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Abstract—This paper introduces an innovative strategy for
the development of sensing-ready concentric rings-based chipless
radio frequency identification (CRFID) tags. Our approach is
marked by the novel use of exponentially increasing spacing,
a significant departure from the conventional uniform spacing
method. This innovative design results in an impressive 88.2% im-
provement in tag data encoding capacity compared to traditional
designs. Importantly, our design framework not only advances
the current state of CRFID tag technology but also methodically
lays the foundation for future integration of high-resolution
sensing capabilities. This is achieved by strategically utilizing the
innermost ring as a prospective sensing site, complemented by the
implementation of nulls for data encoding achieved through the
addition of an extra ring at the tag’s outermost edge. Notably,
all these features represent advancements that have not been
demonstrated in previously published concentric rings-based
CRFID tags. To empirically validate our methodology, we have
developed and tested 18-bit example tags optimized for operation
within the ultrawideband (UWB) spectrum, covering a range
from 3.1 to 10.6 GHz. The radar cross-section (RCS) response of
these tags exhibits well-distributed resonances, culminating in a
high encoding capacity of 17.65 bits/\?>/GHz. Preliminary results
using capacitors connected to the innermost ring underscore the
future sensing potential of our tags, setting the stage for more
advanced sensing implementations in subsequent research.

Index Terms—chipless RFID tags, concentric resonators, cir-
cular rings, encoding capacity, radar cross section, sensing.

I. INTRODUCTION

HE topology and arrangement of resonators play a critical

role in achieving the desired frequency-selective reflec-
tion of a Radar Cross Section (RCS)-based Chipless Radio
Frequency Identification (CRFID) tag. Hence, it becomes
crucial to delve into and comprehend the diverse solutions
available to meet specific application requirements, encom-
passing design effectiveness [1], robust signal processing [2],
[3], improving encoding capacity [4], and spectrum efficiency
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[5], [6], as well as sensing capabilities [7], [8], [9]. For
instance, in [10], [11], arrays of 20 and 10 C-shaped res-
onators, respectively, were employed to devise 20-bit and
10-bit capacity tags, respectively, emphasizing compactness
with high encoding capacities. Furthermore, in [12], a tag
featuring five C-shaped resonators was developed with both
identification and sensing capability. Four of these resonators
encoded binary data, while the fifth, enhanced with silicon
nanowires, enabled temperature and humidity sensing. This
amalgamation yielded a tag that resonated at the desired
frequencies and demonstrated amplified sensitivity, making it
suitable for environmental monitoring applications.

Similarly in [13], U and inverted-U-shaped slots-based
tags were employed to improve data capacity and spectrum
efficiency while retaining a low-profile design. The paper
achieved a high 22-bit capacity tag within a 1.7 GHz band-
width, emphasizing efficient spectrum utilization. In [14], U-
shaped resonators were utilized to develop a robust CRFID
tag for structural crack sensing applications. Despite the
advancements, one critical limitation in the above-mentioned
designs is their inherent sensitivity to the polarization of the
interrogating antenna. This means that even a minor shift
in tag orientation could lead to a decrease in backscatter
signal strength, potentially resulting in reduced read ranges
or undetectable signals. These challenges make these tags
less practical for real-world applications. In response to these
issues, several studies have proposed polarization-insensitive
concentric strip/slot-rings configuration [15], [16], [17], [18],
[19], [20], [21], [22], [23]. For example, in [15], [18] con-
centric square rings were employed to create compact 5-
bit CRFID tags, with [18] focusing specifically on achieving
polarization insensitivity. Additionally, various ring shapes, in-
cluding circular [24], elliptical [17], triangular [16], pentagonal
[19], and octagonal [25], have been explored in the literature
for developing compact, high data capacity, and orientation-
insensitive concentric ring-based chipless RFID tags.

Apart from enabling a polarization-independent tag, such a
nested configuration is also beneficial for increasing the bit
capacity while retaining a low tag profile. The typical design
strategy in the literature for such a tag is to have a constant
spacing between adjacent rings, which may alternatively be
seen as the radii of the rings varying linearly. In this con-
figuration, each concentric ring within the tag is designed to
resonate at a specific frequency, which can be associated with
binary values, either ‘0’ or ‘1’, depending on the chosen design
approach. To encode specific bit combinations onto the tag,
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designers have the flexibility to determine which rings should
resonate and which should not. For instance, rings intended
to represent a binary ‘1’ remain unaltered, resonating at their
designated frequency. In contrast, rings intended to represent
a binary ’0’ undergo specific design modifications (detuning),
to prevent resonance at the originally intended frequency, or
removed altogether. This selective tuning or removal of rings
forms the basis for encoding distinct bit combinations within
the concentric strip/slot-rings configuration.

