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ABSTRACT

Radio frequency identification (RFID) is a widely used technology for contactless data readout. Numerous passive RFID tags are available on
the market, and in a vast majority of cases, their designs are based on flat meandered dipole architectures. However, besides technological
advantages, those realizations suffer from polarization mismatch issues and limited spatial sectors, from which flat tags can be interrogated.
Here, we demonstrate and analyze a miniature omnidirectional tag accessible from all 4p stereo angles with a commercial RFID reader. Our
design is based on exploring all three dimensions, which allows achieving close to perfect angular coverage by overlapping several multipole
resonances of a structure. An optimized metal strip with a nontrivial geometry is wrapped on a high permittivity ceramic sphere for
miniaturization purposes. As a result, a 3 cm device (tenths of an operational wavelength) is demonstrated to be readable from a 1.5 m
distance without any dependence on the interrogation direction. Compact omnidirectional tags can remove hard restrictions on a mutual
orientation between information holders and interrogating systems. Those capabilities are essential in many applications, including logistics,
animal activity monitoring, and security, to name just a few.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0054740

Remote identification of objects and contactless data readout,
being widely used nowadays in many practical applications, keeps
advancing owing to new demands in fast-developing concepts like the
Internet of Things (IoT) and many others. Passive radio frequency
identification (RFID) architecture is based on a batteryless information
holder (a tag) and an active interrogator (a reader) that initiates the
connection and processes data encoded on a modulated backscattered
electromagnetic wave.1 While communication protocols in RFID com-
munications are subject to international regulations, hardware realiza-
tions keep advancing, targeting different specifications in their niches.
The Internet of Small Things inspires a scenario that we consider here-
inafter. In this paradigm, each low-cost item is marked by a passive
RFID tag2 that a reader can interrogate from a distance. Having severe
cost limitations, this approach requires using small footprint passive
tags that should also be accessible from a reasonable several-meters
distance and without any preliminary knowledge on the object’s orien-
tation in space. Those specifications, being considered simultaneously,
seemingly contradict each other, challenging commonly used design
approaches. For example, reducing the physical sizes of the tag’s
antenna implies a degradation of its efficiency and bandwidth. While
quite a few approaches to a footprint reduction, including dipole

meandering, are commonly employed, commercial sub-centimeter
designs are typically short-range and cannot be interrogated from over
a meter distance.3–5 It is worth noting that a reader’s radiated power
and its antenna gain are limited by international regulations.6

Typically, effective isotropic radiated power (EIRP)7 cannot prevail
values of 2–4 W, depending on a licensing country. Additional con-
strain is the orientation of a tag in respect to a reader’s antenna.
Commonly, both operate at a pre-defined linear polarization and,
thus, demand alignment in respect to each other. To mitigate the
issues of a probable polarization mismatch, circular polarization can
be employed.

However, this partial solution applies when a tag obtains an acci-
dental tilt in a plane perpendicular to the incident wave vector. Other
orientations cause a polarization mismatch and, as a result, to a dra-
matic reading distance drop. The capability to obtain an efficient read-
out from any spatial direction, relaxing the mutual orientation
constrain, is extremely demanded in many cases, including the con-
cept of the Internet of Small Things.

The design and performance limitation of an omnidirectional tag
directly relates to the development of an isotropic antenna. Obtaining
an ideal omnidirectional linearly polarized radiation pattern is
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fundamentally impossible, as it was proven and revised on many occa-
sions, e.g., Refs. 8–10. However, different designs were developed to
approach an idealized performance.11–13 The design of compact omni-
directional antennas and scatters has another challenge.14 Typically,
deeply subwavelength impedance-matched structures operate at a sin-
gle dipolar resonance and, as a result, have a well-known donate-
shaped far-field structure. To obtain close to a uniform radiation pat-
tern, several multipoles should constructively interfere to create a
spherical far-field wavefront. The challenge can be clearly identified
now—a compact subwavelength resonator should accommodate sev-
eral resonant modes. A possible solution in this endeavor is to use
high index materials. The design of dielectric resonant antennas
(DRAs)15,16 utilizes high-permittivity ceramic materials, allowing to
improve electromagnetic confinement by orders of magnitude. Those
concepts have been recently explored in the field of RFID.17,18 Metallic
antennas attached to high permittivity substrates are also widely used
for footprint miniaturization.19

