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Abstract In this paper, the performance and the feasi-
bility of inkjet-printed dipole RFID tag antennas are
experimentally studied in the implementation of identi-
fying objects with different electromagnetic properties.
To estimate the performance quality, we compare our
results to those obtained using traditional etched copper
dipole tag antennas. We first examine the performance
characteristics, i.e. the read range and the radiation
patterns, of tags in free space. Then we attach the tags
directly to target objects and compare the optimum
performance on target objects to that of the tag in free
space. The obtained results provide information about
the behaviour of inkjet-printed tag antennas on different
objects. This information can be used to optimize the
inkjet-printed tag antenna performance for use on
objects with different characteristics.

Keywords Radio frequency identification (RFID) . Inkjet
printing . Silver ink .Material properties . Tag antenna
radiation patterns . Tag performance degradation on objects

1 Introduction

Ultra-high frequency (UHF) radio frequency identification
(RFID) is a rapidly developing wireless technology for
identifying objects. Today's RFID applications are mainly
in inventory management, asset control and toll collection
[1]. In the coming years, the application areas of the
identification and security are expected to increase. For
widespread use to become reality, much research is required
to improve the performance and reliability of RFID systems
[1]. In an RFID system, objects to be identified are
equipped with tags consisting of an antenna and an
application specific integrated circuit (ASIC). The electron-
ic product code (EPC) [2] is located in the memory of the
ASIC, which is read by the RFID reader.

In UHF RFID applications, tags primarily use electro-
magnetic coupling in the far field and communication, and
data transfer between a tag and a reader is typically
established by modulation of backscattered radiation from
the tag antenna using load modulation [3]. In an active
UHF RFID system, the tag is equipped with an internal
energy source, e.g. a battery, whereas a passive UHF RFID
tag is totally dependent on the power-carrying incident
wave from the reader to supply power to its IC chip. The
read range of a passive RFID system is therefore much
more limited compared to an active RFID system, which in
some applications is considered as one of the obstacles to
wide adoption of passive RFID systems [3].

RFID provides similar functions as bar code system, but
has advantages in several applications: RFID tags can be
read through some obstacles and are more resistant in
challenging environments to dirt, etc., RFID systems allow
multiple tags to be read in a shorter time, and tags convey
more information than a typical bar code [4]. Even though
passive UFH RFID is expected to be one of the leading
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information technologies (IT) in the future [3], RFID tag
performance is affected by many factors. The important
RFID tag read range characteristic has been studied in
several publications [5–7]. Another important field is the
influence of electromagnetic properties of objects near, or
in contact with, the RFID tag. For example, it has been
shown that the tag read range [4] and radiation patterns [8]
are strongly affected by nearby metal or water.

In tag manufacturing, etching is typically used to make
the conductive antenna trace. Even though etching is
considered to be an efficient process, its drawbacks have
highlighted additive RFID tag fabrication methods, espe-
cially printing methods [9]. The etching process includes
many phases and the used chemicals are not environmen-
tally friendly. The substrate has to withstand the chemical
process, which reduces the substrate selection. Additionally,
etching creates waste and material loss when the unwanted
metal is removed from the substrate. This is not the case
with additive methods, such as inkjet-printing, in which the
valuable material is deposited only on desired locations.
Printing makes it possible to integrate electronics on new
types of flexible and stretchable printed circuit board
materials [9]. Furthermore, printing has the potential for
providing a fast and simple method. Printing methods also
allow the RFID tag antenna to be printed directly on the
product package and allow the antenna conductor thickness
to be altered [10]. Control over the conductor thickness
gives an opportunity to control RFID tag performance
parameters such as read range [11]. Control over the read
range is beneficial in several applications [11]. The
conductor thickness of etched UHF RFID tags is greater
than the skin depth, which eliminates the possibility of
using the conductor thickness as a design parameter. This is
not the case for inkjet-printed UHF RFID tags. Conductors
may be printed with a thickness of thinner than the skin
depth in ink, giving the opportunity to vary the used ink
layers. This increases tag design flexibility.

Even though many publications have investigated the
features of inkjet-printed tags, there is a lack of studies on
how surrounding and nearby objects and materials affect
their performance parameters. In this paper, the effects of
different target objects on passive UHF RFID inkjet-printed
tag performance are studied. All measurements were
conducted using each tag on each target object. The aim
is to: (1) provide information about how the optimum
performance frequency and read range are changed when
the inkjet-printed tag antennas are moved from free space
and attached to different objects; (2) investigate how the
radiation pattern is changed, at optimum performance
frequency, for the tag on each target object compared to
that obtained at optimum performance frequency in free
space; and (3) compare the attained results to those of
traditional etched copper tags and consider the feasibility of

inkjet-printed tags. The results of this study can be used to
optimize inkjet-printed tag antenna performance for use on
objects with different characteristics.

Previously, read range measurements were conducted
and results were analysed for inkjet-printed passive UHF
RFID narrow-line tags on various target objects [12]. In this
paper, measurements are conducted for one of these
narrow-line tags. According to [12], the chosen inkjet-
printed narrow-line tag demonstrated the best read range
characteristics on all measured objects. In addition to
threshold measurements, radiation pattern measurements
are conducted and profound analyses are given with respect
to the attained results. Additionally, we have chosen to
conduct the measurements for one of the inkjet-printed loop
arm tags presented in [11]. The copper-etched tags are
included in this study to give a reference for how good the
performances of the inkjet-printed tags are on different
objects. The inkjet-printed narrow-line tag performance is
compared to the performance of the commercial copper-
etched passive UHF RFID tag [13], which has high
performance and represents a good point for comparison.
The loop arm tags are of own design. To investigate
whether there are significant performance differences
depending on fabrication by inkjet-printing or copper
etching, the inkjet-printed loop arm tag and the copper
loop arm tag are compared to each other on different
objects in turn. To study how different inkjet-printed tag
designs affect tag performance on different objects, the
performance of the inkjet-printed narrow-line tag is
compared to the performance of the inkjet-printed loop
arm tag.

