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ABSTRACT For multi-resonator based chipless radio frequency identification (RFID) tags, a novel triple-
mode resonator is designed by loading open-circuited stubs to a transmission line which is coupled to
input and output ports. Since the proposed resonator provides independently controllable three resonant
frequencies, three bits can be obtained by means of a single triple-mode resonator. The presence and absence
of the open stubs results in eight states from a single triple-mode resonator. Therefore, N triple-mode
resonators in different lengths can generate 8N different frequency codes. For this purpose, a multi-resonator
circuit operating between 1.9 and 3.75 GHz is also developed by using 5 triple-mode resonators, so that
15 resonant frequencies can be obtained. Two conventional vertically/horizontally polarized monopole
antennas are used to demonstrate the tag performance. Bit density and spectral efficiency of the designed tag
are 29.04 bits/ λ2g and 8.33 bits/GHz. Two chipless RFID tags having different frequency codes have been
fabricated and tested in a good agreement with the predicted results. The designed tags have also been tested
under various circumstances successfully.

INDEX TERMS Chipless, eight state, monopole antenna, RFID tag, triple-mode resonator.

I. INTRODUCTION
In recent years, the utilization of radio frequency iden-
tification (RFID) tags for item tracking applications has
dramatically increased. Although they could still not replace
the barcodes, they are expected to increase their popularity
in the following years due to their advantages such as
longer reading distance and line of sight. There are two
types of RFID tags: Chipped and chipless tags. The chipped
RFID tags can achieve the encoding process by virtue of
the identification number of the chip. In contrast, chipless
RFID tags generate different identification numbers or codes
depending on the circuit topology. Therefore, developing new
chipless RFID circuits that allow a high number of codes
within a compact size is crucial.

Chipless RFID tags are examined under three main
headlines as time-domain reflectometry, amplitude/phase
backscatter modulation, and spectral signature. Time-domain
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reflectometry based chipless RFID tags especially use surface
acoustic wave resonators and data encoding process is
performed by partial reflections from the tag [1], [2], [3],
[4], [5], [6]. The second type is amplitude/phase backscatter
modulation based chipless RFID tags that can achieve data
encoding process through the amplitude or phase of the
backscattered signal [7], [8], [9], [10], [11], [12]. Although
they can be produced cost-effectively and allow for long
reading distances, they especially suffer from the bit capacity.
Therefore, they are not as preferable as spectral signature
based chipless RFID tags in industrial fields that require
a high item tracking capacity. Spectral signature based
chipless RFID tags encode data depending on their frequency
responses. These tags receive the interrogation signal from
reader, and the signal is backscattered after the encoding
process. The encoding is performed by a multi-resonant
circuit on the tag.

Spectral signature based chipless RFID tags behave as
transceivers since they both receive and transmit signals.
They can be categorized into two types: With and without
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antennas. Tags without antennas act like a scatterer, and
their coding process is performed through Radar Cross
Section (RCS) results. Such tags can be constructed using
open loop resonators [13], [14], [15], [16], [17], [18] and
slots [19], [20], [21], [22], [23], [24]. The resonator types
discussed in these studies produce a single resonance, which
means only 2 codes can be produced for the tag [19], [20],
[21], [22], [23], [24]. In order to increase the number of
codes, a frequency shifting technique is employed [16],
[17], [18]. However, this process relatively occupies a high
frequency range. On the other hand, tags with antennas can
either integrate the antenna with the multi-resonant circuit
[25], [26], [27], [28], [29], [30], [31] or two monopole
antennas in vertical/horizontal polarizations for receiving
or transmitting processes [32], [33], [34], [35]. Tags with
integrated antennas can be designed as a single part, which
includes the monopole antennas and the multi-resonator
circuit. These tags are advantageous due to their compact
circuit size and low cost. The coding process is carried
out over the transmission coefficient, S21, between the
transmitter and receiver antennas of the reader. While both
phase and amplitude variations of the transmission coefficient
at resonant frequencies can be used for encoding [36],
the presence of resonant frequencies is more favored for
encoding, as the bits can be detected more easily. From this
view of point, multi-resonator circuits have a significant place
for the tags integrated with antennas since they determine
the coding variety within a compact circuit size. Therefore,
there is a need to develop new resonator configurations for
chipless RFID tags to achieve high code density and further
miniaturization of the tag size. The resonator configurations
coupled to a straight feeding line that connects receiver and
transmitter monopole antennas determine the bit capacity.
For example, a single open loop resonator can produce two
states, allowing for 2N frequency codes using N open loop
resonators [35]. To date, such resonators have been studied
by various researchers especially in spiral structures for size
reduction [25], [26]. In order to increase the number of states,
dual-mode resonators have been used to obtain two resonant
frequencies from a single resonator. Thus, three and four
states have been observed depending on the placement of
the resonator [30], [31], [32], [33]. In addition to dual-mode
resonators, triple-mode resonators that exhibit 5 states have
also been introduced for chipless RFID tags to achieve more
states [37]. Although more than 5 states can be obtained in
[16] and [18], the encoding process is realized through phase
deviation and frequency adjustments. Therefore, these tags
can be developed to provide much more frequency codes by
using multi-mode resonators. To the best of our knowledge,
no one has achievedmore than 5 states from a single resonator
to date.

