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Radio-frequency identification (RFID) is a widely used technology for wireless data transfer between
tags and readers. Passive ultrahigh-frequency (uhf) RFID architecture is a compromise between cost and
performance in numerous retail applications, in which multiple goods must be labeled and simultaneously
interrogated from a distance. Furthermore, for robust operation, passive tags must be visible from any
direction and for any polarization to compensate for their accidental misalignments with respect to the
reader’s antenna. Obtaining long-range omnidirectional operation with miniaturized tags remains a chal-
lenge, which limits the scope of emerging applications, including the Internet of small things. Here we
develop the concept of resonance cascading and demonstrate a new architecture based on a high-index
ceramic resonator. Taking advantage of frequency hopping between communication channels, we design
several mutually orthogonal spectrally separated dipolar resonances to enable omnidirectional operation
inside an RFID frequency band, instead of using traditional single-band quasi-isotropic antennas. As a
result, we experimentally demonstrate a compact 28.5 × 27.5 × 27 mm3 device, which can be omnidirec-
tionally interrogated from a distance of over 10 m, which is further than has been previously achieved in
the field of long-range omnidirectional uhf RFID tags. The concept of resonance cascading and spectral
sharing can be further employed in a variety of wireless communication applications.

DOI: 10.1103/PhysRevApplied.20.064022

I. INTRODUCTION

The ever-growing number of emerging applications
impose new demands on data traffic, challenging wire-
less technologies. Retail, healthcare, logistics, and other
niches requiring secure monitoring of numerous goods
favor radio-frequency identification (RFID) technology
over other existing approaches [1,2]. Forthcoming con-
cepts of the Internet of small things, where low-cost items
lacking power resources are expected to become a part of
the global network, demand the development of a next gen-
eration of passive tags. These devices must be visible from
a several-meter distance and support various interrogation
scenarios, i.e., provide omnidirectional and all-polarization
responses together with a contradictory demand for tag
miniaturization.

A typical ultrahigh-frequency (uhf) RFID system is
based on a passive tag and an active reader device; the
latter initiates the connection and processes data encoded
in a modulated backscattered electromagnetic wave. While
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RFID communication protocols and transmitted power are
subjects of international regulations, application-tailored
antenna designs can significantly improve tags’ perfor-
mance [3]. Typical tag antennas are designed to support
a broadband dipolar resonance, obtained with meander-
shaped strip lines, patches, and several other designs.
While broadband resonances grant the tags a certain
immunity to environmental changes (e.g., low sensitivity
to materials of labeled objects), a dipolar mode cannot
provide an omnidirectional response, and it is also sub-
ject to polarization mismatch. Many omnidirectional (also
known as all-directional or quasi-isotropic) RFID tags
have been demonstrated to address this challenge. For
example, spherical antennas [4,5], patch antennas [6,7],
loop antennas [8], and dielectric resonant antennas [9], as
well as several near-omnidirectional realizations [10–18],
have been demonstrated. The underpinning operational
principle for these devices is overlapping between several
resonant modes. However, the key challenge stemming
from fundamental laws of electrodynamics is obtaining
an omnidirectional response to a linearly polarized exci-
tation [19]. Furthermore, operation at higher-order modes

2331-7019/23/20(6)/064022(7) 064022-1 © 2023 American Physical Society

https://orcid.org/0000-0002-7578-233X
https://orcid.org/0009-0009-0877-9630
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevApplied.20.064022&domain=pdf&date_stamp=2023-12-12
http://dx.doi.org/10.1103/PhysRevApplied.20.064022


DMITRY DOBRYKH et al. PHYS. REV. APPLIED 20, 064022 (2023)

excited in a subwavelength structure reduces the radiation
efficiency, decreasing the RFID reading range. Another
essential aspect to consider while designing a tag is the
Chu-Harrington limit, which predicts the bandwidth drop
if the overall antenna size is reduced [20]. Considering
these issues, obtaining a small-footprint device with an
omnidirectional all-polarization response remains a chal-
lenge. While several quasi-isotropic antenna designs have
been reported in the last years [21–30], the objective
remains relevant across several wireless communication
disciplines.