The rest of this paper is structured as follows: in
Section 2 a brief glance is taken at the RFID system
followed by a discussion about the interaction between the
incident electromagnetic wave from the reader and the
materials in the target objects. Section 3 gives a more
detailed description of the inkjet-printing process and its
feature parameters. In Section 4, the antenna designs are
presented. Measurement set-up and measurement devices
are explained in Section 5. In Section 6, measurement
results are presented with related discussion. Tag perfor-
mance comparisons are made in Section 7 and finally,
conclusions are drawn in Section 8.

2 RFID systems, electromagnetic waves and target
object materials

This study concentrates on passive UHF RFID systems.
The data transfer and communication between reader and
tag is based on the backscattering of electromagnetic
waves, and thereby it is of paramount importance to
understand how target object materials interact with these
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waves. The operating principle of a passive UHF RFID
system is shown in Fig. 1.

Both the antenna impedance ZA and the IC impedance
ZIC are complex and thus frequency dependent. Typically,
the reader to tag communication (forward link) is estab-
lished by modulating either the amplitude (Amplitude Shift
Keying, ASK), or both the amplitude and phase (Phase-
Reversal Amplitude Shift Keying), of the reader's transmit-
ted energy carrying carrier wave. A detector on the tag is
used to recover forward link data. After the tag has obtained
enough energy to power up the tag IC (that is, the induced
voltage S is high enough), the tag changes its input
impedance between two states (ZC0 and ZC1) according to
the EPC (logic block), and data is backscattered from the
tag to the reader (reverse link) during reader's carrier wave
transmission.

The power sent by the reader is limited by local
regulations. For example, the European Telecommunication
Standards Institute (ETSI) allows a maximum equivalent
isotropically radiated power (PEIRP) of 3.28 W (equal to
2 W PERP) [14]. Thus the limited available power together
with the minimum power required by the IC to be in the
activate mode emphasizes the demand for a proper
impedance matching requirement between the tag antenna
and the IC in order to maximize the power transfer.
According to the Friis free-space equation [15], the power
received by the tag antenna Pr at a distance r from the
reader antenna is

Pr ¼ PtGtGr
l
4pr

� �2

; ð1Þ

where 1 is the transmitted wavelength, Pt is the power sent
by the reader antenna, Gt and Gr is the power gain of the
reader and tag antenna, respectively. The calculated
received tag antenna power Pr is only delivered to the tag
IC when maximum power transfer occurs, that is, when the
IC impedance is conjugate matched to the tag antenna

impedance. When perfect matching does not exist, the
power delivered to the IC is less than that predicted by Friis
equation. The ratio of the power delivered to the IC relative
to the maximum power predicted by Friis is referred to as
the power transfer coefficient τ (0≤τ ≤1). Thus the tag IC
minimum threshold power in order to be activated, or
sensitivity, is

PIC;th ¼ tPr;th: ð2Þ
Hence we obtain the forward link read range dr using

dr ¼ l
4p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PtGtGrt
PIC;th

s
; ð3Þ

where the product PtGt is the maximum equivalent
isotropically radiated power from the reader. Read range
is considered one of the most important tag characteristics
[3] and therefore we are use read range as one parameter to
characterize tag performance. As another parameter to
characterize tag performance, we choose the tag radiation
pattern. It gives valuable information about the main
radiation directions of the tag and additionally it can be
measured when the tag is attached to the target object.
Hence, the tag radiation pattern provides information about
how the target object material affects the radiation pattern
of the tag.

Next, we discuss the effect and importance of two
commonly encountered materials on tag performance:
dielectrics and metals—both of them having a significant
impact. Furthermore, we present the skin depth definition
and how it is related to conductors such as inkjet-printed
traces or etched copper traces.

2.1 Lossless and lossy dielectrics

Lossless dielectrics are electrical insulators that ideally do
not contain any free charges. Instead their dominant charges
in atoms are bound negative and positive charges that

Fig. 1 Passive UHF RFID system [3]
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macroscopically form neutral atoms. However, an external
applied electric field forces the bound charges to shift
slightly from their equilibrium positions, causing electric
dipoles or dielectric polarization. These electric dipoles
interact with the external electric field, which provides the
dielectric material with the ability to store electric energy.
The energy is accomplished by the shift against the
restraining forces of the bound charges of the dipoles when
they are subjected to external applied forces. The relative
permittivity εr is a parameter that indicates the relative
charge or energy storage capabilities of a dielectric
material. [16, 17] In practice, we do not find ideal lossless
dielectrics though some materials, such as cardboard, due to
their low-loss properties, can be considered as lossless
dielectrics.

Lossy dielectrics contain free charge carriers which
cause Ohmic losses [16]. The relative permittivity is
complex for lossy dielectrics. The ratio of the imaginary
to the real part of complex permittivity is defined as the loss
tangent and it describes the dielectric losses [16]:

tan d ¼ "00

"0
: ð4Þ

The larger the value of the loss tangent, the more the
material converts energy from electric field into heat. This
means that if there is a lossy dielectric material near a tag,
the tag will lose some received power from the reader in the
dielectric and one would expect to see a reduction in the tag
antenna performance. Especially materials having polar
molecules, such as water, tend to have high dielectric
losses. However, the challenge in having good tag
performance in the presence of targets containing water is
not only due to the high dielectric losses, it is also due to
the high relative permittivity value of water, which is
approximately 81 [16, 18].