In this paper, a novel triple-mode resonator constructed
by loading stepped impedance stubs is introduced. The
proposed resonator enables the switching and control of all
the resonant frequencies. Hence, each resonant frequency
can be independently cancelled. Based on the proposed

resonator, three resonant frequencies are considered as
three bits, and totally eight states can be achieved from
a single resonator. Thus, in case of using N triple-mode
resonators, 8N different frequency codes can be observed. For
demonstration purposes, a multi-resonator circuit consisting
of five triple-mode resonators coupled to the transmission
line connecting the input and output ports is designed. Two
conventional monopole antennas as receiver and transmitter
instead of input and output ports are used for constructing
a complete chipless RFID tag architecture. The designed
tags exhibit 15 resonant frequencies within the 2-4 GHz
frequency range. Two chipless RFID tags having different
frequency codes have been manufactured and successfully
tested.

This paper is organized as follows. Analytical expressions
for an asymmetrically coupled single triple-mode resonator
are introduced in Section II. This section also discusses the-
oretical frequency responses and coding process. Section III
describes the construction of the proposed eight state chipless
RFID tags. Additionally, this section investigates the conven-
tional monopole antenna and provides simulated frequency
responses of the multi-resonator circuit. Experimental studies
and significance of the proposed tags are discussed in
Section IV.

II. EIGHT STATE TRIPLE-MODE RESONATORS
As described previously, multi-resonator circuits based
chipless RFID tags can encode signals due to the existence
of resonant frequencies. Since these circuits behave like
bandstop filters, the resonant frequencies are also the
transmission zeros. Hence, a bit of logical ’0’ can be
represented by a transmission zero, whereas a logical ’1’ can
be represented by cancelling the zero. In order to design a
multi-resonator circuit, the proposed triple-mode resonator is
firstly characterized by using the asymmetrical coupled line
theory, as introduced in [38].

FIGURE 1. Equivalent circuit model of the single triple-mode resonator
coupled to input and output ports.

A. ANALYSIS OF COUPLED TRIPLE-MODE RESONATOR
The equivalent circuit model of the proposed triple-mode
resonator, coupled to a straight transmission line between

107430 VOLUME 11, 2023



E. Dogan et al.: Novel Chipless RFID Tags Using Eight State Triple-Mode Resonators

input and output ports, is depicted in Fig. 1. The straight trans-
mission line can also be referred to as the feeding line since
it feeds the resonator. For a comprehensive analysis, the cou-
pled section between the resonator arm and the feeding line is
considered as asymmetrical so as to have unequal line widths.
As can be seen from the figure, the proposed resonator is
constructed using stepped impedance open-circuited stubs
and located horizontally for appropriate couplingmechanism.
Therefore, the equivalent circuit model has also asymmetry
and the analysis can be performed by calculating the input
impedance as,

Zin = Z04
ZT + jZ04tan(θin)
Z04 + jZT tan(θin)

(1)

where, Z04 and θin are the characteristic impedance and
electrical length of the transmission line at the input,
respectively. Also, ZT is the load impedance at the first
port of the coupled section. This can be found by asym-
metrical coupled line analysis [38], [39]. The current
and voltage expressions of a four-port network can be
written as,

V1 = I1Z11 + I2Z12 + I3Z13 + I4Z14 (2a)

V2 = I1Z21 + I2Z22 + I3Z23 + I4Z24 (2b)

V3 = I1Z31 + I2Z32 + I3Z33 + I4Z34 (2c)

V4 = I1Z41 + I2Z42 + I3Z43 + I4Z44 (2d)

The impedance matrix elements of the four port asymmet-
rical network can be calculated using the following set of
equations [38].

