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Abstract: A novel and miniaturized semi-elliptical 20-bit fully passive chipless RFID sensor tag is
proposed in this article. The realized sensor tag is made up of semi-elliptical shaped open-end slots
within the compact size of 25 mm X 17 mm. The multi-substrate analysis of the proposed tag is
examined using non-flexible and flexible materials. The articulated tag configuration is capable of
monitoring moisture levels when the largest resonator is covered by a heat-resistant sheet of Kapton
HN (DuPontTM). The proposed tag functions in the operational frequency band of 4.1 GHz-16 GHz
and possesses the overall bit density of 4.70 bit/cm?. The structure is composed of a thin passive
substrate layer topped with an active layer of conductive path and is considered as a potential
candidate for low-cost identification of the tagged objects. In addition to that, its moisture sensing
property and flexible nature make it a reliable smart sensor for conformal applications.

Keywords: chipless tag; RFID; flexible; moisture sensor; semi-elliptical

1. Introduction

The internet of things (IoT) plays an incredible role in improving the quality of life by connecting
millions of smart devices and technologies, and it serves modern-day applications in the fields of
industrial automation, smart home, transportation, and healthcare [1]. RFID systems integrated with
IoT infrastructure intensify their purpose and functionality for detection as well as sensing [2]. Chipless
RFID as a contactless identification technique has gained acceptance due to its prosperous contribution
in diverse commercial applications such as asset tracking, automated identification, item-level tagging,
access management, and animal tracking on large scales [3]. The building blocks of a chipless RFID
system are comprised of a reader, transponder, and data base for extracting and storing information
from the remotely located tag [4,5]. In the literature, multiple approaches have been studied for
designing chipless RFID tags achieving large information storing capacity and reliable performance.
Various resonant structures such as E-shaped, spiral, hairpin type, and C-shaped resonators have
been investigated to improve the data encoding capacity of chipless tags [6—-10]. Nevertheless, a
trade-off exists between compactness and bit density of an RFID tag. Code density is a core factor
which determines the compactness of a chipless tag, and it is estimated from certain parameters
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that are dimensions and number of data bits [11,12]. A tag of C-shaped resonators printed on paper
substrate [13] and another tag of Radar Cross-Section (RCS) based C-folded dipole resonators [14] have
been designed with an aim to improve the encoding capability of the chipless tag by using different
coding techniques. It is observed that reported resonators are incapable of achieving high bit density
owing to their large size and reduced data bits for encoding. The dipole resonator-based capacitive
loaded chipless RFID tag structure is reported in [15]. Moreover, square loop and cross-loop shaped
resonating structures for chipless tag are discussed [16-19]. The reported structures are primarily
designed to enhance bit density of the tag but due to their large size of 17 mm X 68 mm [15], 40 mm X
40 mm [16,17], and low bit capacity of 5-bits [18,19], estimated overall bit density is still low. Therefore,
they are not considered suitable for data-dense applications. In [20], a butterfly-shaped frequency
selective surface (FSS) based chipless tag with 14 mm X 14 mm footprint is realized on Rogers RT
/duroid/5880 substrate. A 9-bit chipless tag structure comprising of circular slots is designed and its
performance is investigated for flexible laminate and another inverted M-shaped tag is designed as
reported in [21,22]. These recently proposed chipless tags offer optimum bit density but they do not
perform sensing. Hence, they can only be used for identification without any additional service.

In addition to the identification and tagging, smart RFID tags provide benefits of ubiquitous
sensing of various meteorological data such as humidity and temperature. Chipless RFID sensor
tags can be realized using a variety of sensitive materials embedded within tag structure to achieve
desired sensing mechanism. For this purpose, diversified state of the art chipless tag designs have
been reported in literature, applying some sensitive materials like paper [23,24] and polyvinyl alcohol
for monitoring the sensor response of the tag. In [25], a 16-bit extended C-shaped RFID sensor tag is
presented, and silicon nanowire is used to achieve sensing. A downside of this work is that the design
lacks flexibility as it is fabricated on FR-4 substrate [26]. There is a paper-based chipless tag composed
of LC resonators incorporated with humidity sensing. This design is realized using printing technique
and paper substrate itself exhibits sensing when exposed to moisture [27]. Furthermore, a 15-bit
chipless tag with dimensions of 20 mm X 10 mm is demonstrated and performance is investigated for
humidity sensing fulfilling the concept of green electronics [28]. The aforementioned chipless tags use
paper substrate to sense moisture levels, which has several disadvantages. There is a strong relationship
between sensor parameter and sensor response which is non- linear in case of paper at higher levels of
humidity and ultimately it affects the absorption peaks in the RCS curve. Moreover, paper can suffer
from innumerable states of structural deformations, and hence, reliability is compromised.