Having discussed the targeted specifications and limitations of
existing approaches to accommodate them all with a single design, we
will demonstrate a compact almost isotropic RFID tag, which can be
interrogated from a several meters of distance. We have designed and
demonstrated 3 cm tag, readable from all directions, taking advantage
of volumetric geometry and high-index dielectric components. A com-
parison of our tag with commercial realizations shows distinctive
advantages in reading range, isotropy, and footprint miniaturization.
This Letter is organized as follows: discussion of the design parameters
is followed by a numerical optimization. The omnidirectional nature
of the tag is then reviewed in light of multipole decomposition, provid-
ing a deeper understanding of the underlying physical principles. The
experimental realization of the omnidirectional tag and its comparison
to commercial counterparts comes before conclusions.

The concept of the isotropic tag is depicted in Fig. 1. Our design
has several essential components, ensuring the proper operation. The
first one is a folded metal strip, whose shape resembles an omega-
particle20 with additional elements, discussed below. The folded arms,
placed near the split ring’s gap, control the antenna’s electrical length,

responsible for its resonant frequency. Furthermore, those elements
are capable of introducing additional resonances and contribute to the
multipolar decomposition of the scattering diagram. The metal strip
has an additional gap, where a commercial RFID integrated circuit
(IC) (Impinj Monza 4 chip) is soldered. The so-called T-matched con-
figuration is optimized to impedance match the chip to the antenna.
Overall, the geometry shares similarities with a recent report.11 It is
worth noting that the RFID chip has two characteristic impedances
that are switched in time to imprint the modulation on a scattered sig-
nal. The design is optimized to operate in 860–930MHz, correspond-
ing to the EPCGEN2 RFID standard, and the IC’s impedance values
are taken from the vendor’s date sheet. Finally, to reduce the footprint
of the volumetric tag, we submersed the metallic strip within a high-
index ceramic sphere.

The structure was designed by performing a set of full-wave
numerical simulations, implemented with CST Microwave Studio,
frequency-domain solver (FEM). It is quite remarkable that apart
from geometrical degrees of freedom, ceramics permittivity can serve
as an additional design parameter. This is done by mixing several pow-
ders with pre-defined volumetric fractions. The resulting mixture is
placed in a 3D-printed plastic container. (The shell’s permittivity is
around 3 and does not contribute much to the interaction.21) This
powder mixing approach is very convenient at the design step and can
be replaced by conventional molding and annealing technological sol-
utions after the optimal concentration is obtained and experimentally
verified.22

Basic operation of the RFID communication includes a downlink
(interrogation of a tag by a reader) and an uplink (transmitting the
time-modulated signal back to the reader). To investigate the later
part, a tag is considered as an active antenna. For this purpose, a dis-
crete 50-X port was inserted into the gap instead of a chip, and the far
fields of such an antenna were considered. Note that the specific value
of the impedance does not affect the radiation pattern and only gov-
erns the reflection coefficient to the port. Since this value is not rele-
vant for the hereinafter discussion, this impedance can be chosen
arbitrary. The geometry of the entire structure was optimized for mini-
mizing the tag’s dimensions and for achieving an isotropic radiation
pattern. More specifically, the initial free space design (without the
dielectric core) was tuned to provide a close to uniform radiation pat-
tern at 900MHz. At the next stage, the footprint was greatly reduced,
and the resonance shift to higher frequencies was compensated with
the ceramic shell. The uniformity degradation of the radiation pattern
was prevented by introducing an ellipticity to initially spherical form
of the tag. Ellipticity was found to compensate for a nun uniform spec-
tral evolution of resonant modes, which should be kept as a coherent
superposition. This footprint reduction procedure was terminated
when the operational bandwidth dropped down below the EPCGEN2
standard. The bandwidth (�10 dB level) of the designed tag antenna is
1.6MHz, which covers six RFID channels of 250 kHz each. The shape
of the ceramic resonator was found to be an oblate spheroid. The final
set of the parameters is summarized in Table I.