There is, however, a drawback to the constant rings spacing
approach described above. Due to the inverse relationship
between the ring’s radius and resonant frequency, as approx-
imated in [26], the linear variation in the radii of the rings
results in an exponential distribution of the tag’s resonances
in the RCS response. Specifically, at lower frequencies, the
distances between successive resonance peaks are narrow,
but they widen exponentially as the frequency increases. An
example to illustrate this can be seen in [19]. The developed
tag exhibited resonance peaks distributed non-equally between
4 to 19 GHz, with 80% of the peaks (or the total encoded
bits) occupying the first half of the spectrum and only 20%
occupying the second half. A similar phenomenon can also
be seen in [20], [16], [17], [25], [18], [21], [22], [23]. Such
ineffective use of spectrum can be very problematic in the
case of concentric rings tags with high encoding capacity,
especially when the constraints of tag size and/or operating
frequency compliance (e.g., Federal Communications Com-
mission (FCC) rules on ultrawideband (UWB) communica-
tions [27]) are in place. As more bits are added to the tags,
the resonance peaks representing these bits densely populate
the lower frequency region. The close proximity of these
resonance peaks can lead to overlaps, making it challenging to
distinguish individual bits. Consequently, the decoding process
becomes increasingly intricate, demanding more sophisticated
signal processing algorithms [28], [29], [30], especially for
bits concentrated in the lower frequency spectrum.

In this paper, a design strategy to solve the above problem
is presented. Taking the implication of the inverse relationship
between the radius and the resonant frequency of the ring,
for the first time, the concept of exponentially increasing
spacing for the development of concentric rings-based tags
is demonstrated. Compared to the traditional design approach,
the gradual change in the distance between consecutive rings,
or equivalently the exponential change in the rings’ radii, im-
proves the resonance distribution of the tag. Not only does this
result in a more convenient decoding process, but we also show
an increase in bit encoding capacity by 88.2% compared to
the same-sized tag built using the constant spacing approach.
Building upon the insights from our previous exploration in
[31], we employ the concept of nulls, rather than resonance
peaks, for data encoding. This modification is particularly
instrumental in laying the groundwork for future sensing
applications using the innermost ring of the tag. It is important
to note that, in contrast to our previous study [31], this paper
provides a comprehensive explanation of the design principle
behind the exponential spacing technique, which is crucial for
comprehending the proposed concept and its implementation.
On top of that, a study comparing the RCS performance of

the tags generated using the exponential and equal spacing
techniques is presented to showcase the significance of the
proposed method for attaining effective spectrum utilization
and high coding capacity. Further, we demonstrate clearly how
the proposed concept can be implemented in the development
of polarization-insensitive tags for simultaneous identification
and future sensing encoding. Finally, we present a systematic
tag synthesis guideline and validate the proposed concept
with proof-of-concept example tags that exhibit a higher bit
capacity and spectrum efficiency than previously reported
concentric rings/slots-based CRFID tags. All of this has not
been covered in [31], which focuses solely on exploring the
concept of adding an extra outermost ring to facilitate the use
of RCS nulls for encoding.

As a proof of concept, the proposed approach is utilized
to develop 18-bit concentric rings tags occupying the FCC-
specified UWB band, 3.1 to 10.6 GHz. Our decision on the
frequency range and the encoding capacity strikes a balance
between regulatory compliance, adaptability to real-world ap-
plications, and practical fabrication constraints. The initial
seventeen bits are primarily allocated for identification, serving
to uniquely represent and classify each tag. Meanwhile, the
final bit is designated as a platform for potential future sensing
applications. To demonstrate the latter, different values of
capacitors are integrated with the innermost ring, effectively
mimicking the envisioned sensing mechanism involving ma-
terials with stimuli-sensitive permittivity. Validated by the
measurements, the tag demonstrates an effective spectrum
usage, with the eighteen bits well distributed within 3.45 to
9.4 GHz. The frequency position of the last bit, reserved for
high-resolution sensing, can be varied within the remaining
UWRB spectrum, demonstrating the tag’s potential for advanced
sensing applications in future iterations.