Here we develop a new approach to overcome these
obstacles by using the multichannel property of the RFID
communication protocol. Instead of developing an antenna
with a quasi-isotropic radiation pattern at a single fre-
quency, we propose to share the spectrum supported by the
uhf RFID communication protocol between several cas-
caded resonances. For example, the uhf RFID band in the
United States is 902–928 MHz, comprising 50 channels,
500 kHz each [31]. Frequency hopping between the chan-
nels prevents multiple readers from interfering with each
other, thus enabling them to interrogate tags in the same
area simultaneously.

Our tag is designed to operate at several spectrally
separated resonances: each of them falls into one of the
adjacent communication channels. Here, the omnidirec-
tional response of the tag is effectively achieved by several
individual communication channels, and the fundamental
limitations of quasi-isotropic antennas are thus bypassed
with the spectral sharing approach. Several (in our case,
three) narrowband resonances cover different spatial sec-
tors, which together provide uniform coverage. Further-
more, resonant dipolar resonances will ensure the long-
range operation of the hybrid tag. The proposed concept
is illustrated in Fig. 1.

The architecture of our tag is based on a high-index
ceramic parallelepiped with unequal edges. The structure
supports three orthogonal magnetic dipole modes. These
modes resonate at different, though very close, frequen-
cies, which fall into the uhf RFID operational bandwidth.
A miniature nonresonant metal split ring is placed at a
corner of the resonator to obtain coupling with all three
orthogonal dipole modes. The ring has a standard RFID
chip soldered in the gap. Since the main antenna element
is a ceramic resonator, the inductively coupled metal ring
picks up the displacement currents in the dielectric and
converts them into conduction currents, which drive the
chip soldered in the metal ring.

The entire structure can be placed inside a plastic
shell, which can be directly attached to a labeled object.
We should note that the concept of ceramic RFID tags
based on high-index resonators has been developed by us,
and several configurations have been reported, e.g., [32–
34]. The proposed architecture is conceptually different
from the previous reports, and it provides a function that
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omnidirectional RFID tag
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FIG. 1. Operational principle of an omnidirectional long-range
ceramic RFID tag. Several orthogonal dipolar modes, resonating
at nearby frequencies falling within the uhf RFID band, ensure a
uniform spatial response of the tag.

seems to be unachievable without the concept of frequency
sharing.

II. ANTENNA DESIGN AND EXCITATION

First, to find the tag’s parameters, we performed eigen-
mode analysis for a cubic dielectric resonator. As the
resonator material, we chose TiO2-ZrO2 ceramic with
a permittivity εr = 100 and a dielectric loss tangent of
4 × 10−4. We used the eigenmode solver in the CST
MICROWAVE STUDIO package. The cube edge was found to
be L = 27.5 mm for the resonator to support three orthog-
onal dipole magnetic modes TE01 at the same frequency
of 912 MHz, which is within the 902–928 MHz U.S. uhf
RFID band. At the next step, to independently control the
frequency of each mode and design proper resonance cas-
cading, we tuned the resonator edges, allowing them to be
unequal. Figure 2 demonstrates the vector magnetic field
in the cross section through the center of the resonator for
three orthogonal magnetic dipole modes TE01 calculated
by the eigenmode solver. The geometrical parameters of
the parallelepiped with unequal edges were Lx = 28.6 mm,
Ly = 27.5 mm, and Lz = 26.4 mm.

Next, to calculate the electromagnetic parameters of the
tag, we added a feed source—a nonresonant metal ring
with an active port. We optimized the ring, using a fre-
quency solver (finite element method) in CST [Fig. 3(a)].
The ring had a diameter d and a discrete port with a com-
plex impedance Z = 12.7 − 147.8j (corresponding to the
datasheet impedance of an Impinj Monza R6 RFID chip)
placed in the gap. To obtain good impedance matching the
tag’s antenna was designed (with an inductively coupled
resonator and metal ring) to have the complex conjugate
impedance to the RFID chip. The impedance matching
was realized without additional elements and by adjusting
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FIG. 2. Numerically calculated vector magnetic field in the
cross section through the center of the resonator for three orthog-
onal magnetic dipole modes TE01.

only the geometrical parameters of the ring and induc-
tive coupling with resonator. This is the same impedance
matching approach that we demonstrated in our previous
works related to ceramic RFID tags [32–34]. The ring was
placed at a corner of the resonator to create inductive cou-
pling with all three orthogonal resonator modes. The final
parameters of the tag after all numerical optimizations are
summarized in Table I.

