of the antenna at these two frequencies are illustrated
in Figure 16. The antenna lies on the 𝑥𝑦-plane, as shown
by the coordinate system in Figure 16. The surface currents
depicted in Figures 4, 7, 10, and 14 indicate that the radiating
currents feature strong𝑥- and𝑦-components.Theorthogonal
currents are phased randomly. Thus, as anticipated, the four
printed IFAs are elliptically polarized in the general case.
Therefore, the gain amplitudes given in Figure 16 correspond
to the vectorial sum of the 𝜃- and 𝜙-components of the E-
field.

The far-field measurements discussed here report on the
results that were harvested from the 𝜙 = 0 and 𝜃 =

𝜋/2 principal planes. The reference antenna was a linearly
polarized, standard-gain horn; hence, the 𝜃 (vertical) and
𝜙 (horizontal) components of the far field were measured
separately. The results are grouped in Figures 17 and 18; the
gain amplitudes again correspond to the vectorial sum of the
𝜃- and 𝜙-components of the E-field.

At 2.6GHz there is good agreement between computed
and measured patterns, especially in the 𝜃 = 𝜋/2 cut. The
directions of maxima and minima have been predicted with
considerable accuracy. In the 𝜙 = 0 cut, the measured
maximum IEEE gain lags the computed one by 0.1 dB (1.9 dBi
versus 2.0 dBi). On the other hand, in the 𝜃 = 𝜋/2 cut,
the measured maximum gain exceeds the computed one by
0.2 dB (2.1 dBi versus 1.9 dBi). A deviation on the order of
±0.2 dB lies within the measurement uncertainty of the VNA
[36], which can be estimated by the instrument settings listed
in Table 7.

At 5.4GHz the agreement between computed and mea-
sured patterns becomes worse, particularly in the 𝜙 = 0

cut. Significant null filling is observed, together with angular

shifting of the side lobes. The deviant behaviour is attributed
to radiation from the feed cable, which amplifies the 𝜃-
component, and to scattering from the mounting pole and
tripod; according to the 2𝐷2/𝜆 rule, the reactive and radiating
near field of the antenna occupies twice the space when firing
in the upper band. Nevertheless, in the 𝜙 = 0 cut, the
measured maximum IEEE gain exceeds the computed one
by 0.9 dB (4.9 dBi versus 4.0 dBi). On the other hand, in the
𝜃 = 𝜋/2 cut, the measured maximum gain lags the computed
one by 1.2 dB (3.2 dBi versus 4.4 dBi).

6. Conclusion

Dual-band communication can play a significant role in cur-
rent and future wireless sensor networks. Given the scarcity
of relevant proper radiators, this paper described how printed
antennas can be efficiently designed as simple, compact,
device-integrated, dual-band antennas. During the evolution
of modern antennas, the planar IFA inherited the properties
of the microstrip “patch” antenna, while the printed IFA
inherited those of the printed monopole. Printed monopoles
are well-known wideband radiators; patch antennas are not.
Reactive tuning of printed IFAs was applied in the form
of four slotted configurations, in order to exert as much
aggregate bandwidth as possible for use in two well-known
unlicensed bands.

Electrical performance was characterized through
numerous computed results. Slot loading showed a potential
to increase the impedance bandwidth compared to prior
implementations in terms of achievable FBW

𝑉
. The study of

SCDs revealed that most of the area of the element is used
for radiation at both resonances. In radiation terms, the
antennas provided satisfactory gains and high efficiencies
(≥82%). A simple figure of merit was used to compare the
performance of the three PIFAs head to head. The final
comparison displayed in an emphatic way that modern
antenna design is an art of compromise.

By exploring the potential for operation at 2.5 GHz and
5.5GHz, it was discovered that a simple change in slot geom-
etry can almost double the achievable operational bandwidth.
Thus, the proposed antennas not only serve the 5.15–5.35GHz
U-NII band, but also the 5.725–5.875GHz ISM band. The
proposed dual-band structures exhibited at the lower band
an electrical size less or equal to that of the half-wavelength
dipole. Nonetheless, these antennas can indeed be considered
compact, even though they are not electrically small per se,
since their dual-band capability enables them to do the job
of two and even three separate antennas. Meanwhile, an
educated choice of substrate can enable the combination of
ease of fabrication and high radiation efficiency even at mid-
C-band.

Yet another important design element that this study
of dual-band antennas highlighted is that the aggregate
fractional bandwidth of a PIFA is bounded within certain
limits, and by degenerating higher-order radiating modes
the designer merely re-distributes whatever bandwidth is
available by the antenna itself to the desired frequency bands.
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Table 6: Electrical sizes, fractional bandwidths, and aggregate fractional bandwidths from the literature survey.

Reference work Lower band Upper band
𝑘𝑎 (rad) FBW 𝑘𝑎 (rad) FBW Aggr. FBW

Angelopoulos et al. [9] 3.03 0.086 6.47 0.063 0.149
Mendes et al. [10] 0.45 0.021 1.07 0.030 0.051
Moon et al. [11] 0.79 0.041 1.90 0.145 0.186
Cho et al. [12] 0.60 0.057 1.39 0.261 0.318
Nakano et al. [13] 1.11 0.041 2.65 0.282 0.323
Azad and Ali [14] 1.13 0.070 2.36 0.033 0.103
Cho et al. [15] 1.33 0.045 3.02 0.162 0.207
Wang et al. [16] (spiralled tail) 1.97 0.057 4.22 0.144 0.201
Wang et al. [16] (coupling element) 1.94 0.098 4.15 0.128 0.226
Michailidis et al. [17] 1.72 0.095 3.59 0.137 0.232
Chan et al. [18] 2.09 0.109 2.83 0.036 0.145
Yu and Choi [19] 1.14 0.187 2.51 0.153 0.340
Li et al. [21] (IFA mode) 1.16 0.085 3.04 0.078 0.163

Table 7: Settings applied to the network analyzer during the
measurement of the K2 PIFA.

Network analyzer settings
Span (Cal + Meas) 1–4GHz and 4–7GHz
IF bandwidth 5 kHz
Number of points 601 (Δ𝑓 = 5MHz)
Sweep time 128msec (manual)
Averaging (full span) 32 (15 dB)
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A novel antenna/Artificial Magnetic Conductor (AMC) combination usable in dual-band Radio Frequency Identification (RFID)
tags over metallic objects is presented. A compact and low thickness prototype is manufactured and characterized in terms of
return loss and radiation properties in an anechoic chamber both alone and on a metallic plate. The performance exhibited by the
presented antenna/AMC prototype is proper for RFID tags on both metallic and nonmetallic objects.

1. Introduction

In Radio Frequency Identification (RFID) systems, it would
be desirable that the tagged objects do not have influence
on the tag antenna performance. However, on the one
hand if the object surface is made of a dielectric material,
then the readable range is decreased due to frequency shift
of the resonance frequency. On the other hand, antennas
placed nearby metallic objects suffer from performance
degradation. In passive RFID systems, this fact causes impor-
tant problems and it hinders their global deployment [1–
3]. Metallic objects seriously degrade the input impedance
matching, bandwidth, radiation efficiency, and readable
range of the tag antenna [4, 5]. The electromagnetic wave is
greatly reflected by a conductor surface yielding a significant
reduction of operating distance in RFID tags applications or
total antenna malfunctioning. The negative effects increase at
higher frequencies and so RFID operation in the Super High
Frequency (SHF) band with tags attached to metallic objects
presents an even more critical problem to be overcome.

In addition, another important question in RFID tags
usable with people and wearable antennas [6–8] is the back-
ward radiation to the human body which should be reduced
as much as possible.

Different approaches have been proposed aiming to
solve antennas on metals problems: patch antennas (already
including a metallic ground plane) with the drawback of
narrow bandwidth, new antenna designs like Planar Inverted

F Antennas (PIFAs) with the inconvenience of shorting
planes not proper for flexible devices or tags, and the use
of ferroelectric materials to insulate the antenna from metal,
which is rather expensive.

A novel solution is proposed in this contribution com-
bining a simple broadband antenna as a coplanar waveguide-
(CPW-) fed bow-tie [9–11] with a compact dual-band Artifi-
cial Magnetic Conductor (AMC) [12] without vias. Through
this combination, a dual-band compact low-cost antenna
proper to be used on both dielectric and metallic objects and
with reduced backward radiation [13] is obtained.

The paper is organized as follows: firstly, Section 2
describes the design of a CPW-fed bow-tie antenna for
operation at 5.8 GHz. Then, Section 3 shows the design of
a dual-band AMC resonating at 2.48 GHz and 5.8 GHz to be
combined with the antenna, aiming to obtain a dual-band
antenna and to insulate the antenna from metallic objects.
Section 4 explains the characterization of the manufactured
prototypes in terms of return loss and radiation patterns.
Finally some conclusions are described in Section 5.

2. Antenna Design

Figure 1 shows the geometry of the proposed CPW-fed bow-
tie antenna suitable for operating at 5.8 GHz. Double slot
bow-tie geometry has been chosen as it exhibits wider band-
width and smaller size than simple bow-tie. The antenna is
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Figure 1: Top-view of the CPW-fed bow-tie antenna geometry.
Simulation results for return loss of the CPW-fed bow-tie antenna.

Table 1: Bow-tie antenna dimensions.