2.2 Skin depth

In a good conductor at high frequencies, such as UHF, current
density is packed into the regions near the conductor surface.
The depth below the surface of a conductor at which the
amplitude of an incident electric field has decreased by a
factor 1/e is called the skin depth δ [16]. Skin depth is
inversely proportional to frequency and therefore, at UHF,
the conductive traces can be made to have a thickness of the
same order of magnitude as the skin depth. However, when
the thickness is equal to or thinner than the skin depth, the
total resistance of a printed conductive trace with fixed line
width will be proportional to the overall line length and
inversely proportional to the conductor thickness [19]. The
conductor thickness should not be too thin, since the
resulting increase of antenna structure losses will decrease
the antenna radiation efficiency [9].

2.3 Metals and image theory

Many objects to be identified contain metals. However, metals
constitute a challenge and their effects on tag performance are
critical if not taken into account. For a perfect electric
conductor, the incident electromagnetic wave is completely
reflected at the interface with zero electric fields below the
surface [16]. Metals have very good conductivity and are
thus considered perfect reflectors.

When the electric field goes exactly to zero below the
surface for a perfect conductor, an equivalent system may
be formed that replaces the actual system for analysis
purpose only. This equivalent system is based on the image
theory and is typically used when considering a dipole tag
antenna placed near to a metallic surface [16]. According to
the image theory, a virtual source (image) can be placed the
same distance below the metallic surface as the real source
(the tag antenna) is above it to account for reflections from
the ground plane. The image is exactly the same as with the
real source but with all currents and charges reversed.
When the metallic surface is removed, the electromagnetic
field goes to zero at the metallic surface's former location. If
the real antenna is viewed from far away, the current is
partially cancelled by the oppositely directed current from
the image [15]. If the dipole is placed directly on the
metallic surface, the cancellation would be exact and no
radiation would exist.

The radiation efficiency of the dipole antenna is
decreased by reducing the distance of the antenna from
the metallic surface. Therefore, the presence of a metallic
object close to or near the radiating element will signifi-
cantly alter the overall radiation pattern of the tag [8, 18],
change the radiation efficiency, degrade the impedance
matching and shift the resonance frequency [8]. All of these
result in a smaller tag bandwidth, which limits the global
implementation of RFID [20] and significantly reduces the
expected read range [4].

Recently, several UHF RFID tag designs have been
proposed for metallic object applications. A low-profile
RFID tag antenna is presented in [21], consisting of two
rectangular patches, optimized for mounting directly on a
metallic object. A miniature RFID tag antenna of similar
structure is presented in [22] with overall size 32×18×
3.2 mm3. In [23], a UHF RFID T-matched dipole tag design
is proposed that is capable of operating both as a dipole
antenna in free space and as a microstrip antenna when
attached to a metal. A similar antenna is presented in [24],
and a detailed investigation is made on how the dipole
antenna performs near metal and which factors are
fundamentally responsible for performance degradation.
Further, it is stated that the electrical length of the antenna
is a free variable that can be used to alter the near-metal
antenna impedance. The preceding studies address the
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problem that occurs when the tag is attached directly to the
metallic surface. According to the image theory, the antenna
is short-circuited [25] and consequently no power will be
delivered to the ASIC.

Commercially available tags for near-metal and near-
water usage were experimentally studied in [20]. It was
found that the most important aspect for determining the
read range is the size of the antenna. None of the measured
tags was readable when attached directly to a copper plate.
For example, a separating single corrugated fibreboard
between the tag and the metal was sufficient to allow the
large tag (102×102 mm) to be read. The smaller tag (38×
38 mm) remained unreadable even with double corrugated
fibreboard separation. Even though a thicker separation
resulted in increased performance, the larger tag suffered a
38% to 76% reduction in read range compared to that in
free space. Furthermore, it was found that water degrades
the performance of the large tag significantly, but the small
tag was not notably affected by water. Additionally, the
corrugated separation fibreboard did not yield the same
increase in performance as it did with metal.

Inkjet-printed tags are compared to traditional metal tags
in several recent publications. In [26], the effects of antenna
material on the efficiency of UHF RFID tags were
evaluated. It was shown that various silver ink tags
performed well regardless of conductivity of less than 1/
10th that of copper, indicating that silver inks are
competitive tag materials. Furthermore, a thickness of one
skin depth would be sufficient to make a highly efficient
silver ink dipole type tag.

3 Inkjet-printing

Inkjet-printing has the potential to become a widely used
mass fabrication method for RFID tags [10, 27]. It is a non-
contact method, which uses several inks jetted repeatedly
from the nozzle printhead and directed accurately on to the
substrate to form small droplets. Hence, the design pattern
is transferred directly on to the substrate, eliminating the
need for masks, which are required in the traditional
etching technique. In this study, the used printheads utilize
the drop-on-demand technique [28], where drops of ink are
only generated if the computer-aided design image file to
be printed demands it. The ink is ejected from the nozzle
ink reservoir in response to a trigger signal generated by an
actuator, which in our case is a piezoelectric element.

In printable electronics, nanoparticle-based silver inks
have become popular. Nanosized particles provide a lower
sintering temperature and shorter sintering time compared
to their bulk form [29]. This allows the use of paper or
plastic substrates. The nanoparticles are protected by a
dispersant and the ink consists of a solvent for the purposes

of stabilization and prevention of coalescence [30]. After
printing, the solvent evaporates during the drying of the
ink. However, the electrical conductivity of the resulting
printed structures is too low. Therefore, sintering process is
required, whereby the dispersant is removed and the silver
particles are partially melted, and fused together, in order to
enhance the conductivity [30].

