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Abstract— Radio frequency identification (RFID) is a mature
technology that allows contactless reading of data via a wireless
communication link. While communication protocols in this
field are subject to international regulations, there are plenty
of opportunities to improve hardware realization of antenna
devices that support this technology. In particular, readout
range extension and miniaturization of passive RFID tags is an
important challenge with far-reaching goals. Here, we introduce
and analyze a new concept of high-permittivity ceramic tag
that relies on different physical principles. Instead of using
conduction currents in metallic wires to drive electronic chips
and generate electromagnetic radiation, high-permittivity com-
ponents rely on excitation of displacement currents. Those are
efficiently converted to actual electric current which drives the
memory chip. Practical aspects of this approach are improved
robustness to environmental fluctuations, footprint reduction,
and readout range extension. In particular, our high-permittivity
ceramic (ε ∼ 100) elements have demonstrated a 25% reading
range improvement in comparison to commercial tags. In case
when state-of-the-art readers and RFID chips are used, the
readout distances of the developed ceramic tags can reach 22 m.
This number can be further extended with improved matching
circuits. Miniature RFID tags, capable to establish long-range
communication channels, can find use in many applications,
including retail, security, Internet of Things, and many others.

Index Terms— Ceramic resonators, dielectric resonant anten-
nas (DRAs), radio frequency identification (RFID).
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I. INTRODUCTION

RADIO frequency identification (RFID) is a widely used
technique for contactless reading of data via a wireless

communication channel [1]. RFID elements are employed
in warehouse logistics, billing systems, as biometric iden-
tifiers, and in many other applications. Mature technology
allows introducing RFID tags almost in every field. The
commonly used architecture is based on passive ultrahigh
frequency (UHF) RFID tags and active interrogating read-
ers, which establish connections and process time-modulated
backscattered signals. While communication channels are
subject to international regulations (e.g., EPCGEN2 stan-
dard), antenna architectures of tags and readers are open
to extensive research and optimization in order to improve
performances per specific applications. For example, special
tags are needed for labeling items with metal surfaces that
can quench standard dipole-like RFID antennae if additional
efforts are not applied [2]. Ceramic materials are used in cases
where tags should reliably operate under harsh conditions,
including chemically aggressive environments and extreme
temperatures. Textile industry requires integrating low-weight
flexible miniature tags, protected against repeated exposure to
water [3]. There are dozens of other examples of tailor-made
RFID tags. It is worth mentioning other types of tags–
battery-assisted, active, and a rather new approach of chipless
tags [4]. All of these, however, are outside of our current
scope.

Typical architectures of RFID tags are based on folded metal
strips with a chip plugged in a gap. Operation of metallic res-
onators is based on phase retardation effects and, hence, these
structures cannot be significantly smaller than an operational
wavelength. While quite a few techniques for size reduction
do exist, antenna footprints cannot be significantly lower than
the wavelength without a major bandwidth reduction. In the-
ory, the total radar cross section (RCS) of a subwavelength
structure does not depend on its overall size, if a proper
resonant load is chosen. In practice, however, lumped-element
losses lead to a dramatic performance degradation, making this
approach less attractive for applications where an operation at
moderately low signal-to-noise ratios is required. Extensive
folding of metal strips can replace lumped elements, and
it is quite appealing approach for reducing internal losses.
For example, meandered dipole antennas [5] are widely used
in many RFID applications. Another example is a fractal
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Fig. 1. Operational scheme of a miniature ceramic-based RFID tag. Displace-
ment currents within a high-Q resonator are inductively coupled to a metal
split ring, functionalized with an RFID chip. Miniaturization and long reading
range are ensured by localized modes within high-permittivity ceramics. Inset
shows the magnetic field amplitude of the fundamental magnetic mode.

dipole antenna [6], where self-similarity provides broadband
operation at reduced spatial extent. Metamaterials and compact
volumetric geometries are another promising yet not fully
tested approach for size reduction, e.g., [7], [8].

A different strategy for antenna miniaturization is based on
employing high-index materials, since an effective wavelength
is reduced by a refractive index, in all directions. Dielectric
resonant antennas (DRAs) [9] utilize this advantage towards
demonstrating improved performances. In particular, DRAs
tend to enhance operational bandwidth are sustainable in high-
power applications. Preferable materials for DRAs implemen-
tation are high-quality ceramics [10]. DRAs are typically
used in the highest frequency bands (2.4 and 5.8 GHz). For
example, a planar inverted-F dielectric resonator acting as an
RFID tag has been demonstrated [11], a near-field focused
dielectric-based cylindrical phased array was used as a reader
antenna [12], a dielectric patch antenna was employed in
dual-band active tag realization [13], just to mention a few
for a brief review.

