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ABSTRACT This paper presents a new, compact, high-coding-capacity resonator suitable for applications
in chipless RFID tags. These tags consist of multiple resonators and two cross-polarized ultra-wide
band antennas. Each resonator contains a U-shaped coupled microstrip frame with isolated (K-1) legs
inside. One of the legs is designed to be connected to the U-frame via a metallic strip in order to
adjust its resonance frequency. Using this feature, the frequency of each resonator can be reconfigured
to be equal to one of the K-resonance frequencies. Therefore, each resonance presents one of the K-
states of the resonator. This allows each resonator to represent more than one bit of information; this
arrangement also permits N resonators tags to provide KN codes. The structure can store large vol-
umes of data in a small area and can simplify the detection process by only reading N resonance
frequencies for each code. When N resonator tags are used in the proposed structure, the amount of
data that can be encoded increases to 2102K/1022N compared to 2V in the case of conventional one-bit
resonator (2-states) tags. An additional arrangement is also proposed and investigated in order to improve
the spectral efficiency by allowing the bandwidth of each single resonator to be shared between two
resonators. Several tags for codes with K = 8 are designed and implemented on the RT Duroid 5880 substrate
as a proof-of-concept. An 8-state of the proposed resonator can be implemented in an area that is almost
the same size as the area of a conventional 2-state resonator operating at 5 GHz. A satisfactory agreement
between the empirical and simulated results is then confirmed.

INDEX TERMS K-state resonator, high coding capacity, chipless RFID, ultra-wideband antenna (UWB),
Internet of Things (IoT).

I. INTRODUCTION

Radio frequency identification (RFID) technologies are being
considered as replacements for barcodes due to the serious
limitations of the latter, including a low capacity, an inade-
quate detection range, and line of sight requirements. RFID
systems use radio frequency waves for object identification.
They are found in various applications, including item track-
ing, industrial robotics, wireless sensors (internet of things),
smart cards, etc. [1], [2]. Conventional RFID tags utilize
integrated circuit (IC) chips that limit the applicability of
RFID tags due to their prohibitive costs. Chipless RFID tags
have been recently proposed to reduce the cost of the tags by
removing the expensive IC chip, and thus producing tags with
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fully printable structures. However, chipless RFID tags are
limited by their sizes and data capacities. These parameters
are still not competitive compared to the small sizes and high
memory storage capacities of silicon ICs.

In recent years, several approaches have been suggested
to alleviate the aforementioned limitations. Two primary
methods are commonly used in data encoding for chip-
less RFID tags — the time-domain system and the spec-
tral signature system (or frequency domain-based system).
In time-domain-based tags [3]-[5], the reader broadcasts
short pulses and receives the echoes from the tags with
specific time delays corresponding to the tag information.
Although time-domain tags have smaller response times com-
pared to frequency-domain tags, their bit encoding capa-
bilities are limited for practical implementation because
of the requirements of large delay lines or very narrow
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pulses. Therefore, most of the research on how to reduce
the size and increase the data capacity of chipless RFID
tags is based on the frequency-domain approach. In this
case, encoding is performed using resonant elements
adjusted to specific frequencies within the system’s operating
bandwidth.

