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Abstract—The development of a compact metal mountable Radio-
Frequency IDentification (RFID) tag antenna on a ceramic substrate
based on Barium Titanate is presented. The performance limitations
and design trade-offs of metal mountable RFID tag antennas are
reviewed and the favorable features of a high-permittivity antenna
substrate for the development of antennas for metal mountable RFID
tags are discussed. The simulation-based tag antenna design process
is outlined and the measured read range of the developed metal
mountable tag on conductive platforms of various sizes is presented.

1. INTRODUCTION

Versatile and energy efficient passive radio-frequency identification
(RFID) technology [1] is a strong candidate to replace some of the
present automatic identification systems, based on the visual line of
sight connection, biometric identification, and tracking assets with
active transmitters. The advantages of RFID in asset tracking and
supply chain management [2] are already widely recognized, but
there are still unresolved issues related to the design of RFID tags
for the identification of objects containing or consisting of materials
with adverse effect on the operation of antennas. A pronounced
example of such materials are metals. Nevertheless, metallic objects
are encountered continually in applications of RFID and thus it
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is important to explore tag antenna design approaches further to
guarantee reliable identification of these objects as well.

In RFID applications seamless integration of the tags with the
objects is a common constraint for the tag antenna design. In
identification of metallic objects this means that the tag antenna
needs to be parallel to a conducting surface in order to minimize the
additional space occupied by the tag. However, placing a transmitting
antenna parallel to a conducting surface induces an image current
with opposite phase in the conducting surface. With the antenna
distance much less than a quarter wavelength from the surface, the
electromagnetic fields radiated by the image current and the antenna
sum up with approximately 180◦ phase difference and cancel each other
largely. Consequently the antenna radiation radiation efficiency is
low. Further, the proximity of the metal surface (even a small one
compared with the antenna) can greatly affect the antenna impedance
and radiation pattern [3, 4] compared with the properties of an isolated
antenna. By the reciprocity theorem, the same observations hold for
receiving antennas [3] and thereby for RFID tags in particular. In
practice, neglecting the electromagnetic interaction between the tag
antenna and the conducting surface, while using standard general
purpose tags to label conductive objects, compromises the reliability
of the identification [5–7].

One of the key-issues in the design of metal mountable tags is the
trade-off between the tag antenna size and its performance on metal.
For example, 3.1-meter read range is achieved with a high impedance
unit cell based tag with the size of 60 × 20 × 1.5mm3 [8], 3.4-meter
read range is reported for a meandered patch-type tag antenna with
the size of 83× 35× 0.8mm3 [9], a T-shaped slot antenna with size of
120× 35× 5.05mm3 has 14-meter read range [10], and 25-meter read
range is obtained with a rectangular patch tag with an inductive feed
network and size of 131× 68× 3.3mm3 [11]. An absolute comparison
between these tags may not be justified, since the read ranges are
reported on different conducting platforms and different tag ICs have
been used. However, with these examples, the fundamental trade-off
between the tag antenna size and the tag read range is exemplified.

As opposed to read range driven antenna design for metal
mountable RFID tags, it is worth noticing that long read range
of several meters is not always required, and in fact some high-
performance metal mountable tags may already be larger in size than
small metallic objects encountered in item level RFID. Moreover,
compared with patch antennas which are widely used in metal
mountable RFID tags, the inherently ball-like radiation pattern of
dipoles and slots in the proximity of metal [3] could actually provide
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improved spatial coverage, given that other issues due to the metal
proximity were sufficiently addressed. Motivated by these observations,
we have studied an alternative antenna design approach for metal
mountable RFID tags, focusing primarily on tag size constraints rather
than aiming for very long read range. The compact size of the
developed tag antenna reported in this article has been achieved with
the help of high-permittivity ceramic tag antenna substrate based on
Barium Titanate (BaTiO3). Due to its small size, the developed tag
is suitable especially for identification of small metallic objects, but it
operates well on larger conductive platforms as well.