Figure 3(b) shows the numerically calculated |S11| spec-
trum for the optimized omnidirectional ceramic RFID tag.
In the range of 902–928 MHz, three impedance-matched
resonant peaks can be observed, corresponding to the three
orthogonal magnetic dipole modes TE01. The insets show
the magnetic field distribution in the cross section through
the center of the cylinder. Figure 3(c) demonstrates 3D
radiation patterns (realized gain parameter) in a linear scale
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FIG. 3. (a) Omnidirectional long-range ceramic RFID tag. The
tag consists of a high-index ceramic resonator (parallelepiped-
shaped) and a metal split ring functionalized with an RFID
chip. (b) Numerically calculated |S11| spectrum of the proposed
ceramic tag. The insets show the vector magnetic field in the
cross section through the center of the resonator. (c) Calculated
3D patterns of the realized gain (in a linear scale) at different
frequencies in the uhf RFID band.

TABLE I. Parameters of the omnidirectional ceramic RFID
tag.

Resonator
dimensions (mm)

Ring
diameter d

(mm)

Ring wire
radius w

(mm)

Lx Ly Lz

28.6 27.5 26.4 16 1

at different frequencies in the calculated range. At each
frequency, a typical dipole radiation pattern is observed.
These radiation patterns have different orientations, cover-
ing all directions in space and realizing the spectral sharing
concept.

The maximum reading range of a passive tag can be
calculated with the Friis equation [35],

R = λ

4π

√
PtGTRGt

Pch
, (1)

where Pt is the power transmitted by the reader, GTR is the
gain of the reader Tx/Rx antenna, Gt is the realized gain
of the tag antenna, Pch is the IC sensitivity, and λ is the
operating wavelength. Equation (1), providing the down-
link budget, was used to assess the reading range, while
the uplink budget is not usually a limiting factor. Of all the
parameters included in Eq. (1), we can optimize only the
realized gain of the tag, while the transmitted power and
gain of the reader’s antenna are subject to international
regulations. For the 902–928 MHz RFID band, typical
effective isotropic radiated power (EIRP) is up to 4 W.
Following the Friis equation, we calculated the omnidirec-
tional reading range for the given omnidirectional realized
gain of the tag.

In the following, we describe the postprocessing
algorithm used to extract the omnidirectional realized gain.
The routine is visually summarized in Fig. 4.

(i) The chosen uhf RFID band (here, 902–928 MHz)
is divided into K = 100 frequency bins, and for each fre-
quency, an equirectangular projection (N = 180 × M =
360) of the realized gain, initially calculated in spherical
coordinate system, is performed—step 1 in Fig. 4. Con-
sidering the bin separation, all data are presented as a
3D matrix with M × N × K dimensions. In other words, a
discretized system of (ϕ, θ , f ) is mapped onto the matrix.

(ii) For each frequency bin, the maximal realized gain
is found.

(iii) Since the bandwidth of RFID communication
channels is 500 kHz, and in every direction at least one
channel must be covered, the minimal value of realized
gain in each channel is recorded.
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FIG. 4. Postprocessing algorithm used to estimate the max-
imum omnidirectional realized gain of the proposed ceramic
tag.

(iv) We create an equirectangular projection of the tag’s
maximum realized gain, according to step 3, for each direc-
tion in space. The minimal value along all directions is
considered the omnidirectional realized gain of the tag.