The presence or absence of resonance corresponds to
the values 1 or O in the logic, respectively. In the
frequency-domain chipless RFID technique [6]-[9], the
reader transmits the RF signals within the tags’ spectrums
of operation and receives the retransmitted or backscattered
signals from the tags. The tags are then divided into two
categories based on the response received — the backscat-
tered type [10]-[19] and the retransmission type [20]-[23].
In backscattering-based tags, separate antennas are not
required for transmitting the interrogatory signal or receiving
the backscattered response. This technique has the advan-
tages of a small tag size and an easier readability. How-
ever, the number of available bits is limited and adding
more bits introduces coupling, thereby affecting the reso-
nance frequencies of other units. More extensive calibra-
tion may be required to overcome this limitation [24]—[26].
A retransmission-based chipless RFID tag consists of two
cross-polarized antennas and a sequence of resonators where
the information is stored [22], [27]. This technique exhibits
a more stable performance because the use of two orthog-
onally polarized antennas significantly reduces the interfer-
ence between the transmitted and received waves. Moreover,
the tag capacity can be increased by simply adding more
resonators to the structure and the resultant mutual coupling
can be reduced by adjusting the distance between the res-
onators [28]-[30]. Several chipless RFID tags have been
developed based on two-state (1 bit) resonators [31]-[37].
The authors of [38], [39] presented spiral resonators to encode
the data into a spectral signature. They began with six spi-
ral resonators to encode 6 bits and progressed to encoding
35 bits using 35 resonators in the range of 3-7 GHz. Two
orthogonal monopole antennas were then used to receive and
retransmit the interrogatory signals with a small amount of
mutual coupling between them. Other 1 bit resonators, such
as open stub [31], open loop [33], L-shaped [36], and the com-
plementary split ring resonator [37] have been investigated
for chipless RFID applications. An improved structure was
proposed in [40], [41] that combines a spiral and T-shaped
coupled line in a compact form. Each resonator in these
configurations is represented by only one bit. Hence, an n-
bit tag requires n resonators and produces 2" codes.

In frequency-based tags, the number of available bits
is given by the number of resonators. To improve the bit
capacity without increasing the number of resonators two
approaches have been suggested — multi-state-resonator
chipless RFID tags [30], [42]-[44] and hybrid-domain-based
chipless RFID tags [45]-[48]. In hybrid chipless RFID
tags, the multi-domain technique is used to increase the
capacity of each resonator to more than one bit. How-
ever, the hybrid domain is still required for a high spectral
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bandwidth and the configuration is not suitable for low-cost
applications [49]. In multi-state-resonator tags each resonator
can have more than two states. In [50], [51], the authors
proposed multi-mode stepped impedance resonators and dis-
cussed their application in chipless RFID tags. Two sets of
transmission lines were used to realize the multi-mode res-
onators. The proposed tags used exciter and detector probes
instead of the receiver and transmitter antennas used by con-
ventional tags. However, the tag size was reduced during
the set-up, with the detection area limited to less than a few
millimetres. The performance of chipless RFID tags is not
only defined by its encoding capacity (bits/cm?/GHz) but also
by other parameters as defined in [52], [53], such as; spectral
capacity (bits/GHz), spatial density (bits/cm?), spatial density
at the centre frequency (bits/A%), encoding capacity at the
centre frequency (bits/A2/GHz), and the overall size (mm?).
Table 1 shows the performance comparison for previously
published tags in the frequency domain, backscattered and
retransmission-based techniques. In this table, two of the
proposed structures exhibit a high performance in relation to
the retransmitted-based chipless RFID transponders and are
thus included.

In this paper, a new K-state resonator is proposed for
compact high-coding-capacity chipless RFID tags. This tag
is comprised of N resonators and each resonator is equipped
with (K-1) arms. Each resonator can be tuned to present one
of the K possible resonance frequencies. Therefore, the tag
can be reconfigured to produce KN codes and KxN possible
resonance frequencies. The chipless RFID reader only needs
to read N frequencies for each code. The difference between
each two adjacent resonance frequencies is approximately
100 MHz. Therefore, a large bandwidth is required for each
resonator and a limited data capacity is expected from a
tag within a given bandwidth [54]. This drawback can be
alleviated by decreasing the difference between the adjacent
resonance frequencies and allowing each two resonators to
share the same frequency band. Three different configura-
tions with K = 8 are designed and then investigated as
proofs-of-concept. The first configuration consists of four
resonators operating in the range of 4.4 GHz to approximately
8 GHz. The second configuration is proposed to increase
the coding density and to reduce the required bandwidth.
The third configuration consists of 6 resonators arranged
specifically to increase the spectral efficiency. These con-
figurations are then designed, fabricated, and evaluated. The
proposed configurations are designed and fabricated on the
RT Duroid 5880 substrate (¢, = 2.2, tano = 0.0009, and
h = 0.79 mm). The measured results agree well with the
simulated ones. The proposed technique allows for storing
a large amount of data in a compact space in order to reduce
the cost of storage per bit.