Much research has considered the features and parame-
ters of inkjet-printing in the UHF RFID field [11, 27, 31].
Tag performance does not only depend on the conductive
material properties, but also on the antenna design [31]. For
some antenna designs, such as straight dipoles, silver ink
performs as well as copper. It is suggested that antennas can
be designed especially for silver ink in such a way that the
tag performance is comparable to that of tags made from
copper. In [19], applied ink thickness was determined in
accordance with the current density distribution of the
antenna in order to minimize the amount of ink. However,
the results show that it is largely the total amount of ink
used that determines the radiation efficiency of the antenna
and not the ink thickness distribution on the antenna. It was
also shown that increasing the conductor thickness of
inkjet-printed loop arm RFID tags increases the perfor-
mance in free space by decreasing the amount of Ohmic
losses caused by the conductors [11]. In addition, the
realized gain in free space increased with increased
conductor thickness.

Regardless of the promising advances and features of
printable electronics together with a more efficient use of
materials, inkjet-printed traces have two major drawbacks.
First, the conductivity of inkjet-printed traces is lower than
that of corresponding solid metal traces [19]. Secondly, inks
usually use rather expensive silver or silver-coated particles
as the conductive material in the ink, meaning that the costs
of ink-based traces are still rather high [19]. These draw-
backs put contradictory demands on inkjet-printed anten-
nas. To reduce the total amount of expensive ink, the
antenna structure should have as small a print area and
thickness as possible. At the same time, the antenna
structure should be thick enough to guarantee good
conductivity and high radiation efficiency [9].

4 Antenna designs

Two different dipole-type inkjet-printed tag antenna designs
are considered: the inkjet-printed narrow-line tag [10] and the
inkjet-printed loop arm tag [11]. Additionally, two different
copper-etched tag antenna designs are included in this study:
the commercial etched copper Squiggle tag [32] and the
copper-etched loop arm tag, which has the same footprint as
the inkjet-printed loop arm tag. The tag antennas used in this
article are shown in Fig. 2. The dimensions (width W and
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length L) of the tags are also included in the figure. For a
detailed description of these antenna geometries and design
procedures, refer to [10, 11, 32].

Both inkjet-printed tag antennas were printed on 50 μm
thick Kapton polyimide film using Harima NPS-J HP silver
ink. The specific resistance of the silver ink layer is
4∼6 μΩ cm after curing [33], which provides a conductivity
of 33 MS/m. The antenna structures were formed with an
iTi MDS 2.0 inkjet printer equipped with Spectra S-class
printheads with a drop volume of 10 pl. The printing
resolution was set to 600 dpi, which was found optimal for
the given silver ink, drop volume and substrate. The
narrow-line tag was printed using two layers of silver ink
and a line width of 200 μm, and the loop arm tag was
printed using four layers of silver ink. The thickness of one
printed silver ink layer is 1.0–1.5 μm. The Ohmic losses of
the NPS-J ink are dependent on the number of printed ink
layers [11]. The dc sheet resistance decreases as the number
of ink layers increases. The dc sheet resistance of the
narrow-line tag (printed with two layers of NPS-J ink on
polymide substrate) is 19.3mΩ/square [34]. The dc sheet
resistance of the printed loop arm tag (printed with four
layers of NPS-J ink on polymide substrate) will be even
lower than for the narrow-line tag due to a higher number
of ink layers. The Higgs 3 RFID IC manufactured by Alien
Technology [35] was attached to the printed tags by a strap
attachment using conductive epoxy resin. Higgs 3 is a
passive EPC Gen2 compatible RFID IC with a sensitivity
of −18 dBm and an internal memory of a unique 96-bit
EPC for identification purposes. The tags were designed
and optimized in free space using Ansoft's high-frequency
structure simulator (HFSS) [36].

The conductivity of copper is approximately 58 MS/m.
The copper loop arm tag is etched on PET film and its
copper traces have a thickness of 20 μm. The thickness of

the Alien Squiggle tag is of the same magnitude as that of the
copper loop arm tag and thus the dc sheet resistance is
estimated to be 1 mΩ/square. The copper loop arm tag and the
high performance dipole fromAlien Technology are equipped
with the Higgs 3 RFID IC. The copper loop arm tag was
designed and optimized in free space using HFSS [36].

5 Measurements

5.1 Tagformance measurement system

Measurements were conducted in an anechoic RFID
cabinet with the Tagformance measurement system [37].
Two types of measurements were made: threshold sweep
measurement and radiation pattern measurement.

Threshold sweep measurement describes how much
transmit power Pt,th is required to activate the tag IC as a
function of frequency. Threshold transmit power is
dependent on the distance between the reader and the
tag, and the transmit threshold power can theoretically be
calculated on the tag by calibration. Calibration is
conducted with a reference tag and it takes into account
the gain of the reader antenna Gt, the path loss between the
reader and the tag and the cable losses. Threshold power
on tag can be written as

Pon tag;th ¼ LfwdPt;th; ð5Þ
where Lfwd is the measured path loss including the cable
losses and reader antenna gain during calibration. Accord-
ing to Eqs. 2 and 5, we can now write

PIC;th ¼ t Pr;th ¼ t Pon tag;thGr ¼ t LfwdPt;thGr: ð6Þ
Substituting Eq. 6 into Eq. 3 we get the maximum usable

distance between the tag and the reader, also known as the
theoretical read range, dtag, such that

dtag ¼ l
4p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PtGt

LfwdPt;th
:

s
ð7Þ

Equation 7 assumes free-space conditions. According to
Eq. 7 we can maximize the theoretical read range by
maximizing the power sent by the reader. However, the
product PtGt=PEIRP is restricted to 3.28 W by ETSI.
Finally, the theoretical read range can be calculated based
on the threshold sweep measurement by

dtag ¼ l
4p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PEIRP

LfwdPt;th

s
: ð8Þ

In passive UHF RFID systems, the read range is limited
by the forward link, and therefore the tag read range is the
same as the forward read range [38]. According to Eq. 8,

Fig. 2 Tag antennas: a inkjet-printed narrow-line (W=0.8 cm and L=
10 cm), b inkjet-printed loop arm (W=1.1 cm and L=6.3 cm), c Alien
Squiggle (W=0.8 cm and L=9.5 cm), and d copper-etched loop arm
(W=1.1 cm and L=6.5 cm)
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the maximum read range is obtained for minimum transmit
threshold power.