The chipless sensor tags should meet the demands of reliable performance and cost-effectiveness
simultaneously. It becomes challenging for the researchers to maintain cost because of complex
fabrication techniques which is a matter of contention in case of printable tags. To overcome
this problem, flexible substrates using conventional fabrication methods for tag development are
incorporated and investigated to achieve optimum performance. Keeping this perspective in mind,
a depolarizing nested scatter based chipless humidity sensor tag is examined by placing a thin
layer of polyvinyl alcohol in the center of the structure to detect the change in the moisture level of
surroundings [29]. A flexible chipless sensor tag using copper resonator is reported in [30]. These
reported designs provide flexibility but they are not very compact and suffer from complexity in
sensing mechanisms.

In this research work, we present a semi-elliptical shaped novel and flexible passive chipless RFID
tag incorporated with moisture sensing capability. The realized tag has potential to store considerable
amount of data within the compact dimensions of 25 mm X 17 mm with twenty bits. The proposed
design is composed of nested open-ended slots and each slot corresponds to logic state ‘1" and a
resonant frequency, while a shorted slot implies logic state ‘0’. Furthermore, multi-substrate analysis
of the proposed chipless tag is presented for two contrasting substrates i.e. Taconic TLX-0 and Rogers
RT\duroid\5880 each with its own range of frequency band. The varying electrical properties of the
substrates produces profound effects on the performance of the tag. With the choice of flexible substrate,
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the proposed tag enables new product paradigms that are not possible with conventional substrate
material. Besides these advantages, the tag is configured to sense the humidity levels in environment.
The organization of this paper is as follows: Section 2 describes the multistep logical approach
towards the design of the proposed sensor tag. This section emphasizes the choice of a semi-elliptical
shape that has never been tried before and how it proves to be far superior to conventional circular
radiators. Section 3 demonstrates the dual resonant element geometric configuration along with its
RCS response. Section 4 discusses the overall geometric configuration of the proposed twenty-bit
chipless tag along with its dimensions. Section 5 explains the working mechanism and measurement
system of the proposed tag in the standard environment. Section 6 is the vital section comprised of
two subsections discussing the results and overall response of the tag for the two substrates. Section 7
highlights the bending effect of the tag. Section 8 presents the design and analysis of moisture sensor
integration of the proposed chipless configuration. Section 9 contains the concluding remarks.

2. Logical Approach towards the Proposed Tag Design

The proposed moisture sensor chipless RFID tag is developed by using a systematic procedure.
It begins with the concept stage and concludes at the development stage meeting the desired criteria
of enhancing the bit density of a cost-effective tag. The presented semi-elliptical shaped chipless
sensor tag produces more desirable results as compared to the reported designs in literature [6-10].
The construction of single slotted resonant element begins with the elliptical-shaped structure using
moldable Rogers RT/duroid/5880 material, where the overall tag area is determined by two geometric
parameters which are labelled as M, and M,. Afterwards, the same procedure is applied for remaining
elliptical slots using set of mathematical equations given in (1) and (2);

Fori=1,2......... n
X Y
242 1
Lll'+bi ()
Area = 1 X a; X b; )

where i represents the number of the slot, g; is the length of major axis, b; is the length of minor axis of
ellipse, and "X’ and ‘Y’ represent their intersection points on the plane. As the ellipse is the modified
form of a circular radiator therefore, intersection points can be found from (3) and (4) by keeping
intersection points of circle with radius ‘v’ as (xg, o) and for ellipse as (x., y.) at origin.

(x0, 0) = (¥e, ye) = (0,0)

[1,2 —p2
+a m (3)

272
TR 4)

X

Y

I
H

The anatomy of two equi-central radiators representing the two axis of ellipse and radius of a
circle is shown in Figure 1. Our main aim in this work is maximizing bits to size ratio. The tag size is
usually inversely related to code density. Code density of the tag means the number of bits encoded
per unit area, and it is calculated from Equation (5);
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Figure 1. Anatomy of two equi-central radiators.