While a close to an isotropic radiation pattern cannot have the
same polarization in all directions, it can be projected on orthogonal
states. Here, we choose a circular polarization basis. Figure 2 demon-
strates the far-field pattern decomposition into orthogonal polariza-
tions and the total intensity. It can be seen that the far-field intensity is
almost isotropic over the entire 4p angle. The minimal to maximal

FIG. 1. Schematics of a 3D isotropic miniature RFID tag. The tag consists of a
folded metal strip with an RFID chip, soldered within a gap. The structure is
wrapped around (submersed) a high-index ceramic resonator. All-angle tag’s inter-
rogation is made with a circularly polarized antenna, positioned several meters
apart from the structure.
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intensity ratio is 2.42 dB. However, individual polarizations do have
voids in the far field. To obtain all-angle tag’s interrogation, the read-
er’s antenna will be triggered between two states, radiating right and
left circular polarization. The triggering rate is 5ms, which complies
with the communication channel standards (1–2ms slot is required to
scan a tag, as we checked experimentally).

To verify the downlink efficiency, the reciprocity principle can
be applied, i.e., if the antenna radiates isotopically, it can be excited
by a plane wave from any direction.23 However, there is another
constraint in the RFID case—the incident field is rectified to power
the IC. Hence, a current through the RFID chip should be maxi-
mized, which is the main criterion for the optimization in our
case.5 In this scenario, both the tag and the reader’s antenna should
be considered.

In our architecture, the reader’s antenna consists of two com-
bined helixes (with right and left winding) to create left and right
circular polarization. The antenna parameters’ sizes were chosen to
ensure the operation at 860–930MHz, in accordance with the
EPCGEN2 standards. The device was tested and demonstrated
VSWR< 1.5 with a gain of 11.5 dBi. To make a comparison (a
numerical one first), our isotropic and a commercial tag were
located at a distance of 1.5 m from the antenna that radiated
0.51W total power. Both RFID tags have Impinj Monza 4 IC. The
latter has an impedance of 11–143j (at 915MHz) in one state,
whereas the second is a short circuit. The first nominal is obtained
with two parallel lumped elements—a resistor and a capacitor with
R¼ 1650X and C¼ 1.21 pF, respectively.

In the numerical analysis, the tags were rotated in all planes (XY,
XZ, and ZY) and were irradiated sequentially by right and left circu-
larly polarized waves, generated by the triggered helix antenna. The RF
current for both interrogating polarizations was calculated, and the
maximal value was chosen to represent the optimal readout scenario.

Figure 3 shows the maximal current through the IC as a function
of the tag’s rotation angle. (All the planes were considered.) Panel (a)
shows the result for our design, whereas panel (b) stays for a commer-
cial realization. (Details of this tag are shown in Fig. 6.) In the RFID
applications, however, the overall value of the current is a less impor-
tant parameter—what matters is whenever the current prevails the
activation threshold, required to power the IC. The Impinj Monza 4
IC requires a 3.7mA RF current for the activation. It is worth noting
that this parameter (not a DC!) does not appear in the data sheets and
was experimentally found. For this purpose, we used the polarization
mismatch in the commercial tag to find a critical angle between the
incident field polarization and the dipole moment, for with the wire-
less data transfer fails. Note that the downlink limits the reading dis-
tance. Resembling the experimental layout in the simulation and using
the experimentally found angle (65� here), the activation RF current
was found. It is worth noting that this approach is a mere approxima-
tion, which allows assessing orders of magnitude only.

Figure 3 presents the currents in the logarithmic scale, where the
gray-shadowed areas stay for regimes below the activation threshold.
(Recall that the reader’s antenna is located 1.5 m away from the tag—
this distance is an important parameter in the link budget of the com-
munication channel.) Figure 3 clearly shows close to the isotropic
response of our design. In this case, the field harvesting can be done
from any incident direction, bringing the IC above the activation
threshold. On the other hand, the dipole-like commercial tag is not
readable from several sectors. In particular, the XY plane 65–125 and
243–300 degrees sectors are the blind areas from which the tag cannot
be interrogated owing to a severe polarization mismatch.