With radiation pattern sweep measurement, the E- and
H-plane radiation patterns of a tag antenna can be defined.
We measure the radiation patterns at a given frequency
based on the threshold transmit power as a function of
angle. This power describes the quality of the forward link
communication. The radiation patterns are normalized to
minimum transmit threshold power Pth,min. The normaliza-
tion is made as pointed out in [38]. Rearranging the
variables in Eq. 6 we get

Gr ¼ PIC;th

tLfwd

1

Pt;th
: ð9Þ

The realized gain of the tag antenna, Gr,real, is defined as

Gr;real ¼ t Gr: ð10Þ
Combining Eqs. 9 and 10 we get the following

Gr;real ¼ PIC;th

Lfwd

1

Pt;th
¼ k

1

Pt;th
: ð11Þ

In the above equation, only Gr,real and Pt,th are functions
of angle and therefore we gather the rest of the variables in
one constant k. Next, the realized gain is normalized to
minimum transmit threshold power and hence we get the
formula for the normalized radiation pattern

Gr;real;norm ¼ Gr;real

Gr;real;max
¼ k=Pt;th

k=Pth;min
¼ Pth;min

Pt;th
; ð12Þ

Gr;real;normðdBÞ ¼ Pth;minðdBmÞ � Pt;thðdBmÞ: ð13Þ
In Eq. 13, the normalized realized gain and threshold

transmit power depend on the angle. The minimum transmit
threshold power Pth,min is measured at a specific angle, at
which the realized gain has its maximum and the
normalized realized gain value is 0 dB.

5.2 Tag position on target objects

Each tag was attached at the same position on each object,
as shown in Fig. 3. The tag positions were chosen so that
the tag was easily attached to the object with adhesive tape.
In the case of the protein package, the tag was placed at a
position where there was as much air as possible under-
neath the object surface. All tags were directly attached to
the objects without any air gaps between the tag and object
surface. Additionally the tags were not subjected to
excessive stress, such as bending or elongation.

(b) 

(c) 

(d) 

(e) 

(f) 

(a) 

Fig. 3 Tag position on the tagged objects: a sugar package, b oatmeal
package, c butter package, d protein package, e cigarette package and
f water bottle (1.5 l)

b
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Objects for this study were selected as having varying
electromagnetic properties. We chose objects having both
metallic and dielectric characteristics, along with objects
having low-loss properties. The lump sugar and the oatmeal
are packaged in cardboard containers. The butter package
and spring water bottle are made of plastic. The protein
package of card contains metal bottles of protein drink. The
card cigarette package contains small card packets of
cigarettes, which are lined with metal foil.

5.3 Measurement set-up and conducted measurements

The measurement set-up inside the RFID cabinet is shown
in Fig. 4. The measurement frequency ranges from 800 to
1,000 MHz with frequency step of 0.5 MHz and the output
power can be altered to a value of maximum 27 dBm,
which corresponds to 3.28 W EIRP. Power step of 0.1 dB
was used, while for the orientation sensitivity sweep a step
angle of 5° was used. The distance between the reader
antenna and tag antenna was set to 0.45 m. Field regions
are approximate and depend on the wavelength and
dimension of the antenna as well as on the application
[39]. When the terms 1/r in the field equations of an electric
dipole are dominant, the far-field limit can be defined as
r≥1/2π [39]. At 800 MHz the measured tags, whose
lengths are smaller than 1/2, are in the far-field when the
distance between reader and tag is set to r=0.45 m. The tag,
attached to a target object, was positioned in the middle of
the rotating table. At a measurement angle of 0°, the tag

faces the reader antenna and hence the measurement angle
is increased gradually while the table is rotating counter-
clockwise. A threshold sweep measurement was conducted
for each tag on each object at the 0° measurement angle for
the E-plane tag-reader-orientation (see Fig. 4). From the
threshold sweep measurement results, the optimum perfor-
mance frequency was defined as the frequency at which the
transmit threshold power is the lowest. The optimum
performance frequency results are presented in Table 1.
Based on the threshold sweep measurements, the theoretical
read ranges were calculated using equation 14.

An orientation sensitivity sweep measurement was con-
ducted for each tag while placed on each object in both the E-
and H-planes, as illustrated in Fig. 4. Measurements were
conducted at optimum performance frequencies. At this
frequency, we attain the maximum realized gain of the tag.
Therefore, we are able to compare the radiation patterns for
maximum realized gain of the tag in each scenario. The
reader antenna used [40] had vertical polarization, so the tag
and reader needed to be turned 90° when measuring H-plane
radiation patterns. Using Eq. 13, the normalized radiation
patterns could be calculated.

6 Measurement results and discussion

The optimum performance frequencies for each tag on each
object are presented in Table 1.

An optimum performance shift is encountered when the
tag is attached to the various objects. For low-loss dielectric
objects, such as the sugar and oatmeal packages, the
optimum performance frequency is generally shifted to a
lower frequency. The sugar or oatmeal package can be
thought of as forming the new substrate material for the tag.
The tag substrate dielectric constant will increase and as a
result we encounter a frequency shift to lower frequencies.
For dielectric and metallic objects, the frequency response
of the tag is significantly altered, shifting the optimum
performance frequency more dramatically. The alteration in
optimum performance frequency is in the same direction on
the frequency scale for the printed tag and its comparison
copper tag.

6.1 Narrow-line tag

The threshold sweep measurement results are presented in
Fig. 5, the read ranges are shown in Fig. 6 and the
measured and normalized radiation patterns are shown in
Figs. 7 and 8.