Dimensions (mm)

L W WL g a b c d e t

35 23.8 2 0.1 32.8 13.6 6 12 2.16 6

fed through a 50Ω CPW line with Wl strip width and g
gap, and it is printed on ARLON 25N dielectric substrate
with h = 0.762 mm (30 mil) thickness, εr = 3.28 relative
dielectric permittivity and less than 0.0025 loss tangent.
There is no metallization on the backside. The antenna
design and optimization have been carried out by a set of
MoM simulations with commercial software [14].

The antenna resonance frequency is given by a (increas-
ing a shifts the operating band to a lower frequency range),
whereas the bandwidth and the level of the return loss at the
main resonance frequency are controlled by b. A trade-off is
necessary between parameters c and t as they are opposite
in behavior. Increasing the value of c results in a reduction
of both the frequency of operation as well as the impedance
matching. Finally e and d can be, respectively, used for a
fine bandwidth and frequency adjustment. Table 1 details the
optimized antenna dimensions for operation at 5.8 GHz.

From simulated return loss shown in Figure 1, it can
be concluded that the operating bandwidth of the bow-tie
antenna is 1.235 GHz (21.26%).

3. Dual-Band AMC Design

An AMC is a resonating periodic structure. The resonance
frequency and the AMC operation bandwidth of an AMC
structure depend on the unit-cell geometry together with the
dielectric substrate’s relative permittivity and thickness.

Generally AMCs [15–24] are implemented by using
two-dimensional periodic metallic lattices patterned on a
conductor-backed dielectric surface. Recent research efforts
focus on the development of low-cost AMCs easily integrable
in RF, microwave, and millimeter wave circuits. Aiming
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Figure 2: Dual-band AMC unit-cell geometry and dimensions.
Simulated reflection coefficient phase of the AMC structure.

this, geometries without via holes [15] (in contrast to
designs accomplished by patches with via holes [16]) as
well as the use of a unilayer periodic Frequency Selective
Surface (FSS) over a metallic ground plane (in contrast to
multilayered FSSs [17]) should be considered. Both facts,
removing via holes and using unilayer FSSs, reduce AMC
operation bandwidth (which can be relevant depending on
the application) and so an optimized unit-cell geometry
design has to be carried out to overcome it.

The inherent in-phase reflection exhibited by AMCs
makes possible the reduction of backward radiation for
antennas placed on them and so by combining antenna and
AMC in RFID tag design, low backward radiation to the
human body can be obtained.

The unit-cell geometry presented in [24] is taken as
reference to design a dual-band AMC. For this purpose the
aforementioned geometry is surrounded by a rectangular
frame (see Figure 2). The same dielectric substrate as for the
antenna (ARLON 25N) is used. The unit-cell dimensions
are optimized with Ansoft’s HFSS [25] so that the AMC
resonates at 2.48 GHz and 5.8 GHz. Optimized dimensions
are detailed in Figure 2.

Neither via holes nor multilayer substrates are required in
the low-thickness dual-band AMC, simplifying implementa-
tion and reducing its cost.

From Figure 2 it can be concluded that the structure
exhibits AMC performance from 2.48 GHz to 2.51 GHz
resonating at 2.49 GHz and from 5.77 GHz to 6.05 GHz res-
onating at 5.91 GHz. The inner geometry mainly determines
the higher resonance frequency, whereas the outer square
frame has more influence on the lower resonance frequency,
as it can be concluded from the surface current distribution
on the metallic parts of the AMC unit-cell geometry depicted
in Figure 3.

The AMC performance for different polarization of the
electrical incident field (under normal incidence) and under
oblique incidence is very important in AMC applications for
RFID tags or wearable antennas. In the case of RFID tags,
the angular stability of the AMC will influence the antenna
radiation performance and this will have direct impact on
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Figure 3: Surface currents distribution on the AMC unit-cell geometry metallic parts at 2.49 GHz and 5.9 GHz.

the angular reading range depending on the position of the
reader with respect to the tagged object. So an AMC design
with as higher angular stability as possible is desirable.

The AMC has been designed so that it operates identically
for any polarization of the incident field (assuming normal
incidence) due to the unit-cell design geometry which
exhibits four symmetry planes. With the aim of studying
the angular stability margin [26] of the presented structure,
the reflection coefficient phase versus frequency for different
incident angles θinc between 0◦ and 60◦ has been simulated
for transverse electric (TE) polarized waves. The absolute
and relative deviations of the resonance frequencies can
be obtained from Figure 4. For the lower frequency band:
30 MHz, 1.2% for θinc = 45◦ and 149 MHz, 6% for θinc =
60◦. For the upper frequency band: 20 MHz, 0.3% for θinc

= 45◦ and 100 MHz, 1.7% for θinc = 60◦. The AMC operation
bandwidth is slightly reduced from θinc = 45◦. From these
obtained results, it can be concluded that the presented AMC
design is highly stable as its angular margin ranges from 0◦ to
45◦ for the lower frequency band and from 0◦ to 60◦ for the
upper frequency band. The upper frequency band is more
stable regarding oblique incidence.

4. Characterization Results

Laser micromachining is used to manufacture prototypes
(see Figure 6) of the CPW-fed bow-tie antenna alone and
combined with the AMC to be characterized in terms of
return loss and radiation pattern for comparison.
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Figure 4: Simulated reflection phase of the AMC surface for TE
polarizations for different incident angles θinc = 0◦, 30◦, 45◦, and
60◦.

4.1. Return Loss. The results of measured return loss for the
manufactured prototypes are detailed in Figures 5 and 6 and
Table 2.

The bow-tie antenna exhibits a measured operating
bandwidth of 1.358 GHz (23.89%), which is slightly wider
than the 1.235 GHz (21.66%) obtained by simulation due to
the fact that the commercial MoM software considers infinite
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Table 2: Prototypes comparison.

CPW-antenna
Frequencies (GHz) Bandwidth

fLow fr fUp Total (MHz) %

Bow-tie
— — — — —

5124 5683 6482 1358 23.89

Bow-tie-AMC
2160 2255 2315 155 6.87

5743 6137 6248 505 8.22

Bow-tie-AMC metallic plate
2056 2204 2285 229 10.39

5767 5914 6588 821 13.88

Table 3: Measured gain, directivity, and radiation efficiency.

CPW-antenna
f = 2.20 GHz f = 5.80 GHz

G (dB) D (dB) η (%) G (dB) D (dB) η (%)

Bow-tie — — — 2.2 5.4 48

Bow-tie-AMC 3.1 6.5 46 2.4 5.9 45

Bow-tie-AMC metallic plate 2.9 6.9 40 2.1 6.4 37
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Figure 5: Bow-tie antenna’s return loss.

extension for the dielectric substrate or even more likely to
manufacturing tolerances.

When the bow-tie antenna is placed on the AMC, the
antenna resonance frequency is shifted upwards, as the AMC
resonance frequency is higher than the antenna one and in
addition, it has higher quality factor. Also a new resonance
frequency appears at 2.255 GHz which makes the Bow-tie-
AMC combination proper for dual-band applications.

As it could be expected, when the bow-tie antenna alone
is placed on a metallic plate the antenna resonance frequency
has been shifted out of the 5.8 GHz band leading to its total
malfunctioning (see Figure 5). However, from Figure 6 and
Table 2, the bow-tie-AMC combination exhibits proper dual-
band performance both alone and when placed on a metallic
plate, even showing bandwidth enhancement on a metallic
plate.
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Figure 6: Measured input return loss for the prototypes: bow-tie,
bow-tie-AMC, and bow-tie-AMC on a metallic plate.

4.2. Radiation Pattern. Measured radiation pattern cuts in
the E- and H-planes of the manufactured prototypes at
2.2 GHz (lower band) and at 5.8 GHz (upper band) are,
respectively, plotted in Figures 7 and 8. H-plane tends to
be omnidirectional as it could be expected. The radiation
pattern properties of the bow-tie-AMC for RFID application
are still preserved even when it is placed on a metallic plate,
as the AMC electromagnetically insulates the antenna from
the metal and so the bow-tie-AMC currents distribution is
not modified. From Figure 8, it can be observed how the
AMC reduces the antenna backward radiation between 10
and 20 dB.

The measurement set-up is shown in Figure 9. Table 3
shows the measured Gain, directivity, and radiation effi-
ciency at 2.2 GHz and 5.8 GHz for the manufactured proto-
types.
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Figure 9: Measurement setup in anechoic chamber.

From the obtained results, it can be concluded that the
bow-tie-AMC combination makes possible to obtain proper
dual-band operation on metallic objects preserving the
antenna gain around 3 dB for the lower band and 2.2 dB
for the upper band. When the bow-tie-AMC combination is
placed on a metallic object, is the radiation efficiency is
slightly, reduced. However, it is remarkable that the measure-
ments on metallic plate have been carried out placing the
bow-tie-AMC combination on the edge of the plate, which
can be considered the worst case. If the bow-tie-AMC com-
bination were centered on the metallic plate, theoretically, a
6 dB improvement on gain with respect to bow-tie antenna
alone should be obtained with slight variation on directivity,
leading to radiation efficiency improvement.