Z11 = Z44 =
Zc1 coth (jθc)
1 − Rc/Rπ

+
Zπ1 coth (jθπ )

1 − Rπ/Rc
(3a)

Z12 = Z21 =
Zc1Rccoth(jθc)
1 − Rc/Rπ

+
Zπ1Rπcoth(jθπ )

1 − Rπ/Rc
(3b)

Z13=Z31=
Zc1Rc

(1−Rc/Rπ ) sinh (jθc)
+

Zπ1Rπ

(1−Rπ/Rc) sinh (jθπ )

(3c)

Z14=Z41=
Zc1

(1−Rc/Rπ ) sinh (jθc)
+

Zπ1

(1−Rπ/Rc) sinh (jθπ )

(3d)

Z22 = Z33 = −
RcZc2 coth (jθc)
Rπ (1 − Rc/Rπ )

−
RπZπ2 coth (jθπ )

Rc(1 − Rπ/Rc)
(3e)

Z23=Z32=
R2cZc1

(1−Rc/Rπ ) sinh (jθc)
+

R2πZπ1

(1−Rπ/Rc) sinh (jθπ )

(3f)

In (3a)-(3f), θc and θπ represent the electrical lengths for the
c- and π - mode equivalent circuits, respectively. Rc and Rπ

are the voltage ratios on the asymmetrical transmission lines
to be used for calculating the characteristic impedances of the
c- and π - modes.

As shown in Fig. 1, the input voltages of the four-port
network are V2 = −I2Zi2, V3 = −I3Zi3, and V4 = −I4Zi4.
Using these conditions in (2), the voltage-current relation at
the first port of the coupled section can be expressed with the
following set of equations.

ZT =
V1
I1

= Z11 + NZ12 +MZ13 +
LZ14
K

(4)

K = 1 −
Z24Z42
AC

−
(AZ43 + Z32Z42)2

ACD
(5a)

L =
Z41A+ Z42Z21

AC
+

(AZ42 + Z21Z32)(Z31Z23 + AZ43)
ACD

(5b)

M =
Z31A+ Z21Z32

D
+
LZ34A+ LZ32Z24

KD
(5c)

N =
Z21
A

+M
Z23
A

+
LZ24
KA

(5d)

where, A, B, C and D can be simplified as,

A = −(Zi2 + Z22) (6a)

B = −(Zi3 + Z33) (6b)

C = −(Zi4 + Z44) (6c)

D = AB− Z2
23. (6d)

Here, Zi2 is the input impedance seen from the second port of
the coupled section and can be expressed as,

Zi2 = Z02
Zi2L + jZ02tan(θ2)
Z02 + jZi2L tan(θ2)

(7)

where Zi2L is the equivalent impedance of the Zil, Ziu and Zir
as shown in Fig. 1 and can be calculated from the following
equations.

Zi2L = Zil//Ziu//Zir (8a)

Zil = Z02
ZL21 + jZ02tan(θ21)
Z02 + jZL21tan(θ21)

(8b)

Ziu = −jZ02cot(θ22) (8c)

Zir = Z02
ZL23 + jZ02tan(θ23)
Z02 + jZL23tan(θ23)

(8d)

where ZL21 and ZL23 represent the open-ended patch lines
with electrical length of θp located at the end of the stubs.
These stubs generate the first and third resonant frequencies
of the resonator. As can be seen from Fig. 1, these impedances
are equal to each other and can be expressed as,

ZL21 = ZL23 = −jZ0pcot(θp). (9)

In (6), Zi3 and Zi4 are the input impedances seen from the
third and fourth ports of the coupled section shown in Fig. 1.

