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Abstract— Radio frequency identification (RFID) is a widely
used wireless technology for contactless data exchange between
a passive information carrier (tag) and an active interrogation
device (reader). Being sensitive to a surrounding environment,
RFID tags are usually designed per application. Here, we demon-
strate an RFID tag with three essential functions available
simultaneously, namely, small footprint, long reading range, and
capability of on-metal labeling. Our design is based on a compact
high-index ceramic resonator and an inductively coupled small
metal ring functionalized with an RFID chip. The tag operates
at magnetic dipolar resonance, which interacts with the metal
object subject to labeling. Specifically, a 16.5 mm × 16.5 mm ×
12 mm footprint device, placed on a 40 cm × 40 cm metal sheet,
was successfully interrogated from 22 m with no violation of
international effective isotropic radiated power (EIRP) standards.
Currently, it is the smallest on-metal RFID tag with a reading
range of over 20 m. Multifunctional miniature long-range ceramic
tags are attractive for use in numerous practical applications,
including the Internet of Small Things (IoST) and many others.

Index Terms— Ceramic resonators, dielectric resonant anten-
nas (DRAs), on-metal RFID tags.

I. INTRODUCTION

RADIO frequency identification (RFID) allows
short-range wireless data exchange between multiple

users. Apart from traditional applications in retail, personal
identification, and billing systems, the well-established RFID
technology can contribute to the new emerging trends in
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the Internet of Things [1]. In particular, extremely low-cost
passive RFID tags can be considered consumables, which
makes labeling small items affordable. Internet of Small
Things (IoST) promotes the idea of a global network,
in which small items become subject to identification
and tracking. Apart from low cost, the main technical
requirements for tags, in this case, are: 1) long reading
range; 2) omnidirectional response; 3) small footprint;
and 4) capability of object-independent labeling. While all
those functions can be achieved separately [2]–[9], meeting
all of the abovementioned requirements within a single
device remains a challenge. Here, we present an RFID tag
simultaneously demonstrating three functions: small footprint,
long reading range, and a capability of on-metal labeling.

A passive RFID tag consists of an antenna and an integrated
circuit (IC). The antenna harvests an interrogating signal,
which is partially rectified to power the electronics. The IC
modulates the antenna impedance, leading to time-modulated
backscattering, which encodes the information stored in the tag
memory. In the most cases, tag performance can be tailored per
specific application by changing its antenna design. A typical
tag antenna layout is based on a meandered electric dipole
printed on a thin, flexible adhesive substrate. However, this
design makes tags extremely sensitive to the surrounding
environment, especially if there are metal objects located near
the tag. In this case, special designs are required.

On-metal ultrahigh-frequency (UHF) RFID tags were devel-
oped for labeling containers transported by railways or by
sea [10], [11]. Quite a few different approaches to on-metal
tagging have been proposed and demonstrated. For example,
dipole-like antennas with high-index dielectric substrates [12],
microstrip patch antennas [13], [14], meandered patches [15],
planar inverted-F antennas [16], and cavity-type antennas [17],
[18] showed reliable performances. However, all these solu-
tions must reach a compromise between the footprint and
the reading range, as we summarized in the section with
experimental results, quantitatively comparing our realization
and other existing reports.

An antenna located in close proximity to a metal surface is a
well-known and widely studied electromagnetic problem [19].
Nevertheless, demonstrating a compact on-metal antenna with
high radiation efficiency remains challenging in many practical
cases.

An electric dipole antenna radiates efficiently only if placed
at a distance of quarter wavelength (λ0/4 in free space)
above the metal surface [see Fig. 1(a)]. In this case, the field
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Fig. 1. Substrate–antenna interaction. (a) Electric dipole above the electric
screen [perfect electric conductor (PEC)]. (b) Electric dipole above the
magnetic screen (PMC). (c) Magnetic dipole above the PEC. In all the
scenarios, the dipole moment is oriented parallel to the surface.

reflected from the surface comes in-phase with the antenna’s
current [20]. Otherwise, the radiation is quenched. A possible
solution is a special magnetic screen [e.g., approaching the
performance of a perfect magnetic conductor (PMC)] [see
Fig. 1(b)], which allows placing an electric dipole antenna
directly on a surface [21], [22]. However, practical realizations
of magnetic screens are quite challenging, as they lead to
bulky narrowband solutions. These aspects significantly limit
the practical applications of RFID.