Number of bits encoded

de Density =
Code Density Lengthtag X Widthiag

®)

It is evident from the equation above that the size of the tag (considering a rectangular tag as an
example of area Lengthyg X Widthy,) is in direct relation to the number of bits.

In our investigation, elliptical tag offers more bit density (another term for code density) in
comparison with the circular tag of same area. Maximizing the bit density of the chipless tag is one of
the objectives of the proposed work. Circular resonators are often used in literature to design a tag.
From the theoretical analysis of the circular and elliptical structures, it was presumed that the elliptical
structure could prove to be superior to the circular structure for realizing an RFID tag. This information
is extracted by the analysis of the two shapes, as an elliptical area is controlled by two parameters
which leads to enhanced flexibility in design optimization.

For further enhancing the bit density of the chipless tag, the symmetric elliptical shape is cut into
two halves at an angle of 30°. In this way, the number of bits increased two times in the same area and
finally the asymmetric semi-elliptical shape is obtained as shown in Figure 2.

Figure 2. Geometrical configuration of symmetric elliptical and asymmetric semi-elliptical resonator.
3. Dual Resonant Element Geometric Design

The proposed fully passive chipless RFID tag containing two slots is shown in Figure 3. There is
an asymmetric tag structure with no ground at the back-side. The figure shows geometric dimensions
of the conductive path loaded with two slots with total length and width of tag labeled as L = 17 mm
and W = 25 mm, respectively. 51 = 0.3 mm and S2 = 0.55 mm represent the horizontal and vertical
metallic gaps of the patch from the larger most slots, respectively. Furthermore, P1 = 11.4 mm and P2
=11 mm are the dimensions of inner metallic portions of radiated element (copper cladding acts as
conductive path) from the outer most slots R2 and R1, respectively. The width of slot is C1 = 0.44 mm,
and G1 = 1.55 mm symbolizes the distance between the end points of two collocated slots. Initially, the
proposed data encoding configuration is evaluated for rigid laminate i.e., Taconic TLX-0 with 0.635 mm
thickness. Afterward, the same design is investigated for Roger RT/duroid/5880 substrate holding
thickness of 0.508 mm to make it bendable for conformal surfaces. Slots are etched out from the copper
cladding of 0.035 mm thickness. The varying dimensions of the slots produce significant effects on the
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RCS response of the tag and resonant frequency associated with each slot. The resonating frequency of
individual slot can be mathematically calculated via Equation (6) [31];

c 2
fr—ﬁ g +1

(6)

where ‘¢’ represents speed of light, “A” signifies the overall physical area of slot, and €r is the permittivity
of the substrate used. The proposed tag is excited by incident plane electrometric waves and the RCS
response of the tag shown in Figure 3 is given in Figure 4. It is observed that two sharp resonances are
produced with no harmonics at lower frequencies of 4.1 GHz and 4.3 GHz.

N

Figure 3. Dual resonant element geometric design.
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Figure 4. RCS response of dual resonant elements.

The current distribution of the above-mentioned tag at the smallest frequency of 4.1 GHz is shown
in Figure 5a. It is depicted that the maximum concentration of current is present around the top and
bottom side of the slot resonator representing inductive effects, while the minimum density of current
is situated around the left and right edges of the slot indicating capacitive effects [32]. Moreover,
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the 3D radiation pattern of the proposed tag is also observed which shows that the tag radiates in
omnidirectional pattern as shown in Figure 5b.

e e S AT,
e

e SETRES. . iise
SEEEE, e
Foax TISLZIEZTTTSS ur.'l 0.00763
e RS SRS

e T AR At ."
Ptz aarttaasrarassaaaEasaWad
e R s

> ‘83.48‘8332838288?388*8233823‘ F  0.00509

dBmZ
-31.4

aa-‘:z:a:..aaa- ataaaa-&: ‘-aa -51.4

RSN TSI AT RTINS, 005
B N R S S S SR EE LSS,

b bbbttt

‘u{r b ddotetmsbrlonmbaiobabialdet SRR 0
s *:z::::::x.fg- 4’..-:.-'.-:-'--.; k]

uﬁ

(a) (b)
Figure 5. (a) Current density at 4.1 GHz. (b) 3-D radiation pattern of dual resonators.
4. Proposed Multi-Resonator Chipless RFID Tag Design