To understand what types of resonances contribute to the radia-
tion pattern, we perform a multipole expansion of the field, radiated
by the antenna. The procedure is based on the field equivalence princi-
ple,24 stating that an arbitrary field source can be represented with a
set of effective currents distributed on a boundary of an enclosing sur-
face [Fig. 4(a)]. Here, we use a virtual enclosing sphere with a radius a
and apply multipole expansion, as follows:25

TABLE I. Parameters of the omnidirectional tag.

Parameter Value

Ceramic resonator, principal x-axis 25mm
Ceramic resonator, principal y-axis 25mm
Ceramic resonator, principal z-axis 18mm
Diameter metal split ring 17.7mm
Length of folded wires 3.4mm
T-matched configuration 9.5mm/1.8mm
Ceramics permittivity e ¼ 9, tg¼0.001

FIG. 2. Far-field radiation pattern of the tag’s antenna. (a) Right circular polarization. (b) Left circular polarization. (c) Far-field intensity. The tag’s orientation is the same as in
Fig. 1.
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x ¼
ð2p

0

ðp

0

E � Xe
omno a2 sin hdhd/; (1)

where E is the field on the spherical surface and Xe
omno is the corre-

sponding vector spherical harmonics. Here, we use a far-field approxi-
mation of vector spherical harmonics, taking the enclosing sphere
radius to be large-compared to the radiation wavelength.26 Relatively
small radiating sources in a vast majority of cases can be described
with several lower harmonics (multipoles). The main contributors to
the pattern formation of our tag are No11 andMo21, which correspond
to the electric dipole (ja11j2¼ 0.56) and the magnetic quadripole
(jb21j2¼ 0.41), as schematically shown in Fig. 4(b). (a11 and b21 are the
corresponding Mie coefficients.) Those two multipoles fit the tag’s far-
field pattern with an accuracy of 90%. It is quite remarkable that the
contribution of a magnetic dipole, typically present in omega particles

and other related designs (e.g., Refs. 27 and 28) is less important here
owing to more complex geometry. Interfering magnetic and electric
dipoles typically give directional patterns that are not desired in our
application. Hence, the suppression of the magnetic dipole is quite
beneficial.

An experimental realization of our tag was done as follows: the
metal strip was cut from a copper (0.05mm thick) sheet and an RFID
chip, detached from a commercial tag, was soldered within the gap. We
used an Impinj r2000 reader, operating at the 865–868MHz frequency
band (European standard). A minor modification (manual deforma-
tion) of the metal strip length allows shifting the resonance from the ini-
tially chosen 900MHz to the experimentally dictated reality. The
updated dimensions of the metal strip are indicated in millimeters in
Fig. 6(c). The metal element is then rolled to fit the dimensions of the
oblate spheroid, whose enclosure was 3D-printed and filled with a
ceramic powder with dielectric permittivity e ¼ 9. The commercial tag
(ALN-9654-FWRW), used as a reference, is shown in Fig. 6(d).

The measurement was performed in a certified anechoic chamber
that allowed factoring out environmental noises (Fig. 5). The Impinj
r2000 reader was connected to a laptop via a USB port, and the ampli-
tudes of the received signals were monitored via the vendor’s software.
This interrogating device comes with a standard PCB patch antenna,
which is not designed to provide a long-range reading distance.
Hence, this element was replaced with a custom-made Helix antenna
with right and left windings, capable of radiating left and right circu-
larly polarized waves. The reader has an option to switch between sev-
eral antennas. Here, we use this function and connect two ports of our
custom-made antenna, applying 0.2 kHz switching with a 50:50 duty
cycle. Both ports demonstrate 13 dB matching in an 850–930MHz fre-
quency range with a gain of 11.5 dBi.