5. Conclusions

Through a proper bow-tie-AMC combination, consisting
of a CPW-fed double bow-tie antenna and a dual AMC,
dual-band operation on metallic objects preserving antenna
gain and with slight variation on radiation efficiency can be
obtained. In addition, the antenna’s backward radiation is
reduced, which is a key point in wearable antennas and RFID
tags usable with people.

A remarkable characteristic of the bow-tie-AMC combi-
nation is its compact size: 44.1 mm (λ0/3.1 at 2.2 GHz) and
low thickness: 1.524 mm (λ0/90 at 2.2 GHz) its thicker part,
which makes it proper for integration in dual-band wireless
communication systems. The presented design could be used
in RFID applications as tag antennas for both metallic and
nonmetallic objects but it could be also used in other dual-
band RF systems in the SHF band.
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A novel electrically small antenna (ESA) which based on the meandered line structure is designed, fabricated, and measured. The
proposed antenna whose total size is 13.50 mm × 13.51 mm × 0.8 mm is designed to cater for the ISM (industrial, scientific, and
medical) band of 2.45 GHz with a S11 < −10 dB bandwidth of 3.9%. By introducing a trident-shaped feeding strip and inserting
4 pairs of triangular slot stubs at the central feed line, the resonant frequency of the antenna drops to 2.45 GHz from 2.50 GHz
and the impedance matching is improved significantly. The dimension parameters of this antenna are optimized to achieve wide
impedance bandwidth, reasonably high gain, as well as omnidirectional radiation pattern.

1. Introduction

Recently, wireless communication has become more and
more widespread. As compact wireless communication
systems become a greater focus in our lives, the demand
for small-size and high-performance antennas escalates.
Therefore, antenna miniaturization has received significant
attention in the latest years.

For an antenna which is categorized to electrically small,
it should fulfill the definition: ka < 0.5, where k is defined
as the free space wave number and a the radius of the
sphere inclosing the maximum dimensions of the antenna
[1, 2]. The size reduction of antennas will result in the
performance degradation such as narrow bandwidth, high
voltage standing wave ratio (VSWR), low gain, among
others. Accordingly, the key of designing an electrically
small antenna is always an art of compromise among size,
bandwidth, and gain.

Numerous designs of electrically small antenna have been
presented in the recent literatures, such as the disk-loaded
monopole antenna [3], inductively coupled feed antenna
[4], arbitrarily shaped wire antennas designed by genetic
algorithms (GA) [5, 6], folded monopoles and meandered
dipoles [7, 8], resistively or reactively lumped components
loading antennas [9, 10], metamaterial-based electrically
small antennas [11, 12], superconducting electrically small

antennas [13, 14], among others. It is noted that most of their
structures are complicated, which increases manufacturing
difficulty and cost. Some of them are not planar structures
that are suitable for connected with monolithic microwave
integrated circuit (MMIC). Some of them must work
together with external inductors or capacitors, which cause
extraohmic losses that could be critical for some applications.
Some of them are born with narrow bandwidth which is
less than 1% because the permeability or permittivity of the
metamaterial could be zero only in a particular frequency.
Others might meet the strict definition of ESA but only under
rigorous conditions, for example, superconductivity.

The coplanar waveguide- (CPW-) fed antennas have
many attractive features, such as low radiation loss, less dissi-
pation, easy fabrication, and integration with MMIC without
any need of via holes as used in microstrip technology.

In this paper, a novel electrically small antenna with
a trident-shaped feeding strip is proposed. The trident-
shaped feeding strip is introduced to reduce the electrical
size of the antenna. At the same time, 4 pairs of triangular
slot stubs are used to improve the performance in terms
of bandwidth. Section 2 describes the configuration of
the proposed antenna. Section 3 includes numerical results
simulated by the software Ansoft High Frequency Structure
Simulator (HFSS) [15] which is based on 3D full-wave
finite-element method (FEM). To examine the antenna
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Figure 2: The simulation model of the proposed antenna and the surface current distribution.
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performance, experimental results are also involved and
discussed.

2. Antenna Configuration

The geometry configuration of the proposed CPW-fed
antenna is shown in Figure 1. The antenna is based on
nongrounded coplanar waveguide which has a single-layer
metallic structure (thickness t = 0.018 mm) and etched on a
side of an FR-4 substrate. The selected substrate material is
Rogers RO4003C [16] with a dielectric constant εr = 3.38
and thickness h = 0.8 mm. The overall dimension of the
proposed antenna is 13.50 mm × 13.51 mm. A 50Ω CPW
central transmission line of strip with width W = 2 mm and
gap g = 0.15 mm is used for feeding the antenna.

This antenna is based on two meandered parallel reso-
nant arms whose lengths are H1 and widths are L1 to further
reduce the antenna dimensions because this meandering
leads to an extended current path for a fixed length, so that
the antenna seems electrically larger [17]. The latitudinal
distance between two meandered arms is L5. There is a
strip whose length is L3 and width is H3, connecting the
central transmission line to the two meandered arms. One-
quarter of elliptical ground is introduced to improve the
impedance bandwidth. Lengths of the semimajor axis and
the semiminor axis of this elliptical ground are L2 and H2
respectively. A tapered parallel arm with length H1, width L4
is used to realize impedance transformation between ground
and meandered parallel resonant arm. By inserting a pair of
longitude direction’s symmetrical slots whose lengths are H6
and widths are L6, a trident-shaped feeding strip is achieved.
The impedance matching is improved significantly by using
this trident-shaped feeding strip working with 4 pairs of
triangular slot stubs whose lengths are L7 and widths are H7.
The longitudinal distance between each pair of triangular slot
stubs is H5. Finally, the other dimensions of the proposed
antenna are optimized as follow: a = 13.50 mm, b =
13.51 mm, L1 = 0.25 mm, H1 = 10.70 mm, L2 = 5.10 mm,
H2 = 1.45 mm, L3 = 5.50 mm, H3 = 0.36 mm, L4 =
0.50 mm, H4 = 0.50 mm, L5 = 0.60 mm, H5 = 1.65 mm,
L6 = 0.25 mm, H6 = 1.27 mm, L7 = 0.75 mm, H7 =
0.15 mm.

3. Antenna Design

The whole antenna mounting structure of the simulation
model, including its driving connector and the correspond-
ing surface current vector distribution are shown in Figure 2.
Three metal balls were used to simulate the solder joints.

A key idea of the proposed novel feeding structure
can be most conveniently explained by consideration of an
equivalent current path on the metallic conductor which can
be seen in Figure 3. It is seen from Figure 3(a) that most
of the current focuses on both sides of the central feeding



4 International Journal of Antennas and Propagation

0

10

20

30

40

50

Frequency (GHz)

With
Without

2 2.2 2.4 2.6 2.8 3

R
e(

Z
in

)

(a)

−10

−20

10

20

Frequency (GHz)

2 2.2 2.4 2.6 2.8 3

0

With
Without

Im
(Z

in
)

(b)

Figure 5: Input impedance comparison of the antenna with or without a trident-shaped feeding strip and 4 pairs of triangular slot stubs.
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Figure 6: The input reflection coefficient changes with the length L7 and width H7.

line because the radiation is along the slot of CPW structure.
The current distributions between the middle and both sides
are nonuniform. It is also seen from Figure 3(b) that, the
middle current distribution becomes more uniform due to
a trident-shaped feeding structure which is used to shunt
the current that focus on both sides of the central feeding
line, and increase current that flows to two meandered arms
from middle. As a result, the equivalent path of current
distribution becomes slightly longer for a fixed dimension.
So the resonant frequency of the antenna from 2.50 GHz
drops to 2.45 GHz.

However, this structure changes the antenna to unbal-
ance. By adding 4 pairs of triangular slot stubs symmetrically
on each side of the central CPW feeding line, the impedance
matching condition is improved observably, which is shown
in Figure 4.

Figure 4 illustrates the computed input reflection coef-
ficient of the common CPW feeding antenna (dash line)
in comparison with that of the antenna having the novel
feeding structure (solid line). It observed that S11 < −10 dB
bandwidth of the antenna with proposed feeding structure
amounts to 65 MHz from 2.415 GHz to 2.480 GHz with
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(a) (b)

Figure 7: The prototype of the proposed antenna (a) top view (b) side view.

the center frequency at 2.45 GHz, while the correspond-
ing bandwidth of the common CPW antenna is 45 MHz
from 2.470 GHz to 2.515 GHz with the center frequency
at 2.50 GHz. Thus, the S11 < −10 dB bandwidth of novel
antenna is wider by 44% than the common one. At the
same time, the electrical size of the antenna ka drops to 0.49
from 0.50. As proven above, the bandwidth enhancement
and impedance matching condition have been achieved
exclusively owing to the trident-shaped feeding strip and
the triangular slot stubs, the changes of input impedance
with or without the trident-shaped feeding strip and the
triangular slot stubs are shown in Figure 5. The changes of
input reflection coefficient with the length L7 and width H7
of the slot-stubs can be seen in Figure 6. One can observe that
the length L7 has little effect on input reflection coefficient,
while the width H7 has a major influence on it.

4. Results and Discussion

To validate the theoretical design, a prototype of the antenna
has been fabricated which shown in Figure 7. The input
reflection coefficient of the fabricated electrically small
antenna has been measured by an Agilent N5230A Network
Analyzer.

Measured input reflection coefficient and the computed
one by simulation are shown in Figure 8.