The proposed chipless tag loaded with twenty semi-elliptical nested slots on a single side with no
ground has some optimized geometric parameters as shown in Figure 6. The realized tag is comprised
of twenty slots labelled from R1 to R20 in a compact size of 25 mm X 17 mm with varying lengths and
widths to produce sharp resonances at twenty different frequencies in the RF-spectrum. The proposed
tag is designed and investigated for different substrates from non-flexible to flexible i.e., Taconic TLX-0
and Rogers RT/duroid/5880. The slanted separation between all the slots is labeled as G1 = 1.55 mm,
while the slot width and gap between neighboring slots are uniform and defined as C1 = 0.44 mm and
C2 = 0.35 mm, respectively.

., 2

A

W "
Figure 6. Proposed multi-resonator chipless tag layout.

The major axis of the smallest semi-elliptical structure has two labels, i.e., A1 = 4 mm and
A2 =3 mm. The substrate with conductive copper cladding of 35 um thickness is used for fabrication.
The existence of slot specifies the logic state “1”, while absence of slot indicates logic state “0”. The tag
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optimization is carried out in such a way that using ten elliptical slots gives ten notches. In order
to obtain the high bit density in the compact size, we apply the slanted cut at an angle of 30° due to
which the number of bits increase to twenty and semi-elliptical shape is obtained. At first, two-slot
resonators-based tag is designed to obtain the sharp and clear notches within the desired frequency
spectrum. These slots are then replicated towards the center point. The final twenty-bit tag has an
operating RF-band of 4.1 GHz-16 GHz. The slot R1 produces the “most significant bit” (MSB) at the
lowest frequency of 4.1 GHz, while the smallest slot R2 produces notch at the largest frequency of
16 GHz named as “least significant bit” (LSB). The design and optimization of the proposed tag are
completed using CST Microwave Studio Suite.

5. Working Principle

The realized chipless RFID tag is a prominent candidate for different IoT based conformal
applications. The working mechanism of the formulated chipless tag relies on “backscattering”
technique in which the reader or interrogator transmits the electrometric waves towards the tag’s
surface. As a consequence of which backscattered encoded signals are received by the reader and
information processing takes place with the help of database [33]. The block diagram of the RFID
system along with its components is displayed in Figure 7.

2

Data

_—
Power

D)

4N

o (5
\ &

Server

Figure 7. RFID system components.

The power transmitted by transmitting antenna and received by receiver antenna follows the
principle of Friis transmission equation given in (7);

pe_ (1)

Pr (4mr)? GrGr @)

where ‘P’ is transmitted power, ‘PR’ denotes received power, ‘A’ represents the wavelength, '+’
symbolizes the distance between two antennas, and ‘Gr” and ‘G’ are the overall gains of transmitter
and receiver antennas, respectively. Incident plane wave is used to energize the RFID tag when placed
in the proximity of reader and plane wave propagation takes place in accordance with mathematical
expression (8);

E(x,y,zt) = Egexp|j(wt —kz)]% + Ey exp[j(wt —kz+ g)]y 8)

where Ej denotes electric field, ‘t’ represents time, 'k’ signifies wave number vector, and (x, y, z) implies
the position vector. The fabricated tag in comparison with the area of a euro coin is shown in Figure 8.
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25 mm

Figure 8. Proposed tag fabricated model.

The tag is positioned at the far-field distance which can be calculated using Equation (9) to observe

the response of the backscattered signal.
2D?
= ©)
Here, ‘D’ is the largest dimension of resonating structure, and ‘R’ illustrates far-field distance.
For measuring the RCS response of 20-bit chipless tag in the real environment, a system of measurement
consists of transmitting and receiving horn antennas, vector network analyzer (VNA) model R&S
ZVL-13 and fabricated model of the tag. The block diagram of the measurement system for the
proposed RFID tag is presented in Figure 9.

R

VNA

Port 2 Port 1

Fabricated Tag

Anechoic Chamber

Figure 9. Block diagram of measurement system.