The tags were attached to a rotating stage located at a distance of
1.5 m from the reader’s antenna (Fig. 5). Since the stage can rotate in a
single plane, the tags were manually reoriented after each 360� scan. A
10� angular step was chosen and is sufficient for demonstrating

FIG. 3. Numerical results of the RF current flowing through the tag’s chip as a function of the rotation angle (between the tag and interrogator’s antenna) in three different
planes (XY, XZ, and ZY). (a) Isotropic tag. (b) A commercial RFID tag (schematics in Fig. 6). Gray shaded circle within the pattern shows the area where the tags cannot reach
the activation threshold. The interrogating antenna parameters—11.5 dBi gain, 0.51W total radiated power, and 1.5 m to the tag. RFID IC-Impinj Monza 4.

FIG. 4. (a) Schematic representation of the field equivalence principle used for the
multipole expansion. (b) Multipole expansion of the tag’s far-field pattern.
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omnidirectional properties. The received signal intensity was moni-
tored for each physical position of the tags. (Time average was per-
formed to reduce fluctuations.)

Figures 6(a) and 6(b) demonstrate the received signal power as
the function of the rotation angle in three different planes (XY, XZ,
and ZY) for our omnidirectional and the commercial RFID tags,
respectively. Our antenna has an effective aperture Ae¼ 0.1347m2,

which can be deconvoluted in order to get the power flux. It can be
seen that our design significantly outperforms the commercial coun-
terpart both in the signal-to-noise ratio and in the angular coverage.
The first parameter corresponds to achieving more efficient up and
downlinks owing to the operation with several overlapping resonant
modes. The commercial tag is not accessible from a large angular sec-
tor in the case of the XY-plane rotation. [The back-reflected modu-
lated signal is below the reader’s sensitivity (�90 dBm).] This “blind”
sector’s appearance is not surprising since the tag operates at a dipolar
resonance. We also checked three additional commercial tags (tag 1—
CZS9827, Chip—NXP UCODE8; tag 2—C70PA, Impinj Monza R6;
tag 3—CZS9911, Impinj Monza 4QT) and have got similar results. On
the other hand, the combination of the electrical dipole and the mag-
netic quadrupole in our configuration grants us with all-angle coverage
and, essentially, omnidirectional operation, which was targeted.

Resonant tags might be sensitive to a surrounding environment,
which can degrade their performances. In particular, simultaneous
readout of multiple tags is an essential function to have. Anti-collision
protocols are implemented in commercial realizations, and a single
device can readout 10–100 tags, placed in a close proximity to each
other. Typically, commercial antennas are rather broadband and, as a
result, placing several elements close to each other does not degrade
electromagnetic parameters significantly (though, a reading range can
drop down). To assess performances of our tags, we made the follow-
ing numerical analysis—a linear array of tags with 3mm gap between
the neighbors was analyzed. A 5% change in S-parameters matching

FIG. 6. Backscattered signal’s power (in dB) at the reader as a function of the tag’s angular orientation in three different planes (XY, XZ, and ZY). The signal is collected with
an effective aperture Ae¼ 0.1347 m2. (a) Isotropic tag. (b) Commercial RFID tag. Metal parts of the tags with dimensions in mm. (c) The omnidirectional tag—the strip is sub-
mersed within the ceramic oblate spheroid. (d) Commercial flat tag (ALN-9654-FWRW).

FIG. 5. Photo of the experimental setup in an anechoic chamber—the RFID reader
with a custom-made Helix antenna is situated 1.5 m away from the rotational stage,
where the tags are situated.
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was observed, while the crosstalk between the tags remains below �10
dB. This analysis shows that standard anti-collision protocols will
apply for our architecture.

Finally, the range operation of the tag can be assessed with Friis’
uplink model2,5

L ¼ k

4p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PtGTRGt

Pch

r
; (2)

where the parameters are given in Table II. Friis equation evaluates
only the downlink part of the communication (reader to tag), which is
sufficient for making the assessment in the case of using high-quality
ICs.

The results of the uplink calculations show that a sufficient range,
discussed in the introduction, can be achieved.