Zi3 = −jZ03 cot (θ3) (10a)

Zi4 = Z04
Z0 + jZ04tan(θ4)
Z04 + jZ0tan(θ4)

(10b)

where Z0 = 50 � is the characteristic impedance of the
output port. In (8), the electrical lengths of θ21, θ22 and θ23
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may be represented by βd21, βd22, and βd23, where d21, d22
and d23 are the physical lengths of the related transmission
lines. Three resonant frequencies can be obtained bymeans of
these electrical lengths. Hence, it is possible to achieve three
resonant frequencies in the presence of these transmission
lines.

B. CODING PROCESS AND LAYOUT CONSTRUCTION
In order to encode the signal, the transmission coefficient of
the two-port circuit needs to be investigated. Transmission
zeros correspond to the ‘0’ bit, whereas transmission at a
specified frequency or frequency band is represented by
logical ‘1’. Therefore, the locations of the transmission zeros
determine the encoding process. In other words, transmission
zeros can also be referred to as bit or resonant frequencies.
As is well known, the reflection and transmission coefficients
can be found by using (1) [40],

S11 =
Zin − Z0
Zin + Z0

(11a)

|S21| =

√
1 − (|S11|)2 (11b)

FIGURE 2. Layout of the proposed coupled triple-mode resonator.

Based on the equivalent circuit model given in
Fig. 1, a triple-mode resonator asymmetrically coupled to
input/output ports can be constructed, as shown in Fig. 2.
In order to find the dimensions, the bit frequencies are firstly
decided and then normalized with respect to the middle bit
frequency. For example, in order to obtain bit frequencies at
2.73, 2.85 and 2.96 GHz, the normalized bit frequencies are
calculated as 0.96, 1 and 1.04. After that, the wavelengths
for each transmission line can be determined by seeking
the normalized bit frequencies. Thus, the physical lengths in
wavelength can be theoretically obtained as d2 = 0.052λm,
d21 = 0.165λm, d22 = 0.243λm, d23 = 0.143λm, d3 =

0.052λm, d4 = 0.065λm, dc = 0.147λm, din = 0.085λm
and p = 0.040λm, where λm is the wavelength at the middle
bit frequency of 2.85 GHz. The characteristic impedances
shown in Fig. 1 are Zc1 = 43.595, Zπ1 = 85.956, Zc2 =

59.133 and Zπ2 = 116.591. The effects of d21, d22, and
d23 on the normalized frequency responses are depicted in
Figs. 3a, 3b, and 3c, respectively. The first bit frequency
can be shifted to lower frequencies by increasing d21,

as shown in Fig. 3a. It should be noted that the second
bit frequency is slightly affected by d21, whereas the third
one remains relatively unchanged. It is clear that the second
bit frequency is mainly affected by d22, while the first
and third bit frequencies are only slightly affected by it,
as shown in Fig. 3b.

FIGURE 3. Adjustments of the bit frequencies with respect to the changes
in a) d21, b) d22 and c) d23.

However, the third bit frequency can be independently
controlled by changing d23 as shown in Fig. 3c. Thus,
the third bit frequency affected by d22 can be shifted to
the desired frequency by readjusting d23. The first bit
frequency can be kept fixed with respect to the changes
in d23. Accordingly, different frequency codes can be
generated by eliminating the related bit. Since there are
three independently controllable/switchable bits, totally
23 = 8 states can be achieved from a single
resonator.

The physical lengths can be found by calculating the
wavelength at the middle bit frequency as,

λm =
c

fm
√

εeff
(12)
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FIGURE 4. Proposed triple-mode resonator a) simulated and theoretical
frequency responses. Frequency response representing different states of,
b) 000 001, 011, and 110, c) 010, 100, 101, and 111.