Here, we investigate capabilities of miniaturized
high-permittivity dielectric resonators as tag’s antenna
elements. The general concept of the ceramic-based RFID tag
is shown in Fig. 1. The resonator is a ceramic cylinder that
supports a localized magnetic mode. A miniature nonresonant
metal split ring with a standard RFID chip soldered in the
ring’s gap is placed on top of the dielectric cylinder. Near-field
coupling converts displacement currents of the resonator into
conduction current flow in the ring, initiating the operation
of the chip. The backscattered modulated signal undertakes
the reverse path–from the conduction current to the far-field
radiation. The magnetic nature of the resonator’s mode
ensures an efficient coupling to the ring via the inductive-like
mechanism.

II. SCATTERING PROPERTIES AND BANDWIDTH

OF CERAMIC TAGS

Resonator size reduction implies a decrease in its RCS
bandwidth according to the Chu–Harrington limit [14]. Quality
factor (Q-factor) of a structure, operating at a dipolar reso-

nance, follows the formula:

Q >
1

k R
+

(
1

k R

)3

(1)

where k is the free space wavenumber and R is the minimal
radius of an imaginary sphere enclosing the structure. Narrow
bandwidth resonators can significantly reduce the capacity of a
wireless communications channel. EPCGEN2 RFID standard,
which is a part of international regulation, requires establishing
a reliable communication in 860–960 MHz frequency range,
depending on a specific country. These parameters suggest
operating at Q-factors no more than several thousands, which
makes impossible to implement tags with sizes significantly
smaller than λ/100 in free space (also, the number or RFID
channels within the bandwidth will be reduced). Operation out-
side the vicinity of the scattering peak results in a drop of the
reading distance, nevertheless, a tag still can be interrogated.

In order to estimate the impact of the ceramic resonator
miniaturization on the bandwidth, a qualitative analysis will
be performed first, and then it will be followed by a more
accurate investigation. The strategy is based on compensating
resonant frequency shift, associated with the size reduction, by
the permittivity increase. The resonant frequency of the funda-
mental magnetic TE010 (dipolar) mode in an open cylindrical
resonator is given empirically by [15]
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where R is the cylinder’s radius, h its height, q is the axial
order of the mode, and ε is the permittivity. In order to estimate
the dependence of the quality factor on ε, (1) and (2) should be
considered. It can be seen that increasing ε leads to decrease
in R, given that the size aspect ratio (R/h) remains the same.
As a result, Q grows accordingly, leading to the bandwidth
drop (bandwidth is proportional to Q−1).

While the preliminary qualitative analysis predicts the gen-
eral behavior of the system’s parameters, it does not provide
any quantitative measure. In order to accomplish this task,
electromagnetic fields leaking from the resonator should be
calculated. Resonances of cylinders can be found numerically
either by considering the structures’ scattering spectra or
by employing an eigenmode analysis. A typical example
demonstrating excitation of the fundamental TE010 mode in
the resonator with height h = 17 mm, radius R = 20 mm, and
dielectric constant ε = 100 is shown in the inset in Fig. 1. The
radius of the metal ring is 11 mm. The incident plane wave is
polarized along the x-axis, with z being the symmetry axis of
the cylinder. The resonant frequency of the entire structure
was found to be f = 900 MHz (in fact, the parameters
were chosen to coincide with this frequency, at the middle
of EPCGEN2 band). The magnetic field distribution in the
cutting plane that contains the cylinder’s axis was calculated
with the help of CST Microwave Studio frequency domain
solver. This analysis also shows the impact of the ring placed
on top of the ceramic resonator–the mode profile resembles
distribution in a standalone structure, while the leaking fields
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Fig. 2. Electric performance of ceramic tags as a function of their permittivity.
The aspect ratio between the radius and height is constant (R/h = 0.88 ±
0.01), the resonant frequency is f0 = 900 MHz. Absolute values of R and h
are uniquely defined by ε in order to keep the resonance frequency constant.
(a) Current’s bandwidth. (b) Conduction current in the ring placed on top or
the resonator. Radius of the ring is 11 mm in all of the realizations. The gap of
the ring is shortened with parallel resistor and capacitor (1650 � and 1.12 pF,
respectively, corresponding to the impedance of an inactivated Impinj Monza
4 chip). The yellow star shows the value of the current, where the metal ring
is also optimized.

excite currents in the metal ring, which act as a perturbation.
An efficient control over this perturbation with a switchable
impedance of an RFID chip placed in the gap allows achieving
high differential RCS, which is one of the key properties for
obtaining a long-range operation.