The read range is another important factor associated with the chipless tag operation.
Mathematically, the read range of the tag can be estimated using Equation (10);

2
RO4 _ C‘;T(;RA3 GPT (10)
(4m)"Pr

Here, R represents read range and ‘0’ symbolizes the radar cross-section.

6. Results and Discussion

The proposed tag is designed, and its RCS response is investigated for two contrasting substrates
that are Taconic TLX-0 and Roger RT/duroid/5880. Table 1 demonstrates the varying electrical properties
of these substrates.
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Table 1. Comparison analysis with two laminates.

Specifications Prototype ‘A’ Prototype ‘B’
Substrate used Taconic TLX-0 Rogers RT/duroid/5880
Thickness (mm) 0.635 0.508
Loss tangent 0.0019 0.0009
Permittivity 2.45 22
Flexibility X 4
Frequency Band (GHz) 3.8-15 4.1-16

6.1. Proposed Tag Response with Taconic TLX-0 Substrate

The presented chipless RFID tag is designed for rigid Taconic TLX-0 substrate with 0.635 mm
thickness and permittivity of 2.45. With this substrate, the tag covers the operational RF spectral range
of 3.8 GHz-15 GHz as shown in Figure 10. The MSB occurs at 3.8 GHz while LSB appears at 15 GHz
with an overall bandwidth of 11.2 GHz.

-30

LSB at 15 GHz - -

RCS (dBsm)
&

L--» MSB at 3.8 GHz
=4 Taconic TLX-0
Tag ID:11111111111111111111
-45
4 5] 8 10 12 14 16
Frequency (GHz)

Figure 10. RCS response with Taconic TLX-0.

6.2. Proposed Tag Response with Rogers RT/duroid/5880

The presented RFID tag in this work is designed and investigated for bendable Rogers
RT/duroid/5880 laminate holding 0.508 mm thickness and permittivity of 2.2. The RCS reliability graph
of the realized data encoding arrangement displaying measured and computed results is illustrated in
Figure 11. The RCS response clearly demonstrates twenty sharp responses at different frequencies in
the RF spectrum of 4.1 GHz-16 GHz. Making use of Rogers RT/duroid/5880 provides an additional
feature of flexibility for the placement on curvilinear surfaces. The measured results depict acceptable
settlement with the computed results. It is worth declaring that some tolerable drift is taking place at
some frequencies in the RCS curve which is due to nominal fabrication and experimental errors.
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Figure 11. Computed and Measured RCS response.

10 of 15

The encoding mechanism of the proposed chipless tag is analyzed by evaluating four tags,
each with its distinctive ID for storing data. The tag ID is all Os when all twenty slots are removed,
and the corresponding frequencies also disappear (no resonances) in the RCS curve. Then we
introduce other sets of slots to obtain following tag IDs: 11001100110011111111, 00111100111111001100,
00001111001111111100. The RCS response with different bit sequences of the proposed tag is shown in
Figure 12. It is observed that there is a nominal shift in the resonant frequencies due to removal of slots
(also referred to as shorted resonators) from the tag design. This tolerable shifting happens because
of the existence of mutual coupling between the adjacent slots that can be overcome through simple

signal processing techniques [34].

RCS (dBsm)

lelen]

11001100110011111111 00111100111111001100 00001111001111111100 00000000000000000000

-20
25 | b ™
s A P
' 4 VRl .
: J e Al
-30 3 e Ty 7
: v i
y*: g
i
-35
— 11001100110011111111
——— 00111100111111001100
---------- 00001111001111111100
o 00000000000000000000
4 6 8 10 12 14 16
Frequency (GHz)

Figure 12. Various bit encoding sequences.
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7. Bending Effect of the Proposed Chipless Tag

The deformation analysis of the chipless tag under consideration is investigated and its performance
is experimentally analyzed by bending it at several curvature radii i.e., 8 mm, 65 mm, 55 mm, 35 mm,
and 20 mm. The bending effect is introduced by placing the tag in curved position using molds that
are constructed with polystyrene material. The choice of the supporting material depends on its
permittivity value which is close to unity for polystyrene [35]. The RCS response of the framed tag with
bending effect at different radii symbolized by “r” is shown in Figure 13. It is evident from the graph
that the changing curvature of the tag does not readily affect the overall performance, and resonant
dips are still detectable. The RCS response is shifted downward with a decrease in the bending radius
of the tag [36]. Nevertheless, the noteworthy outcome of this evaluation is that the information stored
in the bent version of the tag is effectively recovered without any losses, therefore, it can be reliably

deployed on conformal surfaces due to its flexible nature.