The remainder of this paper is organized as follows.
Section 2 introduces and describes the proposed resonator.
The multi-resonator structures for chipless RFID tags are
analysed and discussed in Section 3. Additionally, three
different configurations are designed and experimentally
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TABLE 1. Comparison between the proposed tag and different frequency domain chipless RFID tags.

— R 2
N o £ s
Resonator type 'g, § g % g g %ﬁ é g 'i:: E]:
2| S | 2| 3| ZF|EE| 2:| °
| @ & :
=3
Backscattered-based
Loaded dipoles [16] 1.8-3.6 20 11.11 0.66 81.51 0.37 45.28 55%55
Dipole array [52] 2.2-3.5 20 15.38 0.56 61.47 0.43 47.28 60x60
Log-periodic dipole [55] 2-12 7 0.7 0.09 1.68 0.01 0.17 87.4x87.4
Crossed dipoles [56] 2-5 4 1.33 0.2 14.49 0.07 4.83 45x45
Slotted-1[12] 6-12 18 3 4.08 45.29 0.68 7.55 21x21
Slotted-U [13] 2-4 20 10 0.77 76.82 0.39 38.41 50x52
Slotted-1 [19] 3-7 6 1.5 0.38 13.48 0.1 3.37 40%40
Slotted-L [57] 3-6 8 2.67 2 88.76 0.67 29.59 20%20
Slotted-U [58] 7-12 8 1.6 3.13 31.13 0.63 6.23 16x16
Slotted-delta [59] 3-10 18 2.57 2.11 44.98 0.30 6.43 31.35%27.15
Concentric ring [17] 3-13 4 0.4 2.04 28.65 0.20 2.87 14x14
Loaded ring [48] 3-9 23.7 3.96 2.63 49.97 0.44 8.33 30x30
Nested scatterers [18] 4-7.5 6 1.71 2.67 72.5 0.76 20.71 15x15
C-strips [10] 2-4 20 10 1.14 114.13 0.57 57.07 70%25
C-strips [15] 2-4 20 10 1.10 109.74 0.55 54.87 7026
C-strips [24] 2-5 5 1.67 0.33 25 0.11 8.33 50%30
Inverted-M strips [14] 3-8 20 4 15.15 412.69 3.03 82.54 12x12
Retransmitted-based
Spiral [20] 3-7 35 8.8 0.6 22 0.15 5.5 88%65
Spiral [21] 5-11 23 3.8 0.33 4.67 0.06 0.78 108x64
Spiral [41] 2-3 3 3 0.03 4.35 0.03 435 124x80
Stub [23] 2-4 10 5 0.12 12.1 0.06 6.05 110x75
Open stubs [31] 1.9-2.5 8 3.08 0.17 14.63 0.07 5.63 80%60
Open stubs [32] 4-9 16 3.2 0.24 5.16 0.05 1.03 110x60
Open loop [33] 3-6 8 2.67 0.25 11.11 0.08 3.7 84.84%37.8
L-strips [36] 4.8-10.93 20 3.26 0.92 1333 0.15 2.17 50%43.22
Coupled-line [30] 5-8.2 12 3.75 0.82 16.95 0.26 5.30 55.65%26.25
Coupled-line [44] 5-8 21 7 0.16 343 0.05 1.14 147.4x87.1
Complementary split ring [37] 4-55 6 4 0.09 3.78 0.06 2.52 115%55
The proposed tag (retransmitted-based)
Un equally arms with K=8, and N=6
(Fig. 14) 4.2-83 18 4.39 1.07 24.66 0.30 6.01 54.51%30.92
Same bandwidth shared between two
identical resonators with K=8, and 4.2-8.3 31.26 7.62 1.31 30.06 0.36 7.33 77.34%30.92
N=12 (Fig. 19)
validated. In Section 4, several chipless RFID tags based on Il. DESIGN AND DESCRIPTION
the 8-state resonator are discussed, designed and experimen- As previously mentioned, the cost of a chipless RFID tag is
tally tested. Finally, conclusions are drawn in Section 5. mostly determined by its size. This paper proposes a new
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FIGURE 1. Top view of the proposed K-states microstrip resonator’s
geometry.