At the next step, several cylindrical resonators are studied,
and the impact of miniaturization on bandwidth and current
in the ring is investigated. The largest considered structure
has the following parameters: R = 19.6 mm, h = 22 mm,
ε = 80, and the resonant frequency is 900 MHz–the last
parameter is kept constant through all the designs. The size
of this initial resonator is then reduced by a multiplicative
scaling factor. In order to keep the resonant frequency constant,
the value of ε was adjusted with the help of the numerical
routine (also, Ref. (1) is used as an accurate guideline). The
radius of the metal ring remains equal to 11 mm and was not
subject to scaling (the ring is 2 mm above the surface). Fig. 2
shows the operational bandwidth (panel a) and the induced
current in the metal ring (panel b). The gap of the ring is
shortened with parallel resistor and capacitor (1650 � and
1.12 pF, respectively). This effective impedance corresponds
to the nominal value of an inactivated Impinj Monza 4 chip.
As it was expected, the current’s bandwidth (half-width at half
maximum) drops with the size reduction, complying with the
Cho–Harrington limit. On the other hand, increasing of the
Q-factor might lead to the growth of the current within the
integrated circuit (IC). However, the situation is more complex
[Fig. 2(b)]. The size reduction of the resonator affects the
coupling with the metal ring, the radius of which does not
change. In the specific geometry, the matching conditions are
not maintained and the current drops. In terms of estimated
performances, the bandwidth and the current degrade about
15% and 20%, respectively, while ε is increased from 80 to
120, suggesting efficient pathways to the further miniaturiza-
tion of the tag’s footprint. A more accurate scaling, where the
ring is optimized for a specific resonator’s parameters, leads
to even better performances. For example, a 9.3 mm-radius
ring, displaced by 7 mm from the cylinder’s axis, leads

TABLE I

PARAMETERS OF THE FABRICATED CERAMIC RESONATORS

to the current enhancement in ε = 120 case [a star on
Fig. 2(b)]. However, the bandwidth is slightly degraded. This
entire discussion indicates the set of parameters that should
be considered on the way toward the tag’s miniaturization
and briefly describes their impact on performances. Another
important parameter is loss tangent of the ceramics. While
it has a negligible impact on the case of the considered
parameters (loss tan = 5 ∗ 10−4), it starts increasing for ε
above 300.

Accurate designs require complete knowledge of the entire
system’s parameters. Typical threshold values for the tag
“wake-up” are in the range of μW, depending on the archi-
tecture of the IC. Operational bandwidth corresponds to the
wireless channel capacity, through which the data will be
transmitted. Both of those values are crucial for the proper
performance of an RFID tag and they will set limits on its
miniaturization.

III. ELECTROMAGNETIC PROPERTIES OF

CERAMIC RFID TAGS

While the near-field coupling governs the performance of
the RFID readout in standard applications, an increase of
the interrogation distance forces the system to operate at
far-field conditions. Hereinafter the readout range will be
above several meters, prevailing Fraunhofer distances by an
order of magnitude and, hence, ensuring far-field conditions.

The parameters of the fabricated ceramic resonators are
shown in Table I, they were adjusted to make the structures
resonant at the UHF RFID frequencies (860–920 MHz). A foil
split ring with radius of 11 mm was placed on top of the
resonators and an RFID chip (Impinj Monza 4), detached from
a commercial tag, was soldered in the gap. One of the crucial
parameters is the matching between the IC and the antenna
(a ceramic cylinder, in this case).

To demonstrate and optimize the matching conditions,
the following numerical analysis was performed. A numerical
port with Z = 11 − 145 j � impedance was plugged within
the ring’s gap, and the complex reflection (S11 parameter)
spectra were calculated. The impedance value at the resonance
corresponds to the datasheet of the IC. The ring’s geometry
and its position with respect to the cylinder allow optimizing
the impedance matching in the desired frequency range. Fig. 3
demonstrates numerically calculated and measured S11 spectra
for two different realizations.