The designed resonant frequency of the proposed
antenna is 2.45 GHz, the measured one, shown in Figure 8,
is observed at 2.46 GHz (0.4% error). It also can be seen
that the antenna has a good match at 2.46 GHz with an
input reflection coefficient of−30.80 dB. The measured S11 <
−10 dB bandwidth is 95 MHz from 2.410 GHz to 2.505 GHz,
corresponding to 3.9% of the center frequency versus the
simulated one 2.7% from 2.415 GHz to 2.480 GHz. These
errors may be caused by the error of dielectric constant and
manufacturing tolerances.

The dimensions of the proposed antenna are 13.50 mm×
13.51 mm× 0.8 mm, namely, 0.11λ0 × 0.11λ0 × 0.0065λ0, λ0

is the wavelength in free space at the center frequency. For
this antenna, the electrical size of the antenna ka = 0.49, so
it can be categorized to electrically small antenna strictly.
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As we known, when the electrical size of an antenna is
small to a certain degree (ka < 0.5), it is difficult to make it
smaller and maintain the same performance as well.

Radiation patterns of the proposed antenna are measured
in a standard anechoic chamber. Simulated and measured
radiation patterns in H-plane and E-plane in the working
bandwidth are shown in Figure 9. They are also roughly the
same, and show a good omnidirectional radiation pattern is
realized. The simulated gain as a function of frequency from
2.4 GHz to 2.5 GHz is shown in Figure 10.

5. Conclusion

A novel electrically small antenna with a refined configura-
tion of the trident-shaped feeding strip and the triangular
slot stubs has been proposed in this paper. It has a simple
structure based on a CPW feeding line and allows the use of
low-cost and accurate planar print techniques. Precise pro-
totyping and accurate measurement guarantee the veracity of
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Figure 9: The radiation pattern of the proposed antenna in the working bandwidth.
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the results. It provides a S11 < −10 dB bandwidth about 3.9%
(from 2.410 GHz to 2.505 GHz), and an input reflection
coefficient of −30.80 dB at the working frequency 2.46 GHz.
The computed gain is up to 2.2 dBi at 2.45 GHz. Those
properties make this antenna to be a probable candidate for
wireless communication applications.
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Ultra-high-frequency (UHF) approaches have caught increasing attention recently and have been considered as a promising
technology for online monitoring partial discharge (PD) signals. This paper presents a Peano fractal antenna for UHF PD online
monitoring of transformer with small size and multiband. The approximate formula for calculating the first resonant frequency
of the Peano fractal antenna is presented. The results show that the first resonant frequency of the Peano fractal antenna is smaller
than the Hilbert fractal antenna when the outer dimensions are equivalent approximately. The optimal geometric parameters of the
antenna were obtained through simulation. Actual PD experiments had been carried out for two typically artificial insulation defect
models, while the proposed antenna and the existing Hilbert antenna were both used for the PD measurement. The experimental
results show that Peano fractal antenna is qualified for PD online UHF monitoring and a little more suitable than the Hilbert
fractal antenna for pattern recognition by analyzing the waveforms of detected UHF PD signals.

1. Introduction

Partial discharge (PD) online monitoring is an effective
approach to inspect insulation defects and identify potential
faults in power transformer [1]. Hence, it is important for
monitoring PD signals online for power transformer. Com-
pared with traditional detection methods, the ultra-high-
frequency (UHF) technology has advantages such as high
sensitivity and strong anti-interference, which make it more
suitable for PD online monitoring [2]. By receiving the UHF
electromagnetic waves of PD occurred in a power trans-
former, the UHF detection technology can measure the PD
magnitudes and locate the PD source [3–7].

Antenna is the core component of an UHF PD online
monitoring system. The performance of antenna will affect
the extraction and postprocessing of PD signals. Currently,
there are many types of UHF antennas used in PD detection
for electrical plants. Literatures [8, 9] presented a two-wire
Archimedean planar spiral antenna and its application in
PD detection. A dipole antenna model and its waveform
characteristics were introduced in [10], and a small loop

antenna was given in [11] to detect PD signals in transformer
insulation oil. In addition to transformers, UHF antennas
have been used for PD detection for other high voltage appa-
ratuses. The horn antenna, biconical log-periodic antenna,
loop antenna, and dipole antenna were used for PD detection
for gas insulated switchgear (GIS) [12, 13].

Two criteria have to be considered for design of UHF
antennas detecting PD in transformer [14]. On the one hand,
the resonant frequencies of UHF PD antennas are required to
fall into a lower range between 300 MHz and 1000 MHz with
a wide bandwidth [5]. The lower first resonant frequency is
important for the fractal antenna used in detecting UHF PD
signals. Publication [15] presented the fundamental frequen-
cies of Hilbert fractal antenna, while the calculated formula
was presented in publication [16]. On the other hand, for the
purpose of not affecting the safe operation of transformers
and the convenience of installation, an antenna as small as
possible is needed. The fractal antenna showed superior in
these two respects, and publication [17] presented a compact
Hilbert fractal antenna for UHF PD detection for power
transformer. Literature [18] presented that the Peano fractal
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antenna resonated at a lower fundamental frequency than
the same order Hilbert antenna. It is expected that the outer
dimension of Peano antenna is smaller than Hilbert antenna
when their performances are both good.

This paper presents an approximate resonant frequency
calculation formula and optimal design of UHF Peano fractal
antenna for online monitoring PD of power transformers.
The operation principle and the approximate resonant
frequency calculation formula of the antenna are proposed.
Besides, the antenna optimal design procedure is also
addressed in the paper. The performances of the optimal
antenna are given and discussed through simulation. To
validate its performance, actual experiments were carried out
on the proposed antenna and the existing Hilbert antenna
for PD measurements of two typically artificial oil-paper
defects in laboratory. The compared results show that the
Peano fractal antenna is a little more suitable than the Hilbert
fractal antenna for PD online UHF monitoring. The paper
is organized as follows: Section 2 proposes the approximate
resonant frequency calculation formula of the Peano fractal
antenna. The actual optimal design procedure of antenna
is given in Section 3. Section 4 presents the experiments
and the experimental results. The conclusions are given in
Section 5.

2. Resonant Frequency of
Peano Fractal Antenna

Design of Peano fractal antennas is based on Peano fractal
curves. Figure 1 shows a set of Peano fractal curves from the
first to the third order. A Peano fractal curve is a continuous
curve with a characteristic of strict self-similarity [19]. It
is clear that the length of a Peano fractal curve is greater
if the order of the curve is higher. If a Peano fractal curve
has an infinite order, the curve will fill out all the space
of the two-dimensional plane. For a Peano antenna with a
side dimension L and an order of n, the length of each line
segment d (shown in Figure 1) and the sum of all the line
segments S are given by:

d = L

3n − 1
; S = (32n − 1

)
d = (3n + 1)L. (1)

The resonant frequency calculated formula of the mean-
der line antennas can be referred to [20]. Peano fractal wires
are divided into parallel wire section, short circuit termi-
nation, and additional wire section, which are illustrated in
Figure 2.

In a Peano fractal geometry of order n, there are m short
circuited parallel wire sections, which can be expressed as
follows:

m = 32n − 1
4

. (2)

The length of the line segments s except the parallel wire
sections is expressed as follows:

s = 32n − 1
2

d. (3)

n = 1 n = 2 n = 3

L

d

Figure 1: Peano curves from the first to the third order.

The characteristic impedance of a parallel wire transmis-
sion line consisting of wires with diameter b, spacing d is
expressed as follows:

Z0 = Zc

π
log

2d
b

, (4)

where Zc is the intrinsic impedance of free space, Zc =
120πΩ · Z0 can be used to calculate the input impedance at
the ends of the line, which is purely inductive;

Lin s = Z0

ω
tanβd, (5)

where ω is angular frequency, and ω = 2π f , β is phase
constant, and β = 2π/λ and λ is the wavelength of the
electromagnetic wave. The total input impedance of parallel
wire transmission line of a Peano fractal antenna with n order
can be expressed by

Lin = m · Zc

πω
· log

2d
b
· tan βd. (6)

When d is sufficiently small compared to the wavelength of
the electromagnetic wave, tan (βd) can be expressed by the
following Taylor formula [19]:

tanβd = βd +
1
3

(
βd
)3 +

1
5

(
βd
)5 + · · · . (7)

The self-inductance due to a straight line of lengths as
defined in (3) is

Ls = μ0

2π
· s ·

(
log

4s
b
− 1
)
. (8)

The total inductance of a Peano antenna with n orders is
expressed as follows:

LT = m · Zc

πω
· log

2d
b
· tanβd +

μ0

2π
· s ·

(
log

4s
b
− 1
)
.

(9)

The total inductance of fractal antenna equals to
inductance of the half-wave dipole antenna approximately
referenced to publication [15]. And the inductance of the
half-wave dipole antenna is expressed by

Ld = μ0

π
· λ

4
·
(

log
2λ
b
− 1
)

, (10)
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L

Parallel wire section length = d, width = b
Short circuit terminations length = d, width = b
Additional wire section length = d, width = b

Figure 2: Composition of Peano fractal wires for calculating the
resonant frequency.

where μ0 is the permeability of vacuum and equals to
4π × 10−7 Hm−1, for half-wave dipole antenna, λ = 2L. The
resonant frequencies of the Peano fractal antenna with n
order are calculated by the equation LT ≈ Ld. If the
equivalent arm length of dipole antenna is changed, the
multi-resonant frequencies can be obtained. All resonant
frequencies of the Peano fractal antenna with n orders are
obtained as follows:

m · Zc

πω
· log

2d
b

tanβd +
μ0

2π
· s ·

(
log

4s
b
− 1
)

= μ0

π
· kλ

4
·
(

log
2kλ
b
− 1
)

fr = c

λ
.