structure for resonators to increase the number of avail-
able bits per resonator, thus increasing the data capacity
and decreasing the physical area required. The proposed
tag structure was comprised of N microstrip resonators and
each resonator was equipped with (K-1) elements or arms,
as depicted in Fig. 1. The main advantages of this res-
onator are the higher bit encoding capacity and the smaller
tag size. Each resonator can be adjusted to resonate at one
specific resonance frequency out of the K possible fre-
quencies. Thus, a tag consisting of N resonators provides
KxN possible frequencies with N resonant frequencies cor-
responding to each code. Therefore, the tag can be recon-
figured for KN codes, while the reader merely needs to read
N-frequencies.

In general, for K states/resonators and N resonators,
the amount of data that can be encoded is KN, which is
equivalent in a binary system to 2*, where X is given by x=
N(og k/log 2). Therefore, the amount of data that can be
encoded increases to 2002K/10e2N compared to 2V in the
case of conventional one-bit resonator (2-state) tags.

As an example, if N = 4 and K = 8, the proposed structure
can provide (KN) 4096 codes, while the bi-state resonator
structure can only provide 16 codes using 4 resonators.

For K = 8, each resonator consists of seven arms,
(Eq to E7, as K— 1 = 7). A coupled transmission line placed
very close to the feeder is studied as a proof-of-concept.
Any of the arms can be connected to the coupled line by a
small metallic strip. When connected to the coupled line, E;
to E7 produce corresponding resonance frequencies, denoted
by f1 to f7, respectively. If each element is not connected,
the resonator resonates at frequency fg. Table 2 records the
dimensions of the resonator designed on the RT Duroid
5880 substrate with a dielectric constant of 2.2, a loss tangent
0f 0.0009, and a thickness of 0.78 mm. The structure depicted
in Fig. 1 is simulated using an electromagnetic simulator
either by not connecting any of the arms to the coupled line,
thereby producing a resonance frequency fg, or by connecting
only one of the 7 arms to the coupled line, thereby producing
a resonance frequency from fj to f7.

VOLUME 7, 2019

—e—E1
e E2
—e—E3

E4

e EG
—-o--E7
= b= noE

Insertion loss{dB)

(@

Return loss(dB)

Frequency (GHz)
(b)

FIGURE 2. S21 and S11 responses for the 8-state single resonator
structure (K=8,N=1).

TABLE 2. Dimensions of the proposed tag.

Parameter Description Physical value
(mm)
L Proposed tag length 19.4
/4 Proposed tag width 8.1
L, Spiral resonator length 9.4
W, Spiral resonator width 5.5
W, Element width 1
W, Coupled line width 1
Wy Feeder width 2.4
Gap Gap betw;en thf.: resonaFor and the 02
microstrip feed line
d Separation between two arms of the 03
’ resonator )

The simulated S»; (insertion loss) and Sy (return loss) are
presented in Fig. 2, and the resultant resonant frequencies cor-
responding to each statistic are summarized in Table 3. From
these results, it is evident that there are eight distinct resonant
nulls in the magnitude of the S7; and 8-peaks in Sy, since the
structure represents the stopband filter characteristics. The
dimensions presented in Table 2 are optimized to resonate at
any of the eight resonant frequencies, from fi to fg, as shown
in Table 3.
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TABLE 3. Possible resonant frequencies and their corresponding codes
for a single resonator.

Element
State connected to Identifier Frequency RFID
frame (GHz) Code
1 E; fi 4.42 000
2 E, 5 4.47 001
3 E; f 4.56 010
4 E, f1 4.66 011
5 Es fs 4.79 100
6 Es fs 4.93 101
7 E; 1 5.10 110
8 None fs 5.13 111

TABLE 4. All possible frequencies in GHz for the four multi-resonators.