Figure 5 shows that the required transmit power to
activate the tag (when it is attached to the objects) is
increased compared to the free-space case. This is seen
especially with liquid-containing materials, such as the

(a) 

Tag position in the 
middle of rotating table 

Distance between TX and RX antenna 
0.45 m

(b) 

Fig. 4 Object with tag positioned at measurement angle 0°.
Measurement set-up inside RFID cabinet and tag-reader-orientation
for a E-plane measurement and b H-plane measurement
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water bottle and the butter package and with metallic
objects, such as the protein and cigarette packages. The
increased amount of power is a result of dielectric losses
and decreased radiation efficiency. For butter, protein,
cigarette packages and water bottle, the frequency
responses are significantly changed, including reduction of
operational bandwidths. The discontinuous frequency re-
sponse of the cigarette package is a result of reflections
from the metal foil wrappings around the cigarette packets.
In the case of the water bottle, the narrow-line tag is
detuned to too low frequencies. For sugar and oatmeal
packages, the frequency responses are similar to free-space
measurements. Both objects have a clear frequency shift to
a lower operational frequency compared to that in free
space, which is also observed from the read range
measurement results. However, the detuning of the tag in
the cases of sugar, oatmeal and butter packages does not
disturb the worldwide identification frequency range (860–

960 MHz). For these packages, the minimum read ranges
are 2 m in the worldwide identification bands.

For many applications, a 2–5 m read range is sufficient
with passive UHF systems [5], which make the narrow-line
tag a potential alternative for identifying the sugar, oatmeal
and butter packages. The impedance mismatch is greater for
the narrow-line tag on the oatmeal package than on the
sugar package. Hence the frequency shift is larger for the
oatmeal package and the obtained read range is shorter. One
possible explanation could be that the oatmeal package has
as an ensemble, a larger dielectric constant value than that
of lump sugar package.

In general, the radiation patterns for sugar, oatmeal and
butter packages showed no dramatic changes compared to the
free-space cases. The radiation patterns for metallic and liquid
objects differ totally from the free-space case radiation
patterns, due to the high water losses and the direct vicinity
of metal. For the protein package, cigarette package and water
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Fig. 6 Theoretical read ranges for the narrow-line tag on different
objects
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Fig. 5 Threshold sweep measurements for the narrow-line tag on
different objects

Table 1 Optimum performance frequencies

Object Optimum performance frequency (MHz)

Narrow-line tag Printed loop arm tag Alien Squiggle tag Copper loop arm tag

Free space 920 912 850 910

Sugar package 852 870 820 845

Oatmeal package 964 850 940 800

Butter package 936 820 890 810

Protein package 968 960 950 963

Cigarette package 956 – a 910 –a

Water bottle (1.5 l) 843 923 830 935

a Did not give any response during threshold sweep
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bottle, the degradation in antenna realized gain was at least
10 dB. The normalized radiation patterns are derived from
threshold sweep measurements for every measurement angle.
The loss in tag antenna realized gain at an angle of 0° is
directly proportional to the difference of minimum threshold
power between free space and object-mounted operation. For
example, Fig. 5 shows that the minimum threshold power is
3 dBm in free space and 6 dBm when the tag is attached to
sugar package. According to Eq. 13, this results in a loss in
antenna realized gain of 3 dB, which is in accordance with
the sugar package radiation pattern measurement result
shown in Fig. 7.

Clearly, attaching the tag on metallic and high-dielectric
objects degrades the tag performance significantly. Howev-
er, the performance of the narrow-line tag is not severely
degraded when attached to sugar, oatmeal, and butter
packages and thus the narrow-line tag has potential for
identifying these objects.

6.2 Printed loop arm tag

The threshold sweep measurement results are presented in
Fig. 9 and the corresponding theoretical read ranges are
shown in Fig. 10. The measured and normalized radiation
patterns are shown in Figs. 11 and 12.

The increased threshold power on objects and the
resulting reduced read range is shown in Fig. 9. The objects
change the tag antenna impedance, distort the free space
optimized impedance matching and increase the threshold
power. Also, the optimum tag performance frequency is
shifted on the objects, which is clearly seen for the sugar
and oatmeal packages.

The tag on cigarette package did not respond and at least
18 dBm was required with the butter package, protein
package and water bottle, resulting in about 15 dB losses in
antenna realized gain compared to free-space case perform-
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Fig. 9 Threshold sweep measurements for the printed loop arm tag on
different objects

Fig. 8 Measured E- and H-plane radiation patterns for the narrow-line
tag in free space and on protein and cigarette packages and on the
water bottle. The radiation patterns are normalized to free space

Fig. 7 Measured E- and H-plane radiation patterns for the narrow-line
tag in free space and on sugar, oatmeal and butter packages. The
radiation patterns are normalized to free space
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Fig. 10 Theoretical read ranges for the printed loop arm tag on
different objects
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ances. For these objects, the radiation patterns differ from
the free-space dipole-like radiation patterns and the severely
reduced read ranges were far below 2 m. A reason to why
the narrow-line tag responded when attached to the
cigarette package and why the printed loop arm did not is
probably due to the wider acceptable impedance matching
bandwidth of the narrow-line tag. Tag threshold power on
sugar and oatmeal packages was comparable to free-space
operation and the read ranges peaked at a minimum of 5 m.
The antenna maximum loss in the realized gain is 5 dB, as
presented in Fig. 11. The increase in antenna gain at angles
±90° in the E-plane radiation patterns is observed for the
sugar and oatmeal packages. The increase in realized gain
is larger for the oatmeal package than that for the sugar
package. The same observation is seen for the narrow-line
tag in Fig. 7. The reason is probably the higher dielectric
constant of the oatmeal package. Additionally, the mea-
surement results suggest that the oatmeal package is looser
than the lump sugar package. The oatmeal flakes are

densely packed, while the lump sugar package contains
more air. The tag is designed to operate in free space at
910 MHz, which complies with the UHF frequency band
used in America. When attached to sugar and oatmeal
packages, the operation of the tag shifts to the UHF
frequency band used in Europe. In summary, the tag
performance is significantly degraded on high-dielectric
and metallic materials and only slightly changed on sugar
and oatmeal packages.