For the case of ε = 100, an almost optimal impedance
matching was achieved. However, ε = 80 demonstrates weaker
performances and requires introducing more sophisticated
matching circuits, e.g., lumped elements or a complex geome-
try of the metal wire. S11 experimental and numerical spectra
differ quantitatively in the level of matching. The reason is
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Fig. 3. Numerically calculated (a) and measured (b) S11 spectra of ceramic
tags indicated in legends. S11 parameters were extracted by plugging a port
directly to the ring’s gap. The impedance of the port is equal to the value
provided by the vendor IC (Impinj Monza 4). In experiment, the S11 spectra
were measured using nonresonant dipolar probe placed in the proximity of
the cylinder. Insets show the photographs of the fabricated tags.

Fig. 4. (a) Photo of the experimental setup in an anechoic chamber–the RFID
reader with a custom-made Yagi-Uda antenna. (b) Received signal power
as a function of the distance between the reader and the tag. Inset shows
photographs of the measured commercial tags.

the experimental technique–nonresonant dipolar probe was
placed in the proximity of the cylinder. Nevertheless, this
probe perturbs the matching and changes the overall value.
The spectral location of the resonance remains the same.

It is worth noting again that no additional lumped elements
were used to perform the matching, which is achieved via
mutual inductive coupling between the resonator and the ring.
While the IC’s impedance from the datasheet is frequency-
dependent, its dispersion is rather minor in comparison to the
sharp-peaked resonance, and, hence, it can be neglected in any
future optimization routine.

IV. EXPERIMENTAL DEMONSTRATION OF THE READING

RANGE: CERAMIC VERSUS STANDARD

In order to assess the performances of the new tags,
a readout experiment has been performed. Two ceramic res-
onators (provided by our vendor Ltd “Ceramics” [16]) and
three commercial UHF metallic tags [thin electric dipoles,

see inset in Fig. 4(b)] Alien 9662, Impinj HR61, and Impinj
E42 were evaluated in a long-range readout configuration [the
photograph of the experiment layout is shown in Fig. 4(a)].
A reader device (model KLM900S) was plugged into a laptop
via universal serial bus (USB) port, and the amplitude of the
received signal was monitored with the software provided by
the vendor. This device comes with a standard PCB patch
antenna, which is not intended to provide long-range reading
distances due to its relatively low gain. Hence, this element
was replaced with a custom-made Yagi-Uda antenna (four
directors), with –15 dB matching in 880–960 MHz frequency
range [inset of Fig. 4(a)]. The gain was estimated to be 8.5 dBi.
All five tags were placed (one after another) in the antenna’s
E-plane and accurately moved away from the minimal distance
of 50 cm to the maximal of 5 m (see Fig. 4(a) photo of setup).
The received signal intensity was monitored for each position
(time averaging has been performed to reduce fluctuations).
The noise level of the reader (the minimal detectable inten-
sity) is –52 dBm. Fig. 4(b) demonstrates the received signal
power as a function of the distance between the tag and the
reader. The maximal reading distance for commercial metallic
elements in the current arrangement is less than 4 m (after
a further increase of the distance, the signal goes below –
50 dBm and becomes nonprocessable). The ceramic tags are
readable from distances up to 5 m.

In order to underline the main mechanism for the readout
distance improvement, the link budget of the system has been
evaluated. There are two major parameters related to the
hardware implementation that should be verified. The first
factor is the chip activation threshold. RFID tag has a rectifier,
which powers the IC. A certain threshold intensity should be
obtained at the tag’s antenna port to power the electronics.
The second factor is the reader’s sensitivity. The intensity
of the backscattered signal should be within the dynamical
range of the receiver. The above-mentioned factors should
be assessed simultaneously since the weakest element of the
system will limit the range.

One of the limitations is estimated with Friis’ uplink
model [17]–[19]

L = λ

4π

√
Pt GT RGtτ

Pch
(3)

where the parameters are given in Table II.
A few of the parameters in Table II require a special

attention. The power transmission coefficient (τ ) determines
the matching between the tag antenna and the chip, and this
value ranges as 0 ≤ τ ≤ 1. Here we calculated this factor
numerically, by extracting the data from Fig. 3 (1 − |S11|).
Values in Table II point out that there is a room for additional
improvement. The gain of ceramic tags resembles the one
of a dipolar resonator, which is quite expected. The values
were estimated with a standard gain calculation routine imple-
mented in CST Microwave Studio.

The sensitivity of the basic low-cost IC (Impinj Monza 4)
is –17 dBm, which corresponds to the activation range L
given in Table II. The improved version (Impinj Monza 6
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TABLE II

PARAMETERS OF THE RFID SYSTEM FOR LINK BUDGET CALCULATIONS

generation) already has the sensitivity of –22 dBm, which
allows significant improving of the reading distances.