Ji L 5 fa fs Jo fi Js
442 | 447 | 456 | 4.66 | 479 | 493 | 5.10 | 5.13
fo Jio Ju Jio Ji Ja Jis fis
5.17 | 522 | 530 | 540 | 5.53 | 5.67 | 585 | 590
Sio | fis | fio | fo | fu So | s | fu
594 | 6.01 | 6.12 | 6.25 | 6.41 | 6.60 | 6.82 | 6.91
bs S Sor S S Jxo i o
7.00 | 706 | 7.16 | 7.29 | 744 | 7.61 | 7.81 | 7.88
0e
-2
& -4 7 [—s—1atbic1d
T -0 2a2b2c2d
® | —=—3a3b3cad
K] ~ o 4adbdcad
5 5a5b5c¢hd
£ -8 0 6abbbehd
5 —%--7a7b7c7d
£ —b- 8aBb8cBd|
A0/
12
14 L 1 1 I L L 1
3 35 4 45 5 55 6 65 7 75 8 85

Frequency (GHz)

FIGURE 3. S,; response for the four 8-states resonators (K =8, N = 4).

When an arm is connected to the coupled line it is said to be
active, and it is called passive if it is kept unconnected. In this
configuration, each resonator can be configured to represent
one of 8 different states or, in other words, each resonator can
encode 3 bits of information. More bits can be encoded by

adding more arms.

Ill. TWO-PORT MULTI-RESONANT STRUCTURES

To validate the concept via experiments, a tag resonant ele-
ment consisting of 4 resonators (N = 4) is designed on
the same dielectric material as the resonator discussed in
the preceding section. K is set to 8, thus making the num-
ber of possible codes equal to 8*(2!?). Each code can be
uniquely described using only 4 of the 32 possible resonant
frequencies. The complete set of possible frequencies is listed
in Table 4. The simulated Sp; and Sy; responses for each
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FIGURE 4. S;; response for the four 8-state resonators (K = 8, N = 4).
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FIGURE 6. Tag response (f;fyf11f13f21f24).

possible frequency are superimposed in Fig. 3 and Fig. 4,
respectively. Four frequencies are read simultaneously using
the RFID reader. Although the coding capacity increases
in this example, the required bandwidth is 3.46 GHz, with
each resonator (3-bit) requiring approximately 865 MHz.
This is quite high, and it reduces the tag’s spectral efficiency
(1 bit/290 MHz). Consequently, two approaches are sug-
gested in this paper to increase the spectral efficiency. The
first technique is to allow the same bandwidth to be shared
between the two resonators, and the second technique reduces
the difference between adjacent frequencies to approximately
70 MHz and optimizes the structure in order to clearly read
any code, especially those corresponding to adjacent reso-
nances. Both techniques can significantly reduce the required
bandwidth and improve the spectral efficiency.
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T

(b)

FIGURE 7. Photographs of the fabricated tags (a) f;f,3f,9f,gf33f3g and
(b) fafiafrofrofssfar-

To begin with, the first technique is applied. Under its
effect, each of the two 8-state identical resonators are com-
bined together to provide a total of 37 states (272). 6 res-
onators (3 combinations of 2 identical resonators) of the
suggested structure are designed and implemented. The two
identical resonators share 8 resonance frequencies. The first
pair of resonators shares the frequencies fi to fg, as shown
in Table 4. The second pair of resonators shares the frequen-
cies from fy to fi¢ and the third pair shares the frequencies
from f17 to f>4. The designed code in this demonstration
corresponds to the resonance frequencies fif1f11f14f21/24. The
structure occupies the range of the bandwidth from 4.42 GHz
to 6.91 GHz. Therefore, the proposed technique increases
the spectral density from 1 bit/290 MHz to 1 bit/160 MHz.
A photograph of the fabricated circuit is presented in Fig. 5.

It should be noted that, the resonators are spaced in a way
to avoid any loading effect, and so any frequency shift when
different arms are connected to the coupled line.

The two-port S-parameter measurements were conducted
using an Anritsu microwave Vector Network Analyzer (VNA
37369C). Fig. 6 records the simulated and measured insertion
loss (S»1) and the return loss (Sy1) of the fabricated con-
figuration. The observed resonance frequencies of this code
were fi = 4.42 GHz, f4 = 4.66 GHz, fi; = 5.30 GHz,
fia = 5.67 GHz, fo1 = 6.41 GHz, and f>4 = 6.91 GHz.