(11)

where c is velocity of light, c = 3× 108 m/s, k is an odd num-
ber.

This paper focuses on the calculation for the first reso-
nant frequency of the Peano fractal antenna. With (11), the
first resonant frequency of the Peano fractal antenna with n
order can be calculated by (12) as follows:

m · Zc

πω
· log

2d
b
· βd +

μ0

π
· s · μ0

2π
· s ·

(
log

4s
b
− 1
)

= μ0

π
· λ

4
·
(

log
2λ
b
− 1
)

fr = c

λ
.

(12)

It is clear that the first resonant frequency of the fractal
antenna is mainly related to the order and side dimension of
the antenna and width of conductor. Table 1 shows the first
resonant frequencies of the Peano and Hilbert fractal anten-
nas with different parameters calculated by (12), respectively.
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The results show that the first resonant frequencies of fractal
antennas become lower with the order increasing, which are
in accord with the conclusions presented in publication [18].
Furthermore, the outer dimension of the third order Peano
antenna is smaller than the fourth order Hilbert antenna
when they resonate at the similar fundamental frequency.
Since the lowest frequency of UHF PD signals is about
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Figure 8: 2 D Radiation patterns at the select frequency.

300 MHz, it is then necessary to have a third order Peano
fractal antenna to detect PDs in power transformers.

3. Optimal Design of Peano Fractal Antenna

Previous research results [14] show that the performance of
a fractal antenna is affected by many factors such as the side
dimension (L), thickness (k) of the print circuit board
(PCB), width of conductor (b), feed point, and dielectric
constant of the PCB. To obtain a Peano antenna with desired
performance, the above factors need to be included and
optimized in the design procedure.

A Peano fractal antenna with desirable performance and
size for detecting PDs in transformers can be designed syn-
thetically through simulation studies. The simulation model
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Figure 10: The PD experiment setup in laboratory.

Table 1: Resonant frequencies of Peano and Hilbert fractal anten-
nas with different geometry parameters.

Antennas L (mm) n b (mm) fr (MHz)

Peano

90
2 2 247.32

3 2 102.89

70
2 2 323.73

3 2 135.50

Hilbert

100
2 2 395.51

3 2 242.92

4 2 141.37

90
2 2 441.73

3 2 271.78

4 2 158.41

70
2 2 575.45

3 2 355.63

4 2 208.09

Table 2: Different widths of conductor and thicknesses of PCB for
antennas with different side dimension.

L (mm)
k (mm) b (mm)

Min Step Max Min Step Max

60 1.0 — 1.0 1.0 0.5 3.0

70 1.0 0.1 1.5 1.0 0.5 3.0

80 1.0 0.1 1.5 1.0 0.5 3.0

90 1.0 0.1 2.0 1.0 0.5 3.0

100 1.0 0.1 2.0 1.0 0.5 3.0

in Ansoft contains 3 layers. The upper layer is filled with
Peano curves (see Figure 1) constituted by copper; the
middle layer is a board of insulating material, which is FR4
epoxy board with dielectric constant of 4.4. The down layer
is a copper grounding shield.

The optimal UHF PD antenna should be with small
size and wide frequency bandwidth, which was depicted in
Section 1. The optimal process of a Peano fractal antenna is
shown as follows. Firstly, five different side dimensions of
Peano antenna were selected for simulation, L = 60 mm,
70 mm, 80 mm, 90 mm, and 100 mm. For each side dimen-
sion, different widths of conductor were explored. Other
factors such as thickness of PCB feed points were also sim-
ulated for the voltage standing wave ratio (VSWR), gain, and
radiation pattern. The parameters used for simulation are
given in Table 2. Because the Peano curve is symmetrical, 25
feed points on half of the curve are obtained as the simulation
condition, which are shown in Figure 3. Parameter r is used
to describe the relative locations of these feed points. r is
defined as the ratio of the distance along the conductor
between a feed point and its closest end to the total conduct
length of the antenna. By the simulations, the optimal
antenna was selected with the smallest size and the widest fre-
quency bandwidth. The parameters of the optimal antenna
are determined as L = 90 mm, k = 2 mm, b = 2 mm, and
r = 0.059 (i.e., point 3 in Figure 3).

Figure 4 shows the prototype of the designed third order
Peano fractal antenna. Performance curves (e.g, voltage
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Figure 11: Waveforms of UHF PD signals from the two defects: (a) signals from corona and surface models detected by Hilbert antenna; (b)
signals from corona and surface models detected by Peano antenna.

Table 3: PD experiment conditions.

Defect
model

Inception
voltage (kV)

Breakdown
voltage (kV)

Test voltage
(kV)

Sample
numbers

Corona
discharge

7.0 50

5.7 12.5 8.0 50

9.0 50

Surface
discharge

9.0 50

8.4 13.2 10.0 50

11.0 50

standing wave ratio (VSWR), input impedance, and radi-
ation patterns) of the antenna are given from Figures 5
to 8. Figure 5 shows that between 0.3 GHz and 1 GHz
the multiband antenna has 2 resonant frequencies (370 MHz,
700 MHz), where VSWR< 5. The pass frequency bands of the
antenna are approximate 340 MHz∼580 MHz, 650 MHz∼
740 MHz, and 920 MHz∼1000 MHz. Figure 6 shows the
input impedance of the antenna. It is noted that the absolute

value of real part is about 50 ohms, and the absolute value
of imaginary part is less than 10 ohm when frequencies
are within the bandwidth of the antenna. The results show
that the antenna can match with a 50 ohms coaxial cable
as needed. The three-dimensional radiation patterns and
two-dimensional radiation patterns (φ = 0 and 90 deg) at
different frequencies, namely, 370 MHz and 700 MHz, are
shown in Figures 7 and 8. Its patterns at the two frequencies
are all nearly a hemisphere, and the gain variations at the
two frequencies are relatively stable. The simulated results
show that the optimal Peano fractal antenna has desirable
performance with nearly wide frequency bandwidth but
smaller size in comparison with the Hilbert fractal antenna
reported in [14].

Figure 8 shows the minimum gain of the antenna is
about-18 dBi. Besides, the detected UHF PD signals will be
transferred to the processing center by the coaxial cable
with the length of tens of meters. It is motivated to develop
a signal processing circuit with an amplifier and a filter
for the wideband detection in the frequency range between
300 MHz and 1 GHz. The gain of the amplifier is about 40 dB
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Figure 12: Normalized power frequency spectra of UHF PD signals from the two models: (a) signals from corona and surface models
detected by Hilbert antenna; (b) signals from corona and surface models detected by Peano antenna.

between 300 MHz and 1 GHz, and the gain of the whole UHF
PD system is about 20 dBi.

4. Experiments and Results

To validate the performance of the designed UHF Peano
fractal antenna, actual PD experiments with two typical
transformer insulation defects were carried out in laboratory.
The Peano and Hilbert antennas were both used to detect
PD signals, as presented as follows. The performance of the
existing Hilbert antenna is referred to [14].

4.1. Defect Models Experiments. There are two types of
defect models built in experiment to generate UHF PD
signals. Figure 9(a) shows the corona discharge model, which
basically is a needle-to-plate electrode system. Figure 9(b)
shows an experiment model of a cylinder-to-board electrode
for surface discharge defects in oil. The thickness of the
pressboard of each model is 0.5 mm. The experiment setup of
UHF PD detection is shown in Figure 10. The artificial defect
models were put into a container filled with transformer oil,

and the experiments were carried out in an electromagnetic
shielded laboratory. The UHF antenna was placed beside the
testing models. A digital oscilloscope was used to observe and
record the UHF PD signals. The sampling frequency of the
oscilloscope for recording the UHF PD signals was 5 GHz.

Table 3 shows the inception voltages, breakdown volt-
ages, test voltages, and sample numbers of the two defect
models in experiments. The Peano fractal antenna and the
existing Hilbert antenna detected the PD signals at the same
time. The dimension of the existing Hilbert antenna is
100 mm, and the pass frequency bands are about 450 MHz∼
610 MHz and 750 MHz∼1000 MHz. When the test voltages
were higher than the inception voltages, the transient UHF
PD signals were detected by the antennas. The number of the
PD samples was 50 for each model. One UHF PD signal was
obtained at each voltage for every sample.

4.2. Analysis of UHF PD Waveforms. The differences in fre-
quency spectra of UHF PD signals generated from the same
defected model are significantly smaller than those generated
from different types of defected models. Thus Figure 11
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shows the examples of detected UHF PD signals of the two
defect models by the two antennas. The UHF PD signals
look similar but differ in details. The examples of normalized
power frequency spectra of the measured UHF PD signals,
generated by the two defect models, detected by the two
antennas, are shown in Figure 12. The results show that
the Peano fractal antenna with smaller dimension is also
qualified for UHF PD detection. Besides, the spectra of the
UHF PD signals detected by the proposed antenna even
are a little wider than that detected by the Hilbert antenna,
especially for the UHF PD signal generated by the corona
discharge model. This implies that the Peano fractal antenna
is a little more suitable than the Hilbert fractal antenna for
pattern recognition by analyzing the waveforms of detected
UHF PD signals.