7 Tag performance comparisons

7.1 Narrow-line tag and Alien Squiggle tag ALN-9640

In this section, the performance of the commercial ALN-
9640 Squiggle tag is compared to the narrow-line tag on the
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Fig. 13 Threshold sweep measurement comparison between the
narrow-line tag and the Alien Squiggle tag ALN-9640 on sugar,
oatmeal and butter packages

Fig. 12 Measured E- and H-plane radiation patterns for the printed
loop arm tag in free space and on butter and protein packages and on
the water bottle. The radiation patterns are normalized to free space

Fig. 11 Measured E- and H-plane radiation patterns for the printed
loop arm tag in free space and on sugar and oatmeal packages. The
radiation patterns are normalized to free space
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Fig. 14 Read range comparison between the narrow-line tag and the
Alien Squiggle tag ALN-9640 on sugar, oatmeal and butter packages
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sugar, oatmeal and butter packages. The threshold sweep
measurement results are shown in Fig. 13, the
corresponding theoretical read ranges are shown in
Fig. 14, and the measured and normalized radiation patterns
are shown in Figs. 15, 16 and 17.

The conductivity of copper is 58 MS/m, while the
conductivity of silver ink used in narrow-line tag design is
33 MS/m [10]. The narrow-line tag design uses almost 83%
less conductor surface compared to the commercial tag
[10]. The use of silver ink increases the Ohmic losses and
therefore more power is required to activate the tag. As a
result the read range and the antenna realized gain are
reduced as seen from the measurement results. From
Fig. 13, at optimum performance frequency, one can see
that the printed tag requires about 5 and 10 dBm more
power to activate the IC compared to the etched tag when
attached to sugar, oatmeal and butter packages, respective-
ly. Therefore we see a reduction of 5 and 10 dB in the
printed tag antenna radiation patterns compared to the
etched tag antenna. However, the printed tag is still a

competitive alternative to the etched tag. With careful tag
design and optimization to low-loss dielectric platforms, the
inkjet-printed tag has the possibility to perform as well as
the commercial etched tag.

7.2 Printed loop arm tag and copper loop arm tag

In this section, we compare the performance of the printed
loop arm tag against its etched design, the copper loop arm
tag on sugar and oatmeal packages. The threshold sweep
measurement results are presented in Fig. 18, the theoretical
read ranges are shown in Fig. 19, and the radiation pattern
measurement results are shown in Figs. 20 and 21.

According to Fig. 18, the printed tag requires about
2.5 dBm more transmit power to be activated compared to
the etched tag in free space, resulting in 2 m shorter read
range. The optimum performance frequency is about
910 MHz for both tags in free space.

Fig. 17 E- and H-plane radiation patterns comparison between the
narrow-line tag and the Alien Squiggle tag ALN-9640 on the butter
package. The radiation patterns are normalized to the ALN-9640
Squiggle tag

Fig. 16 E- and H-plane radiation patterns comparison between the
narrow-line tag and the Alien Squiggle tag ALN-9640 on the oatmeal
package. The radiation patterns are normalized to the ALN-9640
Squiggle tag

Fig. 15 E- and H-plane radiation patterns comparison between the
narrow-line tag and the Alien Squiggle tag ALN-9640 on the sugar
package. The radiation patterns are normalized to the ALN-9640
Squiggle tag
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Fig. 18 Threshold sweep measurements for printed loop arm and
copper loop arm tags in free space and on sugar and oatmeal packages
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Figure 18 also shows that the optimum performance
frequency shift on objects is greater for the etched tag than
for the printed tag. The shift is a result of changed antenna
impedance when the tag is moved from free space to be
placed on an object. Hence, the impedance mismatch
compared to free space is greater for the etched tag and
we see a greater reduction in the etched tag read range
compared to the printed tag for both packages. The
obtained read range on the sugar package is equal for both
tags; while on the oatmeal package, a longer read range is
achieved with the printed version. These observations are
supported by the radiation pattern results. The realized gain
is equal for both tags on the sugar package and it is about
2.5 dB greater for the printed tag on the oatmeal package.

The printed tag has a larger bandwidth compared to the
etched tag, which can be explained by the small difference
in the tag geometries, as seen in Fig. 2. However, the larger
frequency shift for the etched tag is related to the material
differences between copper and silver ink. The ink provides

a more platform-tolerant material compared to copper when
considering loop-arm designs on low-loss objects. It should
be remembered that tag-to-tag variations are always
present. The etching process, the inkjet printing process
and the chip attachment to tag antenna are all factors that
contribute to tag variations. However, these variations are
relatively small and we would expect to attain similar
results as in Fig. 18 even if other tag samples had been
chosen.

To summarise, we conclude that the printed loop arm tag
performs as well as or better than the copper loop arm tag
on sugar and oatmeal packages. Thus, on these objects, the
printed tag provides reliable identification and could
replace the etched version.