where c is the speed of light, fm is the middle bit frequency,
and εeff is the effective dielectric constant of the related
transmission line. Rogers RT5870 substrate with a dielectric
constant of 2.33 and a thickness of 0.79 mm is used. Thus,
all dimensions can be found as d2 = 4.00, d21 = 12.75,
d22 = 18.80, d23 = 11.05, d3 = 4.00, d4 = 4.90,
dc = 11.30, din = 6.40, and p = 2.95 mm. The frequency
responses obtained from the theoretical analysis and the
Full-Wave Electromagnetic Simulator (Sonnet) are shown in
Fig. 4a. It should be noted that d21, d22, and d23 are bended
to achieve a compact circuit size and the discontinuities
are neglected in the mathematical equivalent circuit model.
Therefore, after determining the dimensions theoretically,
minor optimizations may be necessary for achieving better
insertion loss levels at the desired bit frequencies. After
the optimizations, the final dimensions shown in Fig. 2a
can be extracted as d2 = 4.00, d21 = 12.40, d22 =

19.10, d23 = 10.95, d3 = 4.00, d4 = 4.90, dc =

11.30, din = 6.40, and p = 2.95 mm. Furthermore, the
simulated frequency codes for 8 different states are illustrated

in Figs. 4b and 4c. It is clear that all states can be achieved
by eliminating the stubs, d21, d22, or d23. When all of
the stubs are included in the triple-mode resonator, three
resonant frequencies can be observed. In other words, each
stub can produce a single resonant frequency. Therefore, one
can obtain one or two resonant frequencies by using just
one or two of these stubs. In the absence of the stubs, the
length of the remaining resonator will be shorter, meaning
the resonant frequency will occur at higher frequencies than
the desired frequency range. It means that no bit will be
observed within the interested frequency range. By using the
proposed approach, a single triple-mode resonator can meet
the requirement of three open loop resonators of different
lengths for three resonant frequencies. Hence, more compact
multi-resonator circuits can be realized using proposed
resonators.

III. DESIGN OF CHIPLESS RFID TAG
A multi-resonator based chipless RFID tag consists of two
parts including a multi-resonator circuit exhibiting multiple
bits and vertically/horizontally polarized monopole antennas.
The multi-resonator circuit determines the frequency codes
within a specified frequency band. The frequency band must
also be matched with the frequency bands of the monopole
antennas. Here, a frequency band between 1.8 and 4 GHz
is targeted for the multi-resonator circuit and the monopole
antennas.

FIGURE 5. Layout of the proposed multi-resonator circuit.

A. DESIGN OF MULTI-RESONATOR CIRCUIT
The proposed multi-resonator circuit consisted of five triple-
mode resonators is depicted in Fig. 5. In order to reduce
the circuit size and complexity, open stubs with single
characteristic impedance are preferred. In order to minimize
the inter-resonator coupling, the gaps between the resonators
are chosen 1.6 mm corresponding to 2×h (twice the dielectric
thickness)

However, it is also possible to use stepped impedance open
stubs for each resonator. Since each triple-mode resonator
exhibits three resonant frequencies, the proposed circuit has
a total of fifteen resonant frequencies. This means that 85
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TABLE 1. Dimensions of the proposed multi-resonator circuit with five
resonators. (all dimensions in mm).

different frequency codes can be obtained. The dimensions
of the resonators are determined to target the frequency band
between 1.8 and 4 GHz. For this purpose, the theoretical
and simulation approaches for a single resonator described
in the previous section are considered. Thus, five resonators
having almost equal frequency intervals are designed. The
designed resonators are then coupled to a bended feeding
line. The bended feeding line not only achieves compactness,
but also allows for placement of two monopole antennas
perpendicular to each other simply. Once the final geomet-
rical configuration is decided, the final dimensions should be
determined by optimizing the circuit. The optimizations were
carried out using a Full-Wave Electromagnetic Simulator,
Sonnet. All dimensions in Fig. 5 are given in Table 1. The
coupling gap between the resonators and the feeding line is
chosen as 0.15 mm. Frequency responses for four different
frequency codes are represented in Fig. 6a. As can be seen
from the figure, there are totally 15 bits which can be easily
observed. The first three bits in the frequency response are
produced by the resonator #1, where the last three bits are
generated by the resonator #5. Hence, the bits and resonator
numbers are arranged consecutively.Moreover, codes ‘‘001’’,
‘‘010’’ and ‘‘100’’ can be achieved by removing the stubs
having lengths of ‘‘di’’, ‘‘du’’ and ‘‘do’’ from each resonator,
respectively.