5. Conclusions

This paper presents a compact multiband UHF Peano fractal
antenna for PD online monitoring of high voltage power
transformers. The approximate formula for calculating the
first resonant frequency of the Peano fractal antenna was
presented. The actual antenna was developed based on the
optimal design procedure. The actual PD experiments were
carried out to verify the performance of the antenna. The
results of the work are concluded as follows.

(a) In comparison with the first resonant frequency of
the Hilbert fractal antenna calculated by the formula,
the outer dimension of the third order Peano antenna
is smaller than the fourth order Hilbert antenna when
they resonate at the similar fundamental frequency.
This implies that the outer dimension of the Peano
fractal antenna is smaller than the Hilbert fractal
antenna when their performances are similar.

(b) The frequency passband of the developed Peano
fractal antenna is hundreds of MHz. The radiation
patterns show that the antenna can receive elec-
tromagnetic waves from the front of the antenna.
The actual PD experiments including two typically
artificial oil-paper defects were carried out to verify
the performance of the antenna. In comparison with
the existing Hilbert fractal antenna, the experimental
results show that the proposed antenna with smaller
dimension is also effectively applied for PD online
monitoring of transformers.

(c) The spectra of the UHF PD signals detected by the
two antennas show that the PD signals measured
by the UHF Peano fractal antenna are a little wider
than that detected by the Hilbert antenna, especially
for the corona discharge. It implies that the Peano
fractal antenna is a little more suitable for pattern
recognition by analyzing the waveforms of detected
UHF PD signals.

In the future, there is still scope for improvement in
manufacturing a compact fractal antenna with higher gain.
The modeling of the fractal antenna including the dielectric
loading effect will be investigated. Further studies are also

needed to establish protocols for recognition of UHF PD
signals.
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A selective ink deposition method is proposed for fabricating inkjet-printed passive UHF RFID tag antennas with optimized cost-
performance ratios. The deposition method is based on identifying areas with high surface current densities on a given tag antenna
and applying additional silver nanoparticle ink onto such areas to increase tag read range. In this paper, the proposed method is
experimentally verified by utilizing the method on a small dipole tag antenna. Several ink deposition schemes are created, and
their read range performances and ink consumptions are presented.

1. Introduction

Inkjet-printing technology is a prominent technique of
manufacturing low-cost passive ultra-high frequency (UHF)
radio frequency identification (RFID) tag antennas using
inks with metal content. Inkjet printing provides a fully
additive, noncontact deposition method and thus lowers
production costs by minimizing material waste [1] and by
allowing fast mass customization [2]. Furthermore, inkjet-
printing technology enables the use of ultra-low cost and
environmentally safe materials, for example, paper and
wood, as substrates in diverse electronic applications.

One of the possible applications of inkjet-printing
technology in electronics is printable antennas, especially
RFID tag antennas as inkjet printing could lower tag
manufacturing costs and allow tags to be printed directly
onto product packages. Thus, inkjet-printed antennas have
been developed for various kinds of RFID tags in [3–8] and
for wireless sensor networks in [9, 10]. At the moment,
despite the obvious benefits and possible cost savings of
inkjet-printed antennas, their cost remains too high due to
the high cost of conductive inks.

A special feature of additive fabrication methods is their
ability to vary the amounts of materials used to form
structures on the substrate. Significant material savings are
therefore possible by selectively depositing materials to areas

within the design that gain the greatest benefits from it, for
example, in the form of increased performance.

In the case of antenna structures, such selective deposi-
tion of materials, mainly metals, can be done in three ways. In
the first approach, the antenna structure can be printed using
multiple overlapping layers of conducting ink, as in [11], to
create tags with varying read ranges and costs. In [11], the
read range, that is, the operating range of the tags, was greatly
improved with this method.

In the second approach, solid antenna structures can be
divided into grids, as in [12]. In [12], material savings in
excess of 50% are reported. However, dividing the antenna
into grids will change the input impedance of the antenna
and eventually decrease the power transfer between the
antenna and RFID IC. Furthermore, the effects of this
method on the performance of the antenna and in the read
range of the tag are not known.

A third, more sophisticated approach is to add conduc-
tive metallization to areas with high current density. In [13],
the authors have used flexographic printing to increase the
thickness of the conducting ink layer in selective areas with
supposedly high surface currents. This has also led to great
savings in the ink consumption. This method does not cause
any additional impedance mismatching, eliminating the
need for retuning the antenna impedance after optimization.
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This paper presents a further developed version of the
latter approach especially for inkjet-printed tag antennas fab-
ricated using silver nanoparticle ink. The developed selective
ink deposition method relies on high-precision simulations
to identify areas in the antenna structure with sufficiently
high surface current density on a given tag. As the method
relies on results from a full-wave 3D simulator, the antenna
geometry, on which the deposition method is utilized, can
be extremely complex. Furthermore, the positional accuracy
of individual droplets deposited by and inkjet-printed is
excellent and allows pixels to be printed with micrometer
precision. The method is demonstrated with a case example,
where the ink consumption to fabricate a high performance
dipole-type tag antenna is optimized.

2. Ink Deposition Method for Cost-Performance
Optimization

The need for methods reducing the amount of conductive
ink to produce well performing inkjet-printed UHF RFID tag
antennas is caused by the intrinsic property of the fabrication
technology. Typically, the thicknesses of conductors formed
by inkjet printing are well below the skin depth of the typical
printed metals at the global 860 MHz to 960 MHz UHF RFID
band. This leads to poor radiation efficiency due to power
losses in the conductors.

Power losses in an arbitrary conductor are proportional
to the square of the current flow through the conductor

Ploss =
∫

S
RI2 · dS. (1)

The resistance of the conductor is related to the resistivity of
the conductive material, to the length of the conductor and
to its cross-sectional area. At high frequencies, the effective
conducting cross-sectional area of the conductor is decreased
due to the skin effect. Due to this effect, the current travels
almost completely at the surface of the conductor. The depth,
at which the amplitude of the electric field has decayed by 1/e,
is known as the skin depth of the conductor. The skin depth
of a conductor can be calculated as [14]

δ =
√

2
ωμσ

=
√

ρ

π f μ
, (2)

where ω is the angular frequency, μ, σ , and ρ are the
permeability, conductivity and resistivity of the conducting
material. For a conductor to have minimal losses due to the
skin effect, its thickness needs to be around four to five times
as thick as the skin depth of the conducting material.

For example, the skin depth of the silver nanoparticle
ink used in the experiments made for this study at 900 MHz
is 3.4–4.1 μm according to the data provided by the ink
manufacturer [15]. Inkjet-printed conductors are usually at
around 0.5 to 2 μm in thickness [16, 17], depending on the
process parameters such as the type of ink and substrate,
printing resolution, and so forth. Therefore, in order to
fabricate tag antennas with good radiating efficiencies,
multiple overlapping layers of ink need to be used. This will

lead to high productions costs if the whole antenna structure
is printed multiple times.

The power losses in the antenna can be minimized
without printing the whole antenna structure using multiple
layers, additional metal needs to be added only to areas with
high surface current levels. In order to optimize the ink
consumption, these areas with high surface currents need
to be identified as accurately as possible. For this purpose,
a full-wave 3D electromagnetic field simulator is utilized.
The simulator is used to plot the magnitude of the complex
surface current on the surface of any arbitrary planar antenna
suitable for inkjet printing. Choosing to plot the complex
magnitude of the surface current allows for a quick way
of plotting the amplitudes of the apparent surface current
density vectors. Therefore, layouts for inkjet printing are
obtainable directly from a single image.

The complex surface current is plotted at the design fre-
quency of the tag antenna. It is crucial that the tag antenna’s
metallization is modeled using the electrical properties of the
ink used in the process since it will have an effect on the
current distribution on the surface of the antenna.

After the surface current distribution has been plotted,
the resulting plot is used as a printing mask for the printer
to add ink to these areas. The key research problem at
this stage is to determine a sufficient magnitude of surface
current density which is used as a printing mask to optimize
the radiation efficiency and ink consumption. This research
problem is addressed in Section 3, where multiple printing
masks are created, each based on different surface current
density levels, to discover the optimal mask pattern.

Inkjet-printing technology is perfectly suited for this
type of deposition method since individual drops of ink
can be placed on the substrate with great accuracy. For
example, the positional repeatability of the printer used in
the experiments made for this study is ±25 μm. Therefore,
the printing masks which selectively add ink can be created
using high resolution. As such, the thickness of the resulting
antenna can be controlled pixel by pixel.

3. Experimental Verification

This section presents the experimental verification of the
selective deposition method in order to optimize the perfor-
mance of a typical tag antenna while minimizing the amount
of ink required to fabricate the antenna.

3.1. Test Antenna Structure. A short dipole-type tag antenna,
shown in Figure 1, was chosen for these experiments as it
represents a typical antenna found in passive UHF RFID tags.
The antenna is attached to a passive Higgs-3 RFID IC from
Alien Technology [18].