7.3 Narrow-line tag and printed loop arm tag

Next, we compare the narrow-line tag against the printed
loop arm tag. Only the sugar, oatmeal and the butter

Fig. 21 E- and H-plane radiation patterns comparison between
printed loop arm and copper loop arm tags on the oatmeal package.
The radiation patterns are normalized to the copper loop arm tag

Fig. 20 E- and H-plane radiation patterns comparison between
printed loop arm and copper loop arm tags on the sugar package.
The radiation patterns are normalized to the copper loop arm tag
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Fig. 19 Theoretical read ranges for printed loop arm and copper loop
arm tags in free space and on sugar and oatmeal packages
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Fig. 22 Threshold sweep measurement comparison between narrow-
line and printed loop arm tags on sugar, oatmeal and butter packages
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packages are compared since these packages provided read
ranges exceeding 1 m and less than 15 dB realized antenna
gain loss compared to free-space operation. The threshold
sweep measurement results are given in Fig. 22, read ranges
are shown in Fig. 23, and radiation patterns are shown in
Figs. 24, 25 and 26.

The amount of silver ink in the loop arm tag is
considerably higher than that in the narrow-line tag, which
has to be taken into account when considering radiation
efficiency [19]. A general flatness of the narrow-line tag
frequency response at higher frequencies is recognized
compared to the more varied frequency response of the
loop arm tag. Although the tag performances in free space
differ [10, 11], they both have a maximum read range of 7–
8 m around 910 MHz.

From Fig. 22, we observe that tags on the butter package
require notably more transmitted power from the reader in
order to be activated compared to those on the two other
packages. However, on the basis of the above-mentioned

grounds, it is more interesting that the loop arm tag
demands more activation power than the narrow-line tag.
One possible explanation could be that the electromagnetic
properties of the butter package alter the impedance of the
loop arm tag, and thus the impedance matching, more
crucially, compared to that of the narrow-line tag. The
narrow-line E-plane radiation pattern changes from dipole-
like in free space to almost omnidirectional on the butter
package. Further, the realized gain in both the E- and H-
planes is higher for every measurement angle for the
narrow-line tag compared to the loop arm tag.

The sugar package also affects the narrow-line tag more
significantly. As seen from Fig. 23 the optimum perfor-
mance frequency of the narrow-line tag is affected by
approximately a 15 MHz greater shift to lower frequencies
than the corresponding optimum performance frequency of
the loop arm tag. Additionally, the read range of the
narrow-line tag is degraded more than the read range of the
loop arm tag. The same trend is repeated with the oatmeal
package. From Figs. 24 and 25, we find that the realized
gain of the narrow-line tag is in general lower than that of

Fig. 25 E- and H-plane radiation patterns comparison between
printed loop arm and narrow-line tags on the oatmeal package. The
radiation patterns are normalized to the printed loop arm tag

Fig. 24 E- and H-plane radiation patterns comparison between
printed loop arm and narrow-line tags on the sugar package. The
radiation patterns are normalized to the printed loop arm tag
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Fig. 23 Read range comparison between narrow-line and printed loop
arm tags on sugar, oatmeal and butter packages

Fig. 26 E- and H-plane radiation patterns comparison between
printed loop arm and narrow-line tags on the butter package. The
radiation patterns are normalized to the printed loop arm tag
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the loop arm antenna. However, the radiation patterns
change in the same manner for both tags. Both the sugar
and oatmeal packages can be considered as low-loss
dielectrics, and hence, the amount of silver ink used for
the conductive antenna patterns is the most significant
factor affecting the radiation efficiency of the tag. There-
fore, the higher amount of silver ink in loop arm tag
provides higher realized gain as compared to the narrow-
line tag on low-loss dielectrics.

In general, we conclude that the narrow-line tag is
preferable when the target object contains liquid (lossy
dielectric) material. The narrow-line tag has a more wide-
banded impedance matching compared to the loop arm tag.
Additionally, the physical and the electrical lengths of the
narrow-line tag are longer, which also explains the benefits
of the narrow-line tag when used on lossy dielectrics. These
advantages clearly compensates for the lesser amount of ink
used for the narrow-line tag structure. We conclude that a
good wide-banded impedance matching together with
careful tag antenna dimension design enables the printed
narrow-line tag antennas to be used as effective tag
antennas. When the identified object is made out of
cardboard, the tag selection is not dependent on tag
performance since these tags perform almost the same on
those objects. The selection is therefore made on the ground
of other important parameters, such as price and tag
antenna design complexity.

8 Conclusions

The effects of target object materials on the performance
of dipole-type inkjet-printed UHF RFID tags were
studied by measuring the required transmit threshold
power to activate the tag and the tag radiation patterns
in free space, and on target objects. Measurement results
were compared to traditional copper-etched dipole tags
in order to show that the silver ink is a competitive
material for manufacturing tags with good performance
on target objects. It was shown that the change in tag
antenna performance was different for different tag
designs, especially when the tag was measured in free
space or when placed on an object.

We verify that the inkjet-printed tag antennas perform
nearly as well as compared etched copper tags on low-loss
dielectric objects, highlighting their advantages. On high-
dielectric and metallic objects, the tag performance is
severely degraded. However, moderate performance quality
is still obtained. Comparisons between the narrow-line tag
and the printed loop arm tag indicate that with proper tag
antenna design, it is possible to optimize the performance
of the inkjet-printed tag on objects. The narrow-line tag
performs better than the loop arm tag on objects character-

ized by dielectric and metallic properties, even though the
conducting area is significantly smaller for the narrow-line
tag. The narrow-line tag has longer electrical length and
more wide-banded impedance matching. These benefits
carry more weight than the disadvantage of using lesser
amount of silver ink in the tag antenna structures compared
to the inkjet-printed loop arm tag. The inkjet-printed
narrow-line tag show good or acceptable performance on
objects and when optimized, it could be an alternative to
commercial etched tags. The printed loop arm tag provided
as good as or even better performance than its etched
version placed on the same objects.

The obtained results aim to serve as guidelines and
provide knowledge about how inkjet-printed narrow-line
tag design could be improved to satisfy the performance
requirements. We conclude that by careful tag antenna
design the amount of expensive silver ink can be minimized
and still the antenna performance quality on targets can be
maintained.
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