2. THEORETICAL BACKGROUND AND TAG
PERFORMANCE CONSIDERATIONS

Passive RFID tags consist of an antenna and an integrated circuit (IC).
Evidently, efficient power transfer from the tag antenna to the tag IC is
a crucial design aspect for passive tags, since they are remotely powered
by the reader. For the purpose of tag antenna design, the antenna-IC
power transfer efficiency can be analyzed based on a series equivalent
circuit where these two components are joined with a transmission
line of a negligible electrical length. In this setting, the tag antenna
acts as a generator with an internal impedance Za and source voltage
amplitude Va, and delivers power to the tag IC with input impedance
Zic. Letting Vic and Iic be the tag IC voltage and current amplitudes,
respectively, the standard complex phasor calculus provides the time-
average power delivered to the tag IC:
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Here (̃·) identifies the complex voltage and current phasors and (·)∗
denotes the complex conjugate. As it is well-known that Pic is
maximized with Za = Z∗ic, the antenna-IC power transfer efficiency
is
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In free space the read range of a passive UHF RFID tag is
typically limited by the reader-to-tag link, since the power required for
activating the tag IC is orders of magnitude larger than the weakest
backscattered tag signal that can be detected at the reader [17].
Although the free space channel model [18] may not be adequate in
real application environments [19] or in the presence of strong tag-to-
tag coupling [20], it is well-suited for tag antenna design verification
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in controlled environment. Moreover, in applications such as the one
considered in this article, with relatively short tag read range, the effect
of the multipath propagation is limited [19].

In free space with the transmitted power is limited by the
regulated isotropically radiated power EIRP [1, 12], the power captured
by the tag antenna and delivered to the tag IC equals to

Pic = τχpoler, tagDtag

(
λ

4πd

)2

EIRP, (3)

where χpol is the polarization mismatch factor between the tag and
transmitter antenna, er, tag and Dtag are the tag antenna radiation
efficiency and directivity, respectively, and d is the separation between
the reader antenna and the tag. Thus, the performance of reader-
to-tag link is determined by the realized tag antenna gain defined as
Gr, tag = τer, tagDtag. An estimate for the tag read range based on (3)
is

dtag =
λ

4π

√
χpolGr, tagEIRP

Pic,0
, (4)

where Pic,0 is the wake-up power of the tag IC.
As the wake-up powers of tag ICs are reaching −18 dBm and

below [13–16], very high realized tag antenna gain is no longer an
absolute requirement for achieving one to three meters of read range.
Consequently, as one of the issues with small antennas is the difficulty
of achieving high radiation efficiency [21], for RFID applications where
aggressive tag miniaturization is required, trading-off a portion of the
radiation efficiency for size-reduction purposes may be a feasible design
approach. This is illustrated in Fig. 1, where the tag read range
calculated with (4) is presented as a function of the tag IC wake-up
power for various low values of the tag antenna radiation efficiency.

The reason why Fig. 1 has been created considering a rather low
directivity (Dtag = 1.8 dBi) compared with the values reported for
metal mountable tags [8–11], is that the aim of the present work is
to develop a tag suitable for identification of small metallic objects.
In this case, the potential improvement in tag antenna directivity due
to an electrically large metal plate backing the tag antenna cannot be
expected. Therefore, the smallest possible metal plate that the antenna
can fit on should be considered in the design.

The important observation from Fig. 1 is that with tag IC wake-
up powers of −18 dBm and below, longer than one meter read range
is still achievable, provided that the tag antenna is reasonably well
matched (τ ≥ 0.75).
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Figure 1. Tag read range as a function the tag IC wake-up power at
915MHz for various low values of the tag antenna radiation efficiency
with Dtag = 1.8 dBi, τ = 0.75, χpol = 1 and EIRP = 4 W.