The test tag antenna will be printed on top of 51 μm thick
200 HN Kapton film [19]. Kapton is a low-loss, polyimide
film which provides a smooth, heat-resistant surface for high
precision inkjet printing. The test tag antenna is equipped
with a T-match, an impedance matching structure [20], to
match the input impedance of the tag antenna to the complex
conjugate of the RFID IC input impedance. The T-matching
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Figure 1: Tag antenna layout used in the experiments.
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Figure 2: Simulated tag antenna input impedances and power
transmission coefficient between the IC and tag antenna.

network is thus used to provide maximal power transfer
between the IC and tag antenna [21]. The magnitude of
the power transfer is described by a power transmission
coefficient.

The power transmission coefficient illustrates the
amount of power loss due to improper impedance matching
between the tag antenna and RFID IC [22]. The power
transmission coefficient τ can be calculated by

τ = 4ReAReIC

|ZA + ZIC|2
, (3)

where ReA and ReIC are the real parts of the tag antenna
and RFID IC, respectively. ZA and ZIC are the corresponding
input impedances of the antenna and IC. The simulated
input impedances of the antenna and Higgs-3 IC, obtained
from [23], as well as the resulting power transmission
coefficient are shown in Figure 2.

The simulations were performed using Ansoft HFSS
13 [24], a finite element method-based, 3-D full-wave
electromagnetic simulator software. The ink layer thickness
in these simulations was set to 1.5 μm (uniform) and the
conductivity of the ink to 20 MS/m. Kapton 200 HN was
simulated using a relative permittivity of 3.5 and a loss
tangent of 0.002.

The test antenna is optimally matched around 880 MHz
to 920 MHz to the input impedance of IC. Figure 3 shows
the simulated directivity, gain, realized gain, and radiation
efficiency of the tag antenna.

The simulated radiation efficiency is only approximately
0.25 at the optimal operating frequency band. This indicates
that the thickness of the conductor is not sufficient to provide
low-loss operation if only a single layer of ink is deposited.
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Figure 4: Simulated magnitude of complex surface density on the
test antenna at 900 MHz.

3.2. Selective Deposition Masks. To identify the areas in need
for a thicker ink layer, the surface current density on the
tag antenna was plotted, in Figure 4, at the tag’s optimal
operating frequency.

At this stage, there are many options on how to form the
selective deposition masks. The main problem is to define
the current density level which justifies increasing the ink
layer. Selecting an inadequate level will lead to increased
ink consumption, while selecting a level too high will lead
to poor performance. In this study, the problem has been
addressed so that the surface current density level at the
center of the dipole arm ends (dark blue areas in Figure 4)
was used as a reference level.

To test which surface current level is adequate for
optimizing the cost-performance relation, three different
selective deposition masks were created. First of these masks,
called 5 mask, was created by plotting the complex surface
currents that exceed the reference surface current density
level by 500%. The final two masks were created similarly
using 1000%, 10 mask, and 4000%, 40 mask, as the relative
surface current levels. All three resulting printing masks
formed using the simulated surface current levels are shown
in Figure 5.

Two additional selective deposition masks were created
without EM simulations to verify the effectiveness of the
masks created via EM simulations. One of these masks
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Figure 5: Deposition masks used in this study.

Table 1: Absolute and relative amount of printed pixels in each
deposition mask (1 layer).

Deposition mask
Printed pixels

(abs.)
Relative amount of

printed pixels

Full antenna 3.95·104 100%

5 mask 2.31·104 58.4%

10 mask 6.65·103 16.9%

40 mask 2.40·103 6.10%

Dipole arms (DA) 3.05·104 77.4%

Matching network
(DM)

9.27·103 23.6%

increases the ink thickness on the dipole arms only, while the
other increases the ink layer only in the matching network
area. The matching network increase mask also serves as a
good example of a case in which the selective deposition is
made based on assumption that high surface currents are
found on the impedance-matching network.

Table 1 lists the amount of printed pixels, at 282 dpi
which is used as the printing resolution of the samples, and
the relative difference in total amount of pixels compared
against the full increase case. As it is seen from Table 1,
the selective deposition masks bring significant savings in
the manufacturing costs by reducing the amount of printed
pixels to a small portion of the amount required to print the
full antenna pattern.

3.3. Printing Process Parameters. Tag antenna samples were
printed by Dimatix DMP-2800 inkjet material printer [25]
equipped with 10 pl print head nozzles. Harima NPS-JL
silver nanoparticle ink [15] was used as the conductive
ink. The printing resolution was set to 282 dpi, 90 μm drop
spacing as the mean drop size on the Kapton HN200 was
found to be around 120 μm. The substrate, Kapton HN200,
was cleaned with isopropyl alcohol before printing. After

printing, the samples were cured for 40 minutes at 200◦C
between layers.

The workflow of the process involving selective depo-
sition was as follows. First the full antenna patterns were
printed on the substrate and cured. Samples were brought
back from the oven, and additional ink was applied using the
selective deposition masks. Finally, the samples were brought
back for curing.

The full antenna structure was printed using one to five
layers of ink, while the specific deposition masks were printed
using one to four layers onto a single layer full antenna
structure. Therefore, for example, samples printed using
two full antenna layers, and single specific deposition masks
should share similar maximum thicknesses.

3.4. Results. The thickness of the inkjet-printed layer was
measured optically through cross-sectional images. The
thickness per printed layer was found to be around 1.4 μm.
Therefore, the printed antennas have thicknesses ranging
from 1.4 μm to 7.0 μm. Figure 6 shows a cross-sectional
image from a sample printed with five ink layers.

However, the thickness of the ink layer depends on
the printing direction line width of the conductor, and,
therefore, thickness varies significantly in a given sample in
different areas.

The obtained thickness results agree with other inkjet-
related research publications, for example, in [26, 27], that
show that the typical thickness per layer is between 0.5 μm
and 1.5 μm if no surface treatment is made for the substrate
material. Using 5 μΩ·cm as the mean resistivity for the NPS-
JL ink, the printed tag antenna sample thicknesses, expressed
in terms of skin depths, range from 0.4 to 1.9.

Figure 7 shows microscopic images taken from the
surface of the inkjet-printed tag antenna samples. Figures
7(a) and 7(b) show the quality of the printed surface with
one and four layers of ink. These images show that the surface
becomes smoother as more layers are added. Figures 7(c) and
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nanoparticle ink

Kapton HN polyimide

Figure 6: Cross-sectional image from an inkjet-printed tag antenna
printed using five ink layers. The measured mean thickness of the
silver ink layer is 6.97 μm.

7(d) show examples from surfaces which have additional ink
layers selectively deposited using one and four layers.

Using selective deposition to add ink on top of the
existing ink surface does not change the dimensions of the
tag antenna if the alignment of the additional layer is done
properly. It was also verified optically that the ink does
not spread excessively when new layers are added using the
printing parameters described in Section 3.3.

Theoretical read range was selected as the main tag
performance metric in this study. Theoretical read range is
the maximal read range, that is, maximum tag to reader
antenna distance at which the tag is still able to gather enough
power to provide a valid response in free-space conditions.
This performance is affected by both the RFID IC sensitivity
level as well as the tag antenna radiation properties. As the IC
properties remain constant in the measurements performed
in this study, any changes in the read range can be considered
due to the alternated operation characteristics of the tag
antenna.

The theoretical read ranges of the fabricated samples
were measured using Tagformance measurement equipment
[28] in a compact anechoic UHF RFID measurement
chamber. A linear patch-type antenna was used as the reader
antenna with a 0.45 cm separation to the tag under test.
Tagformance measurement system calculates the theoretical
read range based on the measured path-loss and threshold
power, that is, transmit power level at the generator output
required to activate the tag under test. This calculation is
made according to the following equation:

dTag = λ

4π

√
EIRP
PTSLfwd

, (4)

where EIRP is the maximal allowed equivalent radiated
power by the regulations (3.28 W in Europe [29]), PTS is
the threshold power of the tag under test, and Lfwd is the
measured path loss in the forward link in the measurement
setup.

The measured theoretical read range of each deposition
mask and layer quantity is shown in Figure 8. Table 2 lists the

Table 2: Ink consumptions to form the deposition masks and their
maximal achieved read ranges.

Deposition mask
Ink consumption
to form the mask

Overall achieved
peak read range

Full antenna 0.40 μL 7.2 m

5 mask 0.23 μL 6.8 m

10 mask 0.06 μL 5.1 m

40 mask 0.02 μL 4.0 m

Dipole arms 0.30 μL 3.5 m

Matching network 0.09 μL 4.6 m

achieved peak read ranges of each deposition masks as well as
the total ink consumption required to print the masks using
10 pl print nozzles.

The deposition mask in which the full antenna is
printed multiple times shows great performance increase as
additional layers are added. The peak read range rises from
3.2 meters (1 layer) to 7.2 meters (5 layers), equaling a relative
increase of 125%.

The selective deposition masks also show great gains
in the peak range of the tag although the increase in the
amount of printed pixels is significantly lower than in the
case in which the full antenna was printed. Samples printed
with the selective deposition mask 5 mask nearly match the
performance of the full antenna increase mask. In this case
the peak read range rises monotonically from 3.9 meters (1
layer) to 6.8 meters (4 layers), a 74% increase.