The second factor that might limit the range is the reader
sensitivity. In this case, the tag is assumed to be activated, and
the differential RCS plays the key role. Then, the modulation
efficiency (ME) parameter is defined as [20]:

M E = 4(Re{Zt})2|Z2 − Z1|2
|Zt + Z1|2|Zt + Z2|2

(4)

where IC is modulated between two impedances Z2 =
11−145 j and Z1 = 0 (Impinj Monza 4). Tag antenna imped-
ances are Z ε=80

t = 23.06+143.71 j , Z ε=100
t = 10.92+144.79 j ,

they were calculated with CST Microwave Studio. ME fac-
tors, calculated with (4), are shown in Table II. In practice,
ME ranges in 0 ≤ M E ≤4 or M E ≤ 6 dB [20].

Taking into account the minimal received power (Pr ) of
the reader, the monostatic radar equation gives the second
limitation on the reading distance [20]

L
′ = λ

4π

4

√
Pt G2

t G2
T R M E

Pr
. (5)

A reader with a moderately low dynamic range can activate
a tag from distance but cannot process the received signal.
In this case, the sensitivity is the bottleneck. In our investiga-
tion, we employed a relatively cheap device that cannot read
signals below –52 dBm (also can be seen in Fig. 4). State-of-
the-art readers (e.g., Alien ALR-9900) can interpret received
signals at –80 dBm level, which significantly improves the
reading range. L ′ that were calculated using (5) are shown
in Table II. By comparing the two limiting factors in the
table, it can be seen that the readout range of ε = 80
tag is constrained by the IC sensitivity, while the ε = 100
configuration is limited by the reader.

TABLE III

SIZE AND READ DISTANCE COMPARISON FOR LONG-RANGE RFID TAGS

The readout distances of the new tags were compared with
a number of standard commercial realizations [photographs
are in the inset to Fig. 4(b)], the latter were outperformed
by at least 20% in the reading range. It is worth noting that
ceramic tags are almost isotropic with respect to the rotation
in the plane of incidence (less than 3% anisotropy in the
radiation pattern was measured, these results are not shown
in the manuscript).

Finally, the link budget equations can allow extrapolating
the reading distance in the case when the state-of-the-art reader
and the tag’s IC are used. Since the Equivalent Isotopically
Radiated Power (EIRP) cannot exceed 4 W owing to the reg-
ulations, the transmitted power is limited to 27 dBm (reader’s
antenna gain is 8.5 dBi). Hence, in the case of –22 dBm,
the chip’s sensitivity allows obtaining reading distance about
22.9 m for the tag with ε = 100 and with our ceramic-based
architecture. Improvement of the reader (–80 dBm sensitivity
is commercially available) will allow reading of our activated
tag from a distance of 40 m. In overall, the bottleneck in
this scenario is the IC and, hence, the extrapolated readout
distance is 22.9 m. In order to further extend the reading
range, the tag’s gain should be improved. Since our realization
has moderately low gain, there is no claim to outperform
all the reported configurations. It is worth noting, however,
that a vast majority of tags for long-range interrogation have
a relatively large form factor, which, in our case, can be
significantly reduced. A comparison between long-range UHF
(860–960 MHz) RFID tags, including their form factors and
readout distances, is summarized in Table III.

While our realization already has the smallest form factor
among the realizations from Table III, it can be prospective for
further, and significant, size reduction. This will require per-
forming more accurate scaling, which includes consideration
of impedance matching techniques, both for improving load
factor (LF) and ME. Obviously, state-of-the-art electronics
should be employed. Relying on the above, the proposed
concept holds a promise to pave the way to a new architecture
of miniature long-range RFID tags.
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V. CONCLUSION

The new type of RFID tags based on ceramic resonators
has been investigated with intention of achieving miniaturiza-
tion of the device and extension of readout distances. Apart
from the applied aspect of the investigation, a new physical
concept in the field has been introduced. In particular, it has
been shown that the displacement currents that are resonantly
excited within the resonator’s volume are efficiently coupled to
the conduction current in a small loop functionalized with an
RFID chip. This approach allows designing robust and envi-
ronmentally stable ceramic components that drive the entire
process. From an applied standpoint, this new architecture
provides new routes for creating small-footprint RFID tags
that support long reading range, which is valuable in numerous
applications such as retail, security, IoT, and many others.
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