The second technique suggested in the paper is imple-
mented using unequal arm-lengths in order to decrease the
difference between the adjacent resonance frequencies to
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FIGURE 8. Simulated and observed S,; and S;; responses of the
Pl’oposed tag (state: f7f|3f19f28f38f4s).

approximately 70 MHz instead of approximately 100 MHz.
Two 6-resonator circuits with two different codes are
designed and implemented. Photographs of these circuits are
presented in Fig. 7. The simulated and observed S»; and
S11 responses for these two circuits are summarized in Figs.
8 and 9. The resonance frequencies are denoted by the iden-
tifiers f] to fag and occupy the bandwidth spectrum from
4.7 GHz to 8.3 GHz. The first circuit is designed for the
code f7f13f19/>28/38f48 and the second circuit is designed for
the code fif14f20f29/35f41. In this case, the spectral density
improves from 1 bit/290 MHz to 1 bit/200 MHz. Further
improvement can be achieved by mixing the two aforemen-
tioned techniques to produce an expected spectral density that
is better than 1 bit/120 MHz.

IV. CHIPLESS RFID TAG DESIGN

Two typical UWB monopole antennas covering the frequency
range of 4 to 9 GHz were designed and fabricated to exper-
imentally verify the performance of the proposed tag. The
antenna configuration (top-bottom) and its S responses are
shown in Fig. 10. A measurement setup was established to
validate the proposed chipless RFID tag, as shown in Fig. 11.
The RFID reader system included a vector network anal-
yser (Agilent N9925A) and two UWB horn antennas. The
measured tag was placed at a distance of 40 cm from the
horn apertures. The setup was equipped with two UWB horn
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FIGURE 9. Simulated and observed S,; and S;; responses of the
proposed tag (state: fgf,4fy9f29f35141)-

4 4.5

antennas with operational bandwidths from 1 to 18 GHz.
All measurements were performed inside the anechoic
chamber.

Based on the circuits fabricated and discussed in the previ-
ous section, three complete tags were designed and imple-
mented, in which cross-polarized antennas were integrated
at the opposite ends of the resonator circuits. The first tag,
as shown in Fig. 12, is based on the 6 resonators presented
in Fig. 5, in which each pair of resonators shares the same
bandwidth. The observed S>; magnitudes for the chipless
RFID tag are recorded in Fig. 13. The second and third
tags, as shown in Fig. 14, are based on the resonator circuits
presented in Fig. 7 with the same codes. The measured Sy
magnitudes of these tags are recorded in Figs. 15 and 16.

Additionally, the group delay is also measured and used
to identify the bit positions. As is evident from the data
presented in the figures, the observed and simulated results
corresponded closely to one another, despite slight discrepan-
cies in certain resonance frequencies. Furthermore, the iden-
tification of the position of each bit is very clear from the
magnitude and group delay measurements.

The performance parameters of this tag are calculated
as follows: spectral capacity (4.39 bits/GHz), spatial den-
sity (1.07 bits/cm?), spatial density at the centre frequency
(24.66 bits/A?), encoding capacity (0.3 bits/cm?*/GHz), and
encoding capacity at the centre frequency (6.01 bits/A%/GHz).
These performances can be improved by either increasing
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FIGURE 10. (a) UWB antenna geometry and (b) reflection coefficient.

FIGURE 11. Measurement setup for tag testing.

the number of states per resonator or by the techniques
described in the previous section. The first structure is devel-
oped by the same configuration shown in Fig. 14, but in
this case the number of states per resonator is selected to
be K = 12. The designed structure, shown in Fig. 17,
is optimized in order to maintain the same frequency band
and approximately the same area. This has been achieved by
decreasing the microstrip lines widths of the resonators. The
frequency difference between the two adjacent resonances
ranges from 50 MHz to 70 MHz. This structure provides
12° codes, or equivalently approximately 21.5 bits. The other
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TABLE 5. Performance parameters of the proposed structures.
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FIGURE 12. Integrated chipless RFID tag prototype (state:
fifyfiifiafan fre)-
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FIGURE 13. Measured magnitude and group delay for the RFID tag
(Fifafirfrafarfae)-