Since the main resonant frequency of the resonator #1
is produced by a half wavelength open loop resonator, the
second resonance occurs at about 2f0. A security band
about 3% of 2f0 should be allocated between the highest
bit frequency and 2f0 to observe the last bit more clearly.
Hence, this situation imposes a frequency limitation for the
tag. On the other hand, the frequency intervals between the
consecutive bits vary between 110 and 140 MHz, so that
two more resonators can be added under current conditions.
In the simulated response shown in Fig. 6a, the resonance
frequencies are 1.98, 2.1, 2.22, 2.34, 2.46, 2.57, 2.71, 2.84,
2.95, 3.08, 3.2, 3.32, 3.43, 3.55, 3.68 GHz. It is also

FIGURE 6. Frequency responses of the multiresonator circuit having
(a) 15 bits, (b) 30 bits.

possible to increase the number of resonators up to 10 by
adjusting the frequency intervals between the bits to about
minimum 50 MHz and maximum 140 MHz. To achieve this,
an increase in the coupling strength between the resonators
and the feeding line is required. The coupling strength can be
enhanced by reducing the coupling gap up to about 100µmor
by designing an aperture coupling structure. Fig. 6b illustrates
the frequency response of the circuit with a reduced frequency
interval. Thus, a more refined fabrication capability or an
additional fabrication process is necessary to enhance the
coding capacity.

B. MONOPOLE ANTENNA AND CHIPLESS RFID TAG
As mentioned previously, a multi-resonator based chipless
RFID tag requires two monopole wideband antennas for
receiving the interrogation signal and backscattering. For this
purpose, a conventional monopole antenna constructed with
a circular patch with a slotted ground plane is used as shown
in Fig. 7a [41], [42]. The operating frequencies of the antenna
are adjusted by simulations in CST Microwave Studio 2020.
The dimensions of the antenna are adjusted to obtain a
reflection coefficient lower than -10 dB. In this context, the
realized gain is also taken into account within 2-4 GHz which
covers the frequencies of the designedmulti-resonator circuit.
The maximum gain within the mentioned frequency band
varies between 2.45 and 4.31 dBi. The simulated reflection
coefficient and realized gain are illustrated in Fig. 7b. The
dimensions of the proposed wideband monopole antenna are
given in Table 2.

The proposed chipless RFID tag is formed by combining a
multi-resonator circuit with monopole antennas, as depicted
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FIGURE 7. a) A monopole wideband antenna for transmitting and
receiving parts of the chipless RFID tag, b) simulated frequency responses
for reflection coefficient and realized peak gain.

TABLE 2. Dimensions of the monopole antenna.

in Fig. 8. It should be noted that the monopole antennas are
directly integrated into the multi-resonator circuit instead of
input and output ports.

FIGURE 8. Top and bottom views of the chipless RFID tag.

IV. EXPERIMENTAL STUDIES
For demonstration purposes, two chipless RFID tags with
different frequency codes have been fabricated and tested.

FIGURE 9. Photographs of the fabricated tags for the codes
a) 000000000000000, and b) 010101010101010. c) Measurement setup.

Photographs of the fabricated tags are shown in Figs. 9a
and 9b. As can be seen from Fig. 9b, the stubs are separated
from the resonators by means of very small gaps. Conse-
quently, to obtain different frequency code, it is possible to
remove a stub from the resonator manually, for instance,
using a utility knife. Thus, one can attain any frequency code
by removing the related stubs depending on the desired code
from a tag equipped with all the stubs. A Vector Network
Analyzer of Keysight PNAN5222A has been used tomeasure
the transmission coefficients of the tags. Measurements
have been realized in a hand-made anechoic chamber.
In order to transmit the interrogation signal and receive the
backscattered signal, two RF Spin-DRH20E horn antennas
have been connected to the Network Analyzer. A sample
photo of the test environment is illustrated in Fig. 9c. The
electrical lengths of the tags designed with and without
monopole antennas are 0.82 × 0.63λ2g and 0.42 × 0.27λ2g,
respectively, where λg is the guided wavelength at the first bit
frequency.