-20

-25

-30

-35

RCS (dBsm)

-40

-45

-50

4 [§] 8 10 12 14 16
Frequency (GHz)

Figure 13. Bending analysis of the proposed tag.

8. Proposed Tag as Moisture Sensor

The proposed compact chipless RFID tag holds an additional aspect of moisture sensing.
The moisture sensor integration is brought by depositing the polyimide sheet of Kapton HN on
the larger most slot/resonator in the design. The two-dimensional cross-sectional image showing
different layers of a part of the proposed moisture sensor tag is given in Figure 14.

Metallic Portion

|_> Sensing Material Slot

Substrate

Figure 14. Cutting plane view of a portion of the proposed moisture sensor tag.
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The fundamental operating principle of the moisture sensor chipless tag is dependent upon
the electrical properties of Kapton HN of 0.125 mm thickness and a close relation of its permittivity
variation with the relative humidity of the environment. In the same flexible tag design of Rogers
RT\duroid\5880 substrate, a thin layer of Kapton HN is coated on two consecutive slots\resonators
considered as sensing resonators as shown in Figure 15. Kapton polyimide film is selected for
sensing purpose as their chemical structure anatomy shows that they are made through heat-activated
poly-condensation. Hydrolysis effect takes place when polyimide sheet absorbs moisture from the air
which causes breakdown of polyimides internal carbon-nitrogen bonds. This bond breakage alters the
internal electrical polarization which leads to the variation of permittivity of polyimide at different
levels of moisture [37]. According to the datasheet of Kapton HN [38] film, the variation in its relative
permittivity (€, = 3.05-3.9) will change in accordance with the percentage humidity of the environment
from 0% RH to 100% RH. Hence, the resonance frequencies associated with sensing resonators shift
towards the left side of the RCS curve, while all the remaining resonators maintain their previous
frequency response as per the tag ID. The change in relative permittivity of Kapton is related to the
relative humidity [39] as given in Equation (11);

— =

r

~

ALY —p

Figure 15. Proposed moisture sensor tag layout.

€ -3.05
0.008

To validate the moisture sensor behavior, the tag is investigated experimentally in the climatic
chamber by Weiss Technik WK 11-180 to monitor response at various humidity levels. It is observed
that for every step increment in %RH from 15% to 100%, the resonance frequencies of the two sensing
resonators drift towards the left side in the RCS graph as shown in Figure 16. Table 2 demonstrates
the comparison of different chipless RFID tags with the proposed sensor tag. It is evident that the
proposed configuration holds the promising properties and improved results as compared to the listed
tag designs.

%RH = (11)
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Figure 16. RCS response of the tag for moisture sensing.

Table 2. Comparison of different RFID tags with the proposed work.

Ressltl):;:m Tag Size (cm?) No. of Bits Flexibility = Sensing ]igiz/ecrzlzt)y
E-Shaped [6] 17.7 08 X X 0.45
C-Shaped [9] 8 10 X X 1.25
Rectangle [12] 3.4 06 X X 1.771
I-Shaped [40] 4.41 16 X X 4.1
L-Shaped [41] 7.14 08 v v 1.12

Spiral [42] 33.6 10 v X 0.3

Proposed Work 4.25 20 v v 4.70

9. Conclusions

This paper presents a compact, cost-effective, and bendable chipless RFID sensor tag integrated
with dual functionality of moisture sensing as well as item-level tagging of millions of objects
simultaneously. The proposed multi-resonator based tag is investigated for multiple substrates holding
distinct electrical properties, i.e., Taconic TLX-0 and Rogers RT\duroid\5880. The tag yields twenty
bits and is capable to bring forth 220 = 1,048,576 individual tag IDs. Furthermore, moisture sensing is
accomplished by placing a thin sheet of Kapton HN within the slotted RFID tag structure to monitor
real-time humidity level variations of the application or environment and results show that sensing
mechanism does not impact the tagging operation. Thus, the articulated semi-elliptical sensor tag is
considered a notable candidate for cost-effective conformal applications.
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