A conceptually different designs can be chosen, based on
a magnetic dipole antenna attached to a metal screen [see
Fig. 1(c)]. In this case, the magnetic dipole moment should
be parallel to the surface; otherwise, the radiation will be
quenched. However, practically realizable magnetic dipoles
have a finite size, which means that retardation effects arise.
A split ring with a normal parallel to the surface is a repre-
sentative example. In this case, the reflected wave accumulates
a phase over the ring’s diameter, degrading the condition of
a perfect constructive interference. We propose a high-index
dielectric resonator as a solution to this problem. It operates at
the fundamental TE010 (magnetic dipole) mode, which allows
putting the structure directly on a metal surface. Owing to
the high-index ceramic material, the overall footprint of the
resonator is quite small, reducing the impact of the destructive
interference.

Our on-metal tag architecture is based on a ceramic cylinder
supporting a magnetic dipole mode (see Fig. 2). A miniature
nonresonant metal split ring with a standard RFID chip sol-
dered in the ring’s gap is placed on top of the resonator. Since
the main antenna element is a ceramic cylinder, an inductively
coupled metal ring converts the displacement current in the
dielectric into conduction currents, which drive the IC soldered

Fig. 2. Miniature long-range ceramic on-metal RFID tag. The tag consists
of a cylindrical high-index ceramic resonator and a metallic split ring,
functionalized with an RFID chip. The tag is encapsulated in a plastic holder
and attached to a metal surface.

in the metal split ring. A thin 3-D-printed plastic enclosure is
an additional element. It has no electromagnetic function and
serves as a protection layer, forming a geometry for convenient
placement on metal (see Fig. 2).

We have recently developed a new architecture of long-
range ceramic tags [8], which has proven to be beneficial
in many applications relevant to IoST. However, we did not
consider on-metal tagging, which requires different design
rules, as we will discuss hereinafter. Specifically, the inter-
play between the form factor, permittivity, and the required
retardation plays the key role.

II. ANTENNA DESIGN

We chose the free-space tag that we have demonstrated
in [8] as a starting point for optimization. This geometry
has already proved itself tunable per application. This aspect
is quite important from the technological point of view,
as it paves a way for low-cost manufacturing. The main
tag parameters to be optimized are the cylinder dimensions
and its permittivity. The ceramic elements are provided by
“Ceramics Ltd.” [23], manufacturing a wide range of mate-
rials with tunable low-loss permittivity. Consequently, we
can reduce the resonator footprint by increasing its refrac-
tive index [24]. However, the drawback of this approach is
the bandwidth reduction of dipole channel, according to the
Chu–Harrington limit (e.g., [25]–[27]). RFID communication
protocol sets a lower bound on the bandwidth (250–500 kHz
per single channel in the EPCGEN2 protocol). As a result
of the size-permittivity tradeoff, we chose εr = 506 with
tan δ = 4 · 10−4. Other system parameters were optimized as
follows: the cylinder dimensions were chosen to support a
resonance near 865–868 MHz (Europe UHF RFID band).