The measured results of the designed tags are compared
with the simulated ones in Fig 10. Fig. 10a illustrates the
comparisons for the frequency code ‘‘000000000000000’’.
As can be seen from the figure, the measured and simulated
results exhibit an excellent agreement in terms of locations
of the resonant frequencies. The measured bit frequencies
are observed at 1.96, 2.07, 2.21, 2.33, 2.46, 2.57, 2.72, 2.84,
2.96, 3.08, 3.20, 3.31, 3.42, 3.55, 3.68 GHz. Additionally,
for the frequency code ‘‘010101010101010’’, the measured
and simulated results are compared in Fig. 10b with an
excellent agreement. It should be noted that there are seven
bits at 1.96, 2.21, 2.45, 2.70, 2.96, 3.21, 3.42, 3.66 GHz
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FIGURE 10. Simulated and measured results for the codes a)
000000000000000, b) 010101010101010, c) measured results at different
reader distance.

which are the same as the tag having the frequency
code ‘‘000000000000000’’. Therefore, the proposed chipless
RFID tags may be suitable for item tracking applications
because of the excellent agreement between the measured
and predicted results. Differences in magnitude between
the measured and simulated responses likely arise from the
simulation environment since the horn antennas on the reader
side and various environmental conditions were not taken
into account. The differences are negligible, especially when
considering tag performance in terms of the locations of the
resonant frequencies. Measurements have also been realized
at various tag-reader distances and from the back side of
the tag, as depicted in Fig. 10c. As can be seen from the
figure, magnitude of the transmission coefficient decreases
as the tag moves further away from the reader. It should
also be noted that the designed tags operate flawlessly with
current monopole antennas when the tag-reader distance is
10 cm. However, disruptions in the measured results can be
observed at 25 cm, attributable to environmental factors and
antenna performance. The operating distance can be extended
by utilizing monopole antennas having better performance.
On the other hand, positioning the antennas on both the
reader and the tag so that the antennas with the same

polarization face each other introduces an angular limitation.
Nevertheless, if this angle is maintained, the readability
of the frequency code remains, as shown in Figure 10c,
even if the back side of the tag is rotated. However, this
paper primarily focuses on the observation of a high number
of frequency codes based on newly introduced triple-mode
resonators.

FIGURE 11. Measurements of the proposed tag when attached to a
plastic (a) photographs of the measurement setup, (b) measured result
for the flat position, (c) measured result for the curved position.

In order to demonstrate the stability of the designed
tags, measurements have also been performed under various
conditions. The tag has been firstly placed on both flat
and curved plastic surfaces, as shown in Fig. 11a. Here,
the tag with a frequency code consisting entirely of 0s
has been examined. The measured responses under these
circumstances are depicted in Figs. 11b and 11c, where
all bit frequencies can be clearly observed. Moreover, the
proposed tag has been tested when attached to a water
bottle, wood, and a metallic surface insulated with styrofoam.
The styrofoam has been used to prevent the effect of the
metal surface. The test environments for these scenarios
are illustrated in Fig. 12a and the corresponding measured
responses are shown in Figs. 12b, and 12c, and 12d.
Although almost all bits can be clearly observed, some of
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FIGURE 12. Measurements of the proposed tag when attached to
different objects (a) photographs of the measurement medium, Measured
results for (b) water bottle with curved form, (c) wood with flat form, (d)
metallic + styrofoam with straight form.

them suffer from magnitude issues. In order to enhance bit
distinguishability, one can consider reference and reference
tag measurements as recommended in [43] and [44]. For the
reference measurement, no object is placed in front of the
horn antennas and the measurement is conducted by only two
horn antennas. Then the difference between the responses
with and without the tag can be analyzed. This approach is
more useful when the tag is in straight position. Reference
tag measurements can also improve bit observation. For this
purpose, measurement of a tag with no resonators is firstly
realized like a calibration. The frequency code in this position
will be 1 for all bits. Subsequently, the tag to be measured
is replaced instead of the reference tag. By subtracting the

results of two measurements, the data can be processed more
effectively. During these measurements, time gating should
be applied for preventing multiple reflections. Consequently,
the designed chipless RFID tags can find many application
areas in industry due to their versatile performance capability
under various circumstances.