Samples printed with the 10 mask also show great
read range improvements. The maximal read range rises
monotonically from 4 meters to 5.1 meters, a 27.5% increase
in read range. In this case, the data shows that the maximal
read range has already saturated between samples printed
with four and five layers.

Samples made with selective deposition mask 40 mask
show the smallest increases in their read ranges between
layers. In this case, the read ranges increase monotonically
from 3.4 meters to 4 meters, an 18% relative increase. The
measured results show that 40 mask has the potential to
provide further gains in the peak read range if more layers
are added.

The reference selective deposition masks dipole arm
increase and matching network increase show mixed per-
formances. The read range results acquired with samples
printed with the dipole arm increase actually decrease slightly
as more layers are added. The decrease in the read range is
likely to be caused by variations in the RFID IC sensitivities
or in the IC-antenna joint. Thus, it can be considered that
the read range of the dipole arm increase samples remains
constant regardless of the amount of ink layers. The peak
read range starts at 3.5 meters (1 layer) and drops down to 3.4
meters (4 layers). These results show clearly that increasing
the ink layer thickness only in the dipole arms is highly
inefficient.

Samples printed with the matching network increase,
however, show monotonically increasing peak read ranges.
In this case, the peak read range starts at 3.2 meters and rises
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(a) (b)

(c) (d)

Figure 7: Microscopic images from the inkjet-printed tag antennas. (a) Surface of a sample printed with a single layer. (b) Surface of a
sample printed with four full layers. (c) Selective ink deposition with one layer. (d) Selective deposition with four layers.

to 4.6 meters, a relative increase of 43.8%. The performance
of these samples is starting to saturate between three and four
layer samples. This result shows that moderate read range
gains are possible by printing the area around the impedance
matching network without any EM simulation optimization.

To examine the cost performance of each deposition
mask, the peak read range results of each sample need to
be plotted against their ink consumption (uncured volume).
The peak read ranges of each sample are plotted as a
function of their ink consumptions in Figure 9. In Figure 9,
the measured peak ranges of each sample are indicated
by round markers. The solid lines represent second-order
polynomial fits that describe the trend of the read range
behavior as layers are added. Dashed lines represent the
estimated performance increase if more layers were to be
added to selected deposition masks.

Judging from the data on Figure 9, each of the selective
deposition masks acquired through EM simulations shows
greater performance-to-cost ratio than the full increase
mask. Considering only their efficiencies, 10 mask is clearly
the most efficient deposition mask as it produces relatively
long read ranges with low ink consumption. The most
inefficient method is to add ink to the dipole arms only.

One of the interesting points in Figure 9 is the esti-
mated future trend of 5 mask. According to the projected
performance of 5 mask, a tag antenna printed using such
selective deposition could match the peak read range of a tag

antenna printed using full antenna pattern while providing
cost savings.

Figure 10 shows the calculated performance to cost ratio
of each deposition mask. The ratio in this case is calculated
by dividing the peak read range by the total volume of ink
needed to form the resulting antenna.

The performance-to-cost ratios reveal the deposition
masks which are the most efficient in terms of producing
long read ranges with a set volume of ink. The selective depo-
sition masks made through EM simulations are all showing
greater performance-to-cost ratios, after two printed layers,
than the full increase mask. Also, the matching network
increase shows good ratios, exceeding even the 5 mask in
each layer quantity. The poor performance of the dipole arm
increase is again highlighted by this graph. 10 mask is showing
greater performance to cost ratio than the full increase mask
at every amount of layers.

Table 3 lists the possible savings in ink consumption
per tag antenna at different performance criteria. The data
presented is based on Figure 9. For example, if a read range
of five meters is only needed, it can be achieved by printing
a single full antenna layer followed by three layers made with
10 mask. Such printing process would nearly half the ink
consumption compared to the case where the full antenna
would have to be printed using three full layers. In Table 3,
the seven meter performance criteria result is based on the
projected performance of a 5 mask sample with five layers of
ink.



International Journal of Antennas and Propagation 7

Full (1)
Full (2)
Full (3)

Full (4)
Full (5)

Full (1)
5 mask (1)
5 mask (2)

5 mask (3)
5 mask (4)

Full (1)
10 mask (1)
10 mask (2)

10 mask (3)
10 mask (4)

Full (1)
40 mask (1)
40 mask (2)

40 mask (3)
40 mask (4)

Full (1)
DA (1)
DA (2)

DA (3)
DA (4)

Full (1)
DM (1)
DM (2)

DM (3)
DM (5)

8

7

6

5

4

3

2

1T
h

eo
re

ti
ca

l r
ea

d 
ra

n
ge

 (
m

)

800 820 840 860 880 900 920 940 960 980 1000
Frequency (MHz)

8

7

6

5

4

3

2

1T
h

eo
re

ti
ca

l r
ea

d 
ra

n
ge

 (
m

)

800 820 840 860 880 900 920 940 960 980 1000
Frequency (MHz)

8

7

6

5

4

3

2

1T
h

eo
re

ti
ca

l r
ea

d 
ra

n
ge

 (
m

)

800 820 840 860 880 900 920 940 960 980 1000
Frequency (MHz)

8

7

6

5

4

3

2

1T
h

eo
re

ti
ca

l r
ea

d 
ra

n
ge

 (
m

)

800 820 840 860 880 900 920 940 960 980 1000
Frequency (MHz)

8

7

6

5

4

3

2

1T
h

eo
re

ti
ca

l r
ea

d 
ra

n
ge

 (
m

)

800 820 840 860 880 900 920 940 960 980 1000
Frequency (MHz)

8

7

6

5

4

3

2

1T
h

eo
re

ti
ca

l r
ea

d 
ra

n
ge

 (
m

)

800 820 840 860 880 900 920 940 960 980 1000
Frequency (MHz)

Figure 8: Measured theoretical read ranges of each deposition mask.

Table 3: Ink savings at different tag performance criteria.

Performance
criteria

Selected deposition
mask

Possible savings in
ink consumption

7 m 5 mask (projected) 22.1%

6 m 5 mask 31.1%

5 m 10 mask 49.8%

4 m 10 mask 41.6%

The results in Table 3 show that the use-selective depo-
sition masks can greatly drop the ink consumption needed

to produce high performance UHF RFID tag antennas.
Furthermore, the use of selective ink deposition speeds up
the fabrication process as the printer is able to skip the empty
pixels in the printing pattern. Therefore, the production costs
of inkjet-printed tag antennas can be reduced significantly
without any major changes in the production processes or
design stages of the antennas.

4. Discussion of Experimental Results

The obtained results show that selective deposition can be
used to significantly reduce the amount of conductive ink
and time to fabricate a passive, high performance, UHF
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Figure 9: Measured peak read ranges as a function of ink
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Figure 10: Peak read range to ink consumption ratios.

RFID tag antenna using inkjet printing. The impedance
matching between the tag antenna and IC remains unaffected
by the use of selective deposition. This shows that selective
deposition can be used with arbitrary planar tag antenna
designs without considering nonuniform ink layer thickness
in their design stage.

Read range wise, the samples printed with the full
antenna pattern using multiple layers produced the highest
read ranges with the amount of ink layers used in this
study. None of the samples printed with selective deposition
neither matched nor reached the read range of the samples
printed using the full antenna pattern. However, if more ink
layers were to be added, the performance of the samples
printed with 5 mask could match and even exceed the read
range levels of the full increase case. This suggests that
tag arbitrary antennas printed with selective deposition can
achieve similar maximal read ranges as tags which are printed
using full layers if the optimal surface current level is used as
the printing mask.

Of the three selective deposition masks created via
simulations, the one, which adds ink to areas exhibiting ten
times higher surface current density than the dipole arm end
areas, 10 mask, has the greatest performance to cost ratio.
Therefore, in the case of the test antenna, the best cost-
performance ratio is achieved when ink is added to the inner
portions of the impedance-matching network and dipole
arms.

The selective deposition mask not created via simulations
and that adds ink only to the impedance-matching network
area in the tag antenna performs reasonably well in terms
of cost performance. Thus, such selective deposition is
advised if no simulation tools are available for further cost-
performance optimization.

5. Conclusions

This paper has presented a selective ink deposition method
for performance-cost optimization of inkjet-printed UHF
RFID tag antennas. The performance-cost optimization in
this study has been made by identifying the areas on the tag
antenna which exhibit high surface current density levels.
A high-resolution printing mask is then created based on
these surface currents. The printing mask selectively adds
conductive ink only to these areas, possibly allowing for
significant savings in the ink consumption and time required
to print a high-performance tag antenna.

The results shown in this paper demonstrate the great
potential of selective deposition masks acquired through
simulations to reduce ink consumption while maintaining
adequate performance levels. Moreover, these results show
that it should be possible to match the read range distances
of a case in which the tag antenna is printed using the full
antenna pattern by using the selective deposition technique.

In terms of savings in ink consumption, the selective
deposition masks showed decreases between 22% and 50%
in the required ink volume against the full antenna pattern
increase in case of the dipole-type tag antenna. These savings
are possible between attainable read ranges of three to seven
meters. Even greater ink savings and attainable read ranges
could be achieved by discovering the optimal surface current
level used as the selective deposition mask.

Future work involving selective deposition is how to
provide further improvements in the performance-to-cost
ratio. One of the possible approaches is to use different
selective deposition masks in the fabrication of a single tag
antenna.
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