We achieved the impedance matching conditions between
the chip and the tag antenna (the resonator and the ring)
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TABLE I

POSSIBLE PARAMETERS OF METAL-MOUNTABLE RFID TAGS

by adjusting the inductive coupling coefficient between the
ring and the resonator. Control over the relative geometric
arrangement allows matching and, furthermore, tuning the
operational frequency. This parameter can be changed by
varying the radius and thickness of the ring and its position
above the resonator [24]. In the experiment, the resonant
frequency of the tag is tuned by shifting the ring with respect
to the center of the cylinder. The ratio between the cylinder
radius and height (R/h) can also be optimized to reduce the
tag footprint. As the cylinder’s axis is parallel to the metal
plane, the radius dictates the profile above the surface. Table I
summarizes the tag parameters, given that the resonant fre-
quency of TE010 mode and the cylinder permittivity are fixed.
Reducing the radius cause to a fat growth of the height and,
consequently, the volume of the resonator. Considering the
above, we found R/h ∼ 0.5–0.7 to be an empirical optimum.
The chosen set of parameters is highlighted in Table I with
green color.

We chose the following final design: a ceramic resonator
with a small conductive ring is placed at a distance of 1 mm
above the metal surface. This distance corresponds to the
width of the plastic holder in the forthcoming experiment.
The resonator parameters are: radius R = 7.3 mm, height
h = 11 mm, and permittivity εr = 506 with tan δ = 4 · 10−4.
The radius of the nonresonant metal split ring made of a
thin copper wire is Rring = 3.2 mm. These parameters
correspond to the resonant frequency of the on-metal tag
equal to 868 MHz.

For proper operation of the tag, the impedances of the
antenna and the IC should be matched. A usual analysis
tool is an equivalent circuit model. In case of a distributed
system such as ours, nominal values are not known, and the
parameters can be retrieved in a limited set of measurements.
Thus, we connected a vector network analyzer (Rohde and
Schwarz ZVB20) into the ring’s gap instead of the RFID IC.
Fig. 3 shows the real and imaginary parts of the impedance
as a function of frequency. Dashed-dotted purple lines are
the complex conjugate impedance of chip (one of its states)
taken from the vendor’s IC’s datasheet (Impinj Monza R6).
The conjugate matching is obtained at 867.8 MHz, where
antenna impedance is Zexp = 12.7 − 147.8 j (experiment).
The numerical modeling values are 868.4 MHz and Znum =
11.3 − 147.6 j . The metal screen dimensions are 40 cm ×
40 cm.

Based on this experimental information, an equivalent
scheme is proposed [see Fig. 3(c)]. It consists of three
inductively coupled circuits, namely: 1) Rr , Lr , and Cr of

Fig. 3. (a) Real and (b) imaginary parts of the input impedance as a function
of frequency. Red solid lines are the numerical calculations in CST, blue
dashed lines mark experimental data, orange dotted lines are the equivalent
circuit fit, and the purple dashed-dotted lines are the complex conjugate of
the tag’s IC (Impinj Monza R6). Photograph of the experimental design used
to measure the impedance (inset). (c) Equivalent circuit of the tag on metal.

the metal ring; 2) Rd , Ld , and Cd of the ceramic resonator;
and 3) resonator’s image in the metal screen. For simplicity,
we assumed that the ceramic resonator and its image have
equal parameters. Mutual inductances, M1 and M2, appear on
the scheme. Coupling between the metal ring and the screen
plays a secondary role, and it was neglected. As the system
operates primarily on a magnetic mode, we used inductive
couplings.

The parameters of the system [see Fig. 3(c)] were retrieved
with the models reported in [28] and [29], where a cylindrical
resonator was fed with a strip line. The input impedance of
the system (the port is connected to the ring’s gap) can be
found as [30]

Zin = 1

/[
Z1 + Z2

Z1 Z2 + Z3(Z1 + Z2)
+ 1

Z4

]
(1)
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TABLE II

PARAMETERS OF THE EQUIVALENT CIRCUIT

Fig. 4. Numerically calculated |S11| spectra of the ceramic tag in free space
and on the 40 cm × 40 cm metal surface. Models of a ceramic RFID tag
(inset).

where

Z1 = jω(Ld − M1 − M2) + 1

Z ′
1

Z ′
1 = 1

Rd − 1/ jωCd
+ 1

jωM2

+ 1

Rd + 1/ jωCd + jω(Ld − M2)
Z2 = jωM1

Z3 = Rr + jω(Lr − M1)

Z4 = 1/ jωCr .