The frequency band in this work has been chosen
depending on our fabrication capabilities. Since it overlaps
with several communication systems, the current frequency
band may be subject to permission due to the regulations on
frequency allocations. In this case, one can simply change
the frequency band using the mathematical model presented
here, and then perform new simulations for the changed
frequencies. The design of the tags can be improved in
areas such as circuit size, number of resonances, polarization
constraints and alignment. In this context, we suggest that
researchers consider developing more compact triple mode
resonators and monopole antennas. It might be beneficial to
use monopole or horn antennas with higher gain and wider
beamwidth, thereby potentially reducing issues related to
polarization sensitivity andmisalignment. Furthermore, a sig-
nificant limitation for the chipless RFID tags having multi-
resonator circuits is the restricted frequency range because
of the harmonics of the fundamental resonant frequency.
For future work, the fundamental resonant frequencies of
the triple-mode resonators can be used after accounting for
the resonances introduced by the stubs. Thus, much more
resonators can be used to increase the number of resonances.

The proposed chipless RFID tags are compared with
similar works in the literature, as given in Table 3.
An asymmetrical triple-mode resonator providing eight states
is firstly introduced in this work. Since three bits can be easily
obtained from a single resonator, there is no need to use three
different single-mode resonators. Thus, circuit complexity
can be reduced by using less number of resonators. The
designed tag offers better bit density and coding variations as
compared to the multi-resonator based chipless RFID tags in
the literature, with the exception of [25]. Also, the proposed
tag exhibits better spectral efficiency performance than other
works in the literature except for [17] and [25]. Although the
spectral efficiency in [17] is better, its bit density in λg and
coding variation is quite weak. The bit density and spectral
efficiency of the proposed chipless RFID tag are very close
to those of [25]. The resonators in [25] are conventional
open-loop resonators, so that only one bit and two states can
be obtained by a single resonator In contrast, the proposed
triple-mode resonator model provides three bits and eight
states. Therefore, the proposed tags offer a simpler approach
to achieve multiple bits with fewer resonators. For example,
while 35 resonators were used to achieve 35-bit frequencies
in [25], the same number of bits can be achieved with just
12 resonators in this work. In other words, in order to reach 85

frequency codes, only 5 resonators are sufficient in this work,
whereas 15 resonators would be required using the coding
technique in [25]. A high number of resonatorsmight not only
lead to bit observation issues due to the resonator couplings
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TABLE 3. State of art.

but also result in a larger tag size. Thus, the proposed work
presents an easier approach to control the couplings between
the resonators.

V. CONCLUSION
A novel asymmetrical triple-mode resonator for use in the
multi-resonator section of chipless RFID tags has been
introduced. Depending on the coupling topology of the
proposed resonator, eight states can be obtained. Thus, 8N

frequency codes can be achieved by using N triple-mode
resonators of different electrical lengths. Five asymmetrical
triple-mode resonators operating between 2 and 4 GHz
have been designed. They have been coupled to a straight
feeding line between the input and output ports to create the
multi-resonator circuit. A chipless RFID tag has also been
designed by locating two conventional monopole antennas in
place of input and output ports. For demonstration purpose,
two chipless RFID tags having different frequency codes
have been fabricated and tested. The measured results under

various test circumstances for both tags have been observed
in a very good agreement with the predicted results. This
confirms that the proposed tags can be effectively used in
both flat and curved configurations on different industrial
materials.

Eight state triple-mode resonators are firstly introduced
in this paper. They offer a very simple approach to
design chipless RFID tags having high number of bits. For
straightforward code changes, the tags having all stubs can
be used. To achieve a specific code, one simply needs to
remove the corresponding stub, a process that can easily be
carried out with a utility knife. If necessary, reconnection can
be managed by soldering the removed stub back in place
or using conductive adhesive tape. However, for optimal
performance, it is advisable to design the tag with the desired
frequency code from the outset. As a future work, a simple
and reliable technique for changing the frequency code can be
suggested. Such a technique will make the proposed chipless
RFID tags more preferred for the industrial applications.
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The performance of these tags can be further enhanced by
integrating novel monopole antennas.
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