3. TAG ANTENNA DESIGN

The tag antenna reported in this article is designed for Higgs-3
EPC Generation 2 Class 1 compatible UHF RFID IC from Alien
Technology [13] with the reported wake-up power of −18 dBm. The
IC is provided by the manufacturer in a strap fixture which is readily
mounted on the prototype tag antenna for testing purposes. For
impedance matching analysis, we have chosen to model the tag IC
based on the measured tag IC input impedance reported in [22].
The measured data includes the strap parasitics and is the IC input
impedance at the wake-up power of the IC. In order to obtain a more
flexible model for design purposes, polynomial fits weighted with the
inverse of the reported measurement uncertainty were created. The
measured data points and the associated polynomial fits are shown in
Fig. 2.

Due to its high permittivity, BaTiO3 as an antenna substrate
could provide a lower antenna self-resonance frequency compared with
standard microwave circuit board materials [21]. In addition, for the
development antennas for metal mountable tags, a favorable feature
of a high-permittivity tag antenna substrate is that it increases the
electrical separation of the antenna from the metal surface by a factor
of
√

εr compared to the physical distance. This helps to mitigate the
adverse effects of the image current. The antenna substrate we use
is a ceramic disk consisting of 90% of BaTiO3 and 10% of Aluminium
Oxide. The latter compound is included to provide sufficiently durable
structural properties for testing. The diameter and thickness of the
disk are 27.5mm and 2.75mm, respectively, which means that at the
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Figure 2. Tag IC impedance model used in the tag simulations.

design frequency of 915 MHz, the tag antenna foot-print size is less
than 0.09λ.

As discussed earlier, the image current in the metal surface
beneath the tag is a major factor to consider in the design of antennas
for metal mountable tags. To better understand this effect in our
design, an initial study with a dipole antenna and a slot antenna placed
on the ceramic disk backed by a copper plate with size of 30× 30mm2

was conducted using ANSYS HFSS fullwave electromagnetic simulator
based on finite element method [23]. As BaTiO3 may have significant
dielectric losses [24] and the added Aluminium Oxide is expected
to decrease the dielectric constant of the disk compared with pure
BaTiO3, values εr = 39 and tan δ = 0.02 were used to model its
dielectric properties. This estimate was also justified indirectly by
comparing simulation and measurement results, as explained below.

The amplitude of the simulated current induced in the copper
plate in case of a dipole and slot antenna is shown in Fig. 3. Shapes of
these antennas were chosen in accordance with small antenna design
principles to occupy the available space with conductor as much as
possible, while avoiding current cancellation [25]. As seen from Fig. 3,
the peak current in the copper plate due to the slot antenna is much
lower than that of the dipole, while the region with the current
amplitude less than 55 S/m is similar for both antennas. Based on this
comparison, the slot configuration was chosen for further development.

Further simulations with the slot antenna studied in Fig. 3
were done to investigate how its fundamental resonance frequency is
affected by the substrate permittivity. Anticipating that the prototype
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antenna is fabricated with the standard milling method on an FR-
4 board, the board with thickness of 0.16mm was included in the
simulation model in between the ceramic disk and the antenna as
shown in Fig. 4. The FR-4 board was modeled with the dielectric
properties: εr = 4.4 and tan δ = 0.02. Although, ideally the
antenna would be fabricated directly on the ceramic substrate, the
present approach with the thin FR-4 board to facilitate testing is
acceptable to demonstrate the proposed tag concept. As a future
research topic, potential performance improvement by depositing the
antenna conductor directly on the ceramic substrate using printable

Figure 3. Current amplitude in a copper plate beneath dipole (on the
left) and slot (on the right) antennas, both accepting 100 mW power.
The impressed source current is indicated with the black arrows. Black
lines show the antenna outlines.

Figure 4. Size and shape of the prototype tag antenna.
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Table 1. Fundamental resonance frequency of the slot antenna shown
in Fig. 3 versus the dielectric constant of the substrate disk.