The nominals can be found by comparing (1) to the exper-
imental data. Yellow dotted line in Fig. 3 shows the results.
It is worth noting that the equivalent scheme is not unique,
and different representations can be found. The retrieved
parameters are summarized in Table II.

Next, we will study the radiation patterns tailored by metal
substrate to verify the low sensitivity of on-metal tags to the
environment. The reflection spectra to the port (S11 parame-
ters) were numerically calculated for the free-space scenario
and for the on-metal tag (a 40 cm × 40 cm metal sheet
was considered for the assessment). The matching conditions
and the operating frequency were optimized for on-metal
performance. Fig. 4 summarizes the results, showing a 13 MHz
spectral shift between the matchings for free-space and on-
metal cases. The realized gain is a crucial factor: it is Gt = 0.7
(linear scale) for the tag in free space and Gt = 3.1 for the
tag placed on the 40 cm × 40 cm metal sheet. The gain is
increased by a factor of 4 owing to the interaction with the
metal surface. Increase of the tag’s gain implies increasing
the RFID reading range. According to the Friis equation [31],

Fig. 5. Polar plots of the radiation pattern (realized gain parameter) in linear
scale for different sizes of the metal ground plane. Three-dimensional pattern
of the realized gain (in linear scale) (inset).

the reading range (L) should be increased twice

L = λ

4π

√
Pt GT RGt

Pch
(2)

where Pt is the power transmitted by the reader, GT R is the
gain of the reader Tx/Rx antenna, Gt is the realized gain of the
tag’s antenna,Pch is the IC’s sensitivity, and λ is the operational
wavelength. Based on the numerically calculated parameters,
the chip sensitivity from the data sheet, and the custom-made
reader’s antenna gain GT R = 7.5 dBi, the estimated reading
range becomes L = 30.2 m.

Next, we will study the radiation patterns of on-metal
tags tailored by metal substrate. Fig. 5 demonstrates the tag
gain in polar coordinates, calculated for different sizes of the
metal screen. The differences in the radiation patterns result
from edge diffractions and reflections affecting the antenna
performance. However, in all the considered cases, the gain in
the direction along the surface normal is not lower than 1.85 in
the linear scale. Furthermore, the beam is quite wide, covering
the 70◦–100◦ spatial sector, which makes the interrogation
procedure less sensitive to alignment issues. Following (2),
the reading range should not be lower than 20 m in any
case. Fig. 5 shows the 3-D pattern of the realized gain (in
linear scale) (inset). In several cases, side lobes appear due to
interaction with the screen edges.

Fig. 6(a) summarizes the gain as a function of the metal
screen size. Gain for an infinite substrate was calculated
separately, and it is slightly lower than that of finite-size
structures. While the predicted gain of the 10 cm × 10 cm
sample resembles the infinite plane performance, it was not
considered in the experiment, because it is comparable to the
wavelength and, as a result, sensitive to environmental noise.

Finally, the distance between the resonator and the metal
surface (40 cm × 40 cm) was investigated parametrically.
Fig. 6(b) and (c) shows the radiation efficiency and complex
impedance of the tag antenna as functions of the length of
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Fig. 6. (a) Tag’s antenna gain as a function of the ground plane size is
indicated with red line. Green line indicates the gain in the direction normal
to the ground plane; the red line is the maximum gain value. The blue line
is the gain above an infinite plane. Realized antenna gain in case of an
infinite substrate (inset). (b) Radiation efficiency as a function of the ground
plane size. (c) Antenna’s impedance as a function of the ground plane size.
(d) Resonant frequency as a function of the distance between the tag and the
40 cm × 40 cm metal plane.

the side of the metal screen. The structure is quite sensitive to
resonant effects when this length is less than 30 cm. However,
this effect disappears for lengths larger than the operational
wavelength. Fig. 6(d) demonstrates the resonance frequency
of the magnetic dipole mode TE010 as a function of the tag’s
distance from the screen. If the tag is located at a distance
larger than 15 mm from the screen, the resonance frequency
reaches that of the free-space scenario, and the metal screen
does not play a role anymore. This behavior is evidence of a
strong mode confinement in the high-index ceramic resonator.