The results of the postprocessing algorithm are pre-
sented in Fig. 5. The equirectangular projections of the
tag’s realized gain in the 902–928 MHz band were calcu-
lated with a frequency step of 250 kHz [Fig. 5(a)]. While
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FIG. 5. (a) Equirectangular projections of the tag antenna’s
realized gain calculated in the 902–928 MHz RFID band. (b)
Equirectangular projection of the omnidirectional realized gain
obtained with the algorithm described in Fig. 4.

the maximum gain value in Fig. 5(b) is 1.51, which is usual
for a dipole resonant antenna, the omnidirectional realized
gain is determined as the minimum value Gomni

t = 0.98,
which limits the reading range in the worst-case direction.
Using this value, we estimated the omnidirectional reading
range of the proposed ceramic tag,

Romni = λ

4π

√
PtGTRGomni

t

Pch
= 16.4 m. (2)

All the parameters used in the reading range calculation
are presented in Table II. We used the sum of transmit-
ted power Pt and reader antenna gain GTR equal to 36 dB,
which corresponds to the EIRP limit of 4 W according to
the regulations for the U.S. uhf RFID band. Additionally,
we used λ = 0.323 m, which correspond to the highest fre-
quency in the U.S. uhf RFID band. Following the Friis
equation, the theoretical omnidirectional reading range of
the ceramic tag is 16.1 m, which is one order of magnitude
higher than that of the existing omnidirectional RFID tags.
A comprehensive comparison with the experimental data
is shown in Table III.

While it might be intuitively reasonable that a spec-
tral overlap of modes enables a larger reading range, this
approach, however, can spoil the tag’s performance. To
test this possibility, we performed a parametric study. Let
�f be the spectral distance between the resonances, which
can be gradually changed by tuning the resonator dimen-
sions. In Figs. 6(a)–6(c), the possible scenarios are sum-
marized: the peaks can be well separated and fall within
the RFID frequency window; they might overlap and thus

TABLE II. Numerical parameters for link budget analysis.

Pt GTR Pch Gt Lomni λ

1 W 4 (linear) −20 dBm 0.98 (linear) 16.4 m 0.323 m
30 dBm (6 dBi) (−0.08 dB)
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TABLE III. Size and reading distance comparison for omnidirectional RFID tags.

Ref. Concept Size (mm) Reading range (m) Omnidirectivity

[4] Electrically small
spherical antenna

25 (diameter) 1.32 Omnidirectional

[5] Electrically small
spherical antenna

10 (diameter) No information Omnidirectional

[6] Dual-coil logarithmic
patch antenna

28.0 (diameter) × 3.11 (height) No information (−5.65 dBi gain) Nearly omnidirectional

[8] Metal-mountable planar
magnetic loop antenna

38 × 38 × 1.6 5.6 Nearly omnidirectional

[9] Electrically small
spherical antenna
placed in a ceramic
powder

25 × 25 × 18 1.5 Omnidirectional

[12] Wrapped dipole antenna 110 × 19 × 1.5 0.3 Nearly omnidirectional
This work Parallelepiped dielectric

resonator antenna
with spectrally
separated resonances

28.5 × 27.5 × 27 10 Omnidirectional

hybridize; or be too far from each other, falling outside
the allocated frequency range. Figure 6(d) summarizes the
realized omnidirectional gain as a function of �f, demon-
strating the clear optimum. When the resonances are too
close, they begin to hybridize, decreasing the omnidirec-
tional gain of the tag. While hybridization is beneficial
for quasi-isotropic antenna design, it is not optimal for
frequency sharing. When the spectral distance between
the modes is too large, the omnidirectional gain decreases
due to poor circuit matching between the modes, which is
essential for radiation in diagonal directions. Furthermore,
the resonances should not extend outside the allowed RFID
frequency band [Fig. 6(c)]. Consequently, in such a device,
optimizing the spectral position of the modes is essential.

The proposed design could be further miniaturized by
increasing the permittivity of the resonator. This approach
and its limitations are discussed in detail in our previous
report [34]. In Fig. 7(a), the proposed RFID tags with
different permittivities, namely, 100, 270, and 500, are
compared by size. Figure 7(b) demonstrates their spectral
responses, which become narrower as the size reduces, in
agreement with the Chu-Harrington criterion. We should
also note that ceramic elements with permittivities above
100 are susceptible to temperature fluctuations, which
might impede circuit matching. Considering those aspects,
in the experiment, we used a ceramic with a permittivity
of 100.