εr 15 20 25 30 35
fres [GHz] 1.477 1.325 1.225 1.15 1.093

εr 40 45 50 55 60
fres [GHz] 1.049 1.013 0.982 0.957 0.935

electronics [26] could be addressed.
The obtained simulation results, listed in Table 1, clearly indicate

how the fundamental resonance frequency of the antenna decreases,
while its substrate dielectric constant increases. This justifies the
proposed size-reduction aspect of the high-permittivity tag antenna
substrate in the considered application. In addition, a slot antenna
(complementary dipole) is an advantageous choice from the point of
view of impedance matching, since according Babinet’s principle [3] it
has an inherently inductive input impedance below the fundamental
resonance frequency. This means that it can be conjugate matched
with capacitive tag IC impedance (see Fig. 2) already below the
fundamental resonance frequency. In contrast, a short dipole with
inherently capacitive input impedance, would require an additional
matching network to provide the conjugate impedance matching.

Following the feasibility considerations discussed above, six
different test tag antennas based on the geometry shown in Fig. 4
were designed for maximal power transfer efficiency (τ) given in (2)
at 915MHz, assuming dielectric constants εr = 37, 38, . . . , 42 and loss
tangent tan δ = 0.02 for the ceramic substrate. For each test tag
antenna, the input impedance was tuned by varying the parameters a
and b to maximize τ .

Wireless tag measurements discussed in more detail in the next
Section, showed that the initial guess εr = 39 resulted in close
agreement between the simulated and measured optimal operation
frequency of the tag. As the tag IC impedance model has been
proven to be reliable earlier in simulation-based tag design [11],
the discrepancies between the simulation and measurement results
observed with the other test tags were contributed mainly on incorrect
dielectric parameters to model the tag antenna substrate. Thus, the
test tag antenna designed with parameters εr = 39 and tan δ =
0.02 was considered as the final prototype and further experimental
characterization was conducted with this tag antenna only.

Referring to Fig. 4, the values of the dimensional parameters of
the prototype tag antenna geometry are a = 9 mm, and b = 4.3mm.
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The simulated impedance matching characteristics of the prototype
tag antenna are presented in Fig. 5. Its directivity patterns (on a
30×30mm3 copper plate) are shown in Fig. 6, and the relevant antenna
design data at 915 MHz is summarized in Table 2.

As seen from the simulation results in Fig. 5, the power transfer
efficiency calculated with (2) is maximized around 915 MHz. The
simulated directivity in Fig. 6 indicate that on the copper plate (with
size of only 30 × 30mm2), the radiation pattern of the tag antenna
is omnidirectional with peak value of 2.6 dBi in the direction of the
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Figure 5. Simulated tag antenna impedance, the conjugate of the tag
IC impedance, and the resulting power transfer efficiency.

Table 2. Antenna design data at 915 MHz.

Za [Ω] Zic [Ω] τ Dtag [dBi]
16.8 + j158 11− j162 0.93 2.6
er, tag [dB] Gtag [dBi] Gr, tag [dBi] dtag [m]
−19.5 −16.8 −17.2 1.8
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Figure 6. Simulated tag antenna directivity [dBi] at 915 MHz in xz-
plane (on the left) and in yz-plane (on the right) in Fig. 4.

positive z-axis as shown in Fig. 4. As discussed earlier, it is important
to take this into account in the simulation-based design and optimize
the antenna considering the smallest possible metal plate, since a larger
plate potentially increases the antenna directivity. This could lead to
overestimation of the tag read range. Overall, the simulations predict
a read range of 1.8 m, despite the seemingly low radiation efficiency
of −19.5 dB. However, this prediction is in agreement with the initial
considerations presented in Section 2 and is explained by the good
antenna-IC power transfer efficiency and wake-up power of the tag IC.