performance parameters are calculated as follows: spectral
capacity (5.25 bits/GHz), spatial density (1.32 bits/cm?), spa-
tial density at the centre frequency (29.51 bits/A2), encoding
capacity (0.32 bits/cm?/GHz), and encoding capacity at the
centre frequency (7.20 bits/A%2/GHz). Fig. 18 shows the sim-
ulated S»; for four different codes.
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FIGURE 14. Photographic copies of the proposed tag (a) state:
f1f13f19f28F38f4g and (b) state: fgfy4Frof20f55fa1)-

To further improve the performance, a second structure is
designed based on the techniques described in Section 3 by
allowing the same bandwidth to be shared between two
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FIGURE 16. Measured magnitudes and group delays for the RFID tag
(fafiafr0fr0f35141)-

FIGURE 17. 12-state chipless RFID tag geometry (state: f; f17fy5f37f49f61)-

identical resonators. The design is the same as that presented
Fig. 14, but in this case each resonator is used twice. The
new structure is shown in Fig. 19. The structure consists
of 12 resonators and each two identical resonators have
37 states. Therefore, the 12 resonators provide 637 codes or
equivalently approximately 31.3-bit. Significantly, the per-
formance improvement is achieved by this configuration.
The performances are calculated as follows: spectral capacity
(7.62 bits/GHz), spatial density (1.31 bits/cm?), spatial den-
sity at the centre frequency (30.06 bits/A2), encoding capacity
(0.36 bits/cm?/GHz), and encoding capacity at the centre
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FIGURE 18. Simulated S,; for six 12-state resonators (a) states:
(Fif17f25F37f49f61), and (f15f54f36fagfe0f72) and (b) states:
(i fi9F20fy3f571f71). and (R fx0fsofaafssfr)-

FIGURE 19. Geometry for the proposed RFID tag when the same
bandwidth is shared between two identical resonators (with K = 8, and
N=12).

frequency (7.33 bits/A2/GHz). Fig. 20 shows the simulated
S»; for four different codes.

If two identical resonators shared the same bandwidth
and the number of states increased to K = 12, then each
two identical resonators provide 79 states (27-17). Therefore,
the 12 resonators provide 67° codes or equivalently approxi-
mately 37.8-bit. This configuration significantly improves the
performance.

The performances are calculated as follows: spectral
capacity (9.23 bits/GHz), spatial density (1.60 bits/cm?), spa-
tial density at the centre frequency (35.73 bits/A%), encod-
ing capacity (0.39 bits/cm?/GHz), and encoding capacity at
the centre frequency (8.71 bits/A2/GHz). Table 5 summa-
rize the performance comparisons between these proposed
techniques.
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FIGURE 20. Simulated S,; for six 8-state resonators (a states:
(fafshiafi3fr0f1 faghhofsefsrfaafas). and
(fafshiafisfaufrsfsohhofsefssfyafar) and (b) states:
(faf7f1af13F20f19f26F25F34f3544145), and
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V. CONCLUSION

A new compact reconfigurable K-state resonator suitable for
chipless RFID tags was presented. This allows each resonator
to represent more than one bit of information.

The structure has the advantages of increasing the tag’s
capacity without increasing the number of resonators, while
simultaneously simplifying the detection process. Therefore,
the proposed structure allows a large amount of data to be
stored in a compact space in order to reduce the cost of storage
per bit. Two techniques are also presented that permit improv-
ing the spectral efficiency. The first technique is achieved by
allowing each two resonators to share the same bandwidth.

The second technique is performed by optimizing the
structure in order to reduce the difference between adjacent
resonance frequencies to be approximately 70 MHz and to
maintain the ability of clearly reading any code. Several tags
for codes with K = 8 (3 bits/resonator) are designed and
implemented on the RT Duroid 5880 substrate as a proof-of-
concept. Each resonator can be implemented in an area that
is almost the same size as the area of a conventional 2-state
resonator. A satisfactory agreement between the empirical
and simulated results is confirmed.
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