III. EXPERIMENTAL DEMONSTRATION

After the parametric studies and optimization, we
verified the concept experimentally. As a resonator
material, ceramic BaLn2Ti4O12 was chosen [36]. The per-
mittivity of the material was measured by the vendor
to be 101.52 at 1 GHz. The resonator was fabricated

by sintering four identical plates with dimensions of
28.5 × 27.5 × 6.75 mm3. Its final dimensions were
28.5 × 27.5 × 27 mm3.

To find the resonant frequencies of the modes, we used
a small loop antenna connected to a 50-� port of a vec-
tor network analyzer [Fig. 8(a)]. Figure 8(b) shows the
measured reflection coefficient |S11|. We should note that
the impedance matching between the resonator and the
50-� port was relatively low because previously we had
optimized the structure for the high-impedance RFID chip
Impinj Monza R6. This measurement, however, allows the
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FIG. 6. (a) Numerically calculated |S11| spectrum of the pro-
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FIG. 7. (a) Numerical models of omnidirectional ceramic
RFID tags with different permittivities. (b) Numerically calcu-
lated |S11| spectra of ceramic tags with a permittivity of 100 (blue
line), 270 (red line), and 500 (green line).

observation of the spectral positions of all three excited
modes, which fall within the 894–928 MHz band.

A nonresonant copper ring with an RFID chip, Impinj
Monza R6, was placed at a vertex of the ceramic res-
onator [see inset in Fig. 9(a)]. An RFID reader Impinj
R2000, operating at 894–928 MHz, was used to inter-
rogate the tag and measure its radiation pattern in three
orthogonal planes. It should be noted that we extended
the lower frequency limit from 902 to 894 MHz to cover
all three resonances, which do not fall within the stan-
dard 902–928 MHz RFID range due to small fabrication
inaccuracies (permittivity and geometrical dimensions of
the resonator). A linearly polarized (with a polarization
parallel to the floor) log-periodic KROKS KM6-600/6000
antenna with a gain of 5.1 dBi at 900 MHz was con-
nected to the reader, which was capable of radiating
30 dBm power. The reader displayed the received signal
intensity.

Measurements were made in a large gym to avoid reflec-
tions from the walls. The amplitude of the received signal
[received signal strength indicator (RSSI) in Fig. 9(b)] was
measured with an angular step of 10° in the X-Y, Y-Z,
and X-Z planes. The results of interrogation from a 10-
m distance are shown in the diagrams in Fig. 9(b). At
this distance, we successfully read the tag from all angles
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FIG. 8. (a) Photo of the measurement experiment: probing the
resonator with a 50-� probe. (b) Measured |S11| spectrum of the
fabricated ceramic resonator.
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FIG. 9. (a) Photo of the experimental setup with the proposed
omnidirectional tag in a large gym. (b) Backscattered signal
power (in decibels) at the reader as a function of the tag’s angular
orientation in three different planes (X-Y, X-Z, and Z-Y).

without identifying any blind spots. The maximum read
range of the tag was measured to be 15 m; however, in
this case, the tag had blind spots. The reading range can
be improved by additional fine tuning and optimization of
the tag’s parameters (the theoretically achievable reading
range is 16 m).

Table III compares the characteristics of several omni-
directional RFID tags with those of the current report.
Currently, there are very few experimentally demonstrated
omnidirectional tags. The reason is that their fabrication
is challenging, and their performances are weak compared
with industrial ones. However, our device demonstrates a
commercial-level performance, showing that the concept
of omnidirectional tags should be reconsidered.

IV. CONCLUSION

A small-footprint long-range omnidirectional ceramic
tag has been demonstrated. The design is based on a com-
pact high-index ceramic resonator and an inductively cou-
pled small metal ring functionalized with an RFID IC. A
28.5 × 27.5 × 27-mm3-footprint device was successfully
interrogated from a 10-m range in three orthogonal planes,
X-Y, Y-Z, and X-Z, without blind spots. At the time of this
report, the demonstrated device has the largest omnidirec-
tional reading range for a passive RFID tag. The maximum
measured reading range of the tag is 15 m. The proposed
architecture combines three essential functions: small foot-
print, long reading range, and omnidirectional response,
which make this design highly attractive for numerous
applications, including the Internet of small things and
several others.
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