4. EXPERIMENTAL RESULTS AND DISCUSSION

Measuring the tag read range directly by taking the tag farther away
from the reader antenna until its response stops has the disadvantage
that the reflections from the surroundings may affect the outcome.
Conducting this measurement in an anechoic chamber avoids this
problem, but since the anechoic chambers are often limited in size,
an alternative method based on the ramping of the transmitted power
is advantageous. In this way, also higher repeatability and accuracy
are achieved, since neither the tag nor the reader antenna needs to be
moved during the measurement.

To obtain the read range and the realized gain of the tag antenna
using the power ramping method, EPC Generation 2 query command
(to which the tag replies with its identification code) was sent to the
tag under test, while illuminating it with a decreasing carrier power
density. The measured quantity was the threshold power (Pth), the
minimum transmitted carrier power, which enables a valid response
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from the tag. The threshold power measurement was conducted
in a compact anechoic chamber with Voyantic Tagformance Lite
measurement device [27], which is a measurement unit for RFID tag
performance characterization. It allows power ramping at a defined
frequency and thereby the threshold power analysis.

The threshold power measurement was conducted from 860MHz
to 960 MHz with 0.5MHz steps, while the transmitted power ranged
from 0 to 28 dBm with 0.1 dB steps. Using the calibration procedure
of the device, the wireless measurement channel was characterized
in terms of the measured link loss factor (Liso) from the generator’s
output port to the input port of an equivalent isotropic antenna placed
at the tag’s location. During the measurement, the tag under test
was carefully aligned to match with the polarization of the linear
transmitting antenna to avoid additional link loss due to polarization
mismatch. In this way, the measured Pth can be mapped to its
theoretical value in free space for comparison with the simulations.
The free space read range based on the measured Pth and Liso is given
by

dtag =
λ

4π

√
EIRP

LisoPth
. (5)

The measured results, including the raw measurement data, as
well as the free space read range calculated with (5) following the US
power regulation EIRP = 4 W, are shown in Fig. 7. In order to obtain a
more holistic characterization of the performance of the prototype tag,
the measurement was repeated with the tag mounted on four square-
shaped copper plates with side lengths shown in the figure legend. For
the two of the largest plate sizes, the tag under test had to be placed
slightly off from the main beam of the transmitting antenna, which
resulted in slightly increased link loss. However, this is accounted for
in the read range calculation and does not affect the outcome of the
measurement.

As seen from the measured results in Fig. 7 the performance of the
designed tag actually improves significantly with the increasing size of
the conductive platform. This justifies the prosed design approach for
compact metal mountable tags, where the tag antenna is co-designed
with the smallest expected conductive platform.

At 915 MHz, the simulated and measured read ranges shown in
Table 2 and Fig. 7, respectively, with the tag under test mounted on a
3 cm copper plate are 1.8m and 1.2m, respectively. The discrepancy
between these values can be attributed to the uncertainty in the
loss tangent value (tan δ = 0.02) used to model the dielectric losses
in the ceramic substrate. In practice, this value may be higher.
Nevertheless, the measurement results indicate that the simulation
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Figure 7. Measured tag read range in the direction of positive z-axis
in Fig. 4.

with the dielectric constant of εr = 39 provides good agreement
between the simulated and measured optimum operation frequency. In
addition, the measurement results verify the feasibility of the proposed
compact metal mountable tag concept, where the tag size is reduced
to less than 0.09λ with the help of a high-permittivity tag antenna
substrate, while maintaining sufficient tag performance for item level
RFID.

5. CONCLUSIONS

A compact metal mountable RFID tag with a ceramic Barium Titanate
based antenna substrate was proposed for identification of small
metallic objects. Performance limitations and design trade-offs of
metal mountable tags were reviewed and the simulation based design
of the proposed tag was outlined. Both, the presented simulations
and experimental work verified the feasibility of the proposed compact
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metal-mountable tag based on a high-permittivity antenna substrate.
As a future research topic, we will develop a similar tag on a

flexible high-permittivity substrate for identification of small metallic
objects with curved surface, and investigate the potential performance
improvement by depositing the antenna conductor directly on the
substrate using printable electronics.
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