III. EXPERIMENTAL RESULTS

After the parametric studies and optimization, we experi-
mentally verified the concept. The dimensions of the fabricated
structure are the same as those used in the numerical analysis.
Briefly, a nonresonant copper ring with an RFID chip Impinj
Monza R6 was placed on the top of a ceramic resonator with
radius R = 7.3 mm, height h = 11 mm, and permittivity
εr = 506 with tan δ = 4 · 10−4 [see Fig. 7(a)]. The structure
was placed in a protective plastic enclosure made of a 3-D
printed ABS plastic (Raise3-D Pro2 printer was used).

An RFID reader [Impinj R2000, operating at a European
standard frequency (865–868 MHz) and radiation power of
27 dBm] was used to interrogate the tag and measure its
radiation pattern. A linearly polarized (parallel to the earth
surface) custom-made Yagi-Uda antenna with a gain of 7.5 dB
was connected to the reader. The reader displays the received
signal intensity, which is the function of the mutual orientation
between the tag and the reader’s antenna. In this type of exper-
iment, both down (tag’s excitation) and up (time-modulated
backscattered signal) links should be considered. The distance
between the reader’s antenna and the tag was 1.5 m, which

Fig. 7. (a) Photograph of the fabricated on-metal ceramic tag. (b) Measured
received signal intensity from the tag (both up and downlinks involved) for
different mutual orientations between the tag and the reader.

Fig. 8. Photograph of read range measurement. Tag’s view in the holder
(inset).

approaches the far-field conditions. A rotary table was used to
change the angle in the azimuthal plane between the reader’s
antenna and the tag attached to the 40 cm × 40 cm metal
screen. The amplitude of the received signal was measured
with an angular step of 10◦. The results are shown in Fig. 7(b).

At the next stage, we integrated the long-range interrogation.
The theoretical prediction was 30 m. The same reader device
and Yagi-Uda antenna were used. The effective isotropic
radiated power (EIRP) was 2.82 W (34.5 dBm). Fig. 8 shows
the experimental setup for determining the maximum reading
distance of the tag in an open space. The maximum reading
range of the tag, mounted on the 40 cm × 40 cm metal sheet,
was found to be 22 m. This value is below the theoretical
estimate owing to the outdoors environmental fluctuations.
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TABLE III

COMPARING THE PERFORMANCES OF THE METAL-MOUNTABLE
RFID TAGS

Finally, we assessed the performance of the new on-metal
tag versus other demonstrated designs. We compared our tag
with long-range UHF RFID tags for on-metal applications.
Table III summarizes the results. Being the most compact in
size, our architecture provides a reading range of over 20 m,
which can be qualified as the state-of-the-art RFID tag in the
footprint-to-reading range ratio. The drawbacks of our real-
ization are its volumetric nature and possible manufacturing
costs, though the latter are hard to estimate straightforwardly
based on the cost of ICs and ceramic powders.

IV. CONCLUSION

A compact long-range on-metal ceramic tag was demon-
strated. The design is based on a compact high-index
ceramic resonator and an inductively coupled small metal ring
functionalized with an RFID IC. Specifically, 16.5 mm ×
16.5 mm × 12 mm footprint device, placed on a 40 cm ×
40 cm metal sheet, was successfully interrogated from 22 m
without violating the international EIRP standards. To the best
of our knowledge, it is the smallest RFID tag on metal with a
reading range of over 20 m. The proposed architecture com-
bines three essential functions: small footprint, long reading
range, and capability of on-metal labeling, which make this

design attractive for numerous possible applications, including
the IoST and many others.
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