An electrically small omnidirectional RFID was developed and
experimentally demonstrated. The architecture is based on a volumet-
ric geometry, consisting of a high-index dielectric resonator and a
metal strip of a nontrivial shape. While a vast majority of the existing
commercial realizations operate on a dipolar resonance, we designed
our structure to support spectrally overlapping electrical dipole and
magnetic quadrupole. As a result, a uniform 4p coverage was demon-
strated. In particular, we showed an efficient 1.5-meter distance read-
out of a tag with a standard RFID reader functionalized with a
custom-made antenna. The latter was implemented as a Helix with
right and left windings. We triggered between two orthogonal polar-
izations to ensure the full angular readout coverage. Our architecture
also has a high-index ceramic core, which allows shrinking the foot-
print of the volumetric tag. Twofold size reduction in comparison to
dipolar tags was demonstrated.11 Our omnidirectional miniaturized
tag allows solving an important issue of polarization mismatch, which
is a limiting factor in many applications, where a relative position of a
tag in respect to a reader is not a priori known. Omnidirectional func-
tionality is desired in numerous applications, including electronic vehicle
identification, security, retail, and many others. Further miniaturization
of the tag can be obtained by improving high-index ceramic elements’
qualities and introducing multipole engineering concepts into designs.
As a result, small footprint omnidirectional RFID tags can serve as an
enabler to future Internet of Small Things technologies.
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TABLE II. Parameters of the RFID system for link budget calculations.

Parameter Physical meaning Value

Pt Power transmitted by the reader 0.1 W (20 dBm)
GTR Gain of the reader Tx/Rx antenna 11.5 dBi
Gt Realized gain of the tag antenna �4.4 dBi
Pch Chip sensitivity 2 � 10–5 W
k Wavelength 0.33 m
L Reading distance for Eq. (2) 4.1 m

Applied Physics Letters ARTICLE scitation.org/journal/apl

Appl. Phys. Lett. 119, 033503 (2021); doi: 10.1063/5.0054740 119, 033503-6

Published under an exclusive license by AIP Publishing

https://doi.org/10.7763/IJCTE.2010.V2.160
https://doi.org/10.1109/8.99054
https://doi.org/10.1109/MAP.2006.323323
https://doi.org/10.1109/TAP.2005.859919
https://doi.org/10.1109/JPROC.2010.2053332
https://www.dwc.knaw.nl/DL/publications/PU00013599.pdf
https://www.dwc.knaw.nl/DL/publications/PU00013599.pdf
https://doi.org/10.1109/TAP.1966.1138740
https://doi.org/10.1155/2016/2906149
https://doi.org/10.1109/LAWP.2010.2043046
https://doi.org/10.1109/LAWP.2010.2043046
https://doi.org/10.1109/ACCESS.2019.2937131
https://doi.org/10.1179/1743280415Y.0000000007
https://doi.org/10.1103/PhysRevB.102.195129
https://doi.org/10.1103/PhysRevB.102.195129
https://doi.org/10.1109/tap.2020.3037663
https://doi.org/10.1109/tap.2020.3037663
https://doi.org/10.1155/2014/701279
https://doi.org/10.1103/PhysRevApplied.1.034005
https://doi.org/10.1002/pssr.201800668
https://www.Euro-Technologies.Eu/Wp-Content/Uploads/2018/11/Eccostock-HIK-Powder-de.Pdf
https://www.Euro-Technologies.Eu/Wp-Content/Uploads/2018/11/Eccostock-HIK-Powder-de.Pdf
https://doi.org/10.1103/PhysRevB.94.205434
https://doi.org/10.1063/1.5046948
https://doi.org/10.1063/1.5046948
https://doi.org/10.1063/1.4967238
https://doi.org/10.1063/1.4967238
https://scitation.org/journal/apl

	f1
	d1
	t1
	f2
	f3
	f4
	f6
	f5
	d2
	l
	c1
	c2
	c3
	c4
	c5
	c6
	c7
	c8
	c9
	c10
	c11
	c12
	c13
	c14
	c15
	c16
	c17
	c18
	c19
	c20
	c21
	c22
	c23
	c24
	c25
	c26
	c27
	c28
	t2