II. PROPOSED SOLUTION
A. Tag configuration

The proposed design is based on a circular ring resonator
(CRR) topology in a nested configuration, as shown in Fig. 1.
The circular shape is chosen for ease of analysis and construc-
tion. The tag comprises a number of one-wavelength circum-
ference rings with a constant track width (z,,) that represent
N-bit data encoding capacity (i.e., 1 bit for sensing, N-1 bits
for identification). The rings are printed on an ungrounded
single-layer substrate with a thickness of h. The innermost
ring is reserved for sensing; the outermost ring is added to
enable the 'null encoding’ and the rings in between are used
for data identification. The most significant bit (MSB), by, is
represented by the ring with radius r and the least significant
bit (LSB), by, is represented by the ring with radius 7.
The key differences of the proposed design compared to the
previously reported concentric rings tags are the inclusion of
the extra ring and the exponential growth of the radii (i.e., rq
to r.) of the composing rings from the inner to the outermost
ring. The role of both techniques, as well as the synthesis
of the tag, are explained in the next subsections. The EM
simulations for investigating the tag design were performed
using CST Microwave Studio 2022. Vertically-polarized plane
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Fig. 1. Geometry of the proposed CRFID tag.
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Fig. 2. 10-bit CRFID tags developed using (a) constant spacing (tag A), (b)
exponential spacing 1 (tag B), and (c) exponential spacing 2 (tag C).

waves were used to excite the tag, and an RCS probe was used
to measure the RCS of the tag.

B. Exponential spacing

Given the circular ring resonator is electrically large, the
relationship between its radius (r) and resonant frequency (f,)
can be approximated by [26]

fr=1c¢/(2mr\/[Ecrf) (1)

where c is the speed of light in the vacuum, and e.; is the
effective dielectric permittivity. From the inverse relationship
between r and f, in (1), it can be understood that for a tag
comprised of multiple ring resonators, a linear progression
of the rings’ radii leads to an exponential distribution of the
tag resonant frequencies in the RCS response. This explains
the previously noted issue with conventional concentric rings
tags. It can also be inferred from (1) that if the radii of rings
vary exponentially, the linear distribution of the tag resonant
frequencies can be expected. Based on this, the concept of
increasing the spacing between two successive rings exponen-
tially, which translates into exponentially varying rings’ radii,
is proposed to achieve a concentric rings tag with more optimal
spectrum usage.

To illustrate the significance of this concept, three 10-bit
concentric rings tags were developed (Fig. 2). The first tag
(tag A) represents the standard design with constant spacing
between the rings, whereas the second (tag B) and third
tags (tag C) show the case when the exponential spacing
technique is applied. For simplicity, air and PEC were used
in simulations as the substrate and the conductor layers of all
tags, respectively. The lower and upper operating frequency
limits of the tags were defined at 2 and 11 GHz, respectively.
Such a wide spectrum was set for ease of observation of the
RCS response.

For all three tags, the radii of the outer and innermost rings
were firstly determined by correlating them with the specified

TABLE I
CALCULATED RADII OF THE DEVELOPED TAGS IN FIG. 2

Ring | Encoded Bit | Tag A Tag B Tag C
No. No. r (mm) | r (mm) | r (mm)
r1 b1o (LSB) 4.34 4.34 4.34
ro b 6.51 4.77 5.24
r3 bs 8.68 5.30 6.33
r4 b7 10.84 5.96 7.65
rs5 be 13.01 6.81 9.25
r6 bs 15.18 7.95 11.18
r7 by 17.35 9.54 13.51
rs b3 19.52 11.93 16.33
r9 bo 21.69 15.91 19.74
710 b1 (MSB) 23.86 23.86 23.86

lower and upper-frequency limits, respectively, using (1). As
a result, the radii of the largest and smallest rings of the three
tags are identical. For tag A, the remaining eight rings were
added between the inner and outermost rings while keeping
a constant gap of 2.17 mm between each pair of rings. For
tag B, on the other hand, the radii of the remaining eight rings
were calculated with (1), associating them with equally spaced
frequency points within the frequency limits (i.e., . = 3, 4,
5..., 10 GHz). In contrast to tag B, for tag C a growth rate
(g-) was established, by which factor the radii of the remaining
eight rings were varied according to the following equation

rn =r1(1 +gr)”_1,n2 2 )

This equation captures the iterative progression of the radii
and offers a concise method for predicting the radii of the
composing rings (i.e., 71, 72,..., I',) in our tag design. Each
succeeding ring radius is essentially determined by multiplying
the preceding ring radius with the growth rate and adding the
result to the preceding ring radius (e.g., ro =ry (1 + g,), r3 =r2
(1+g,)=r1 (1+g,)(1+g,),and so forth). In the example of
tag C, g, = 0.208 was used, which was obtained by substituting
r1, r10, and n = 10 to (2). The complete dimensions of the
three tags are provided in Table I when ¢, = 0.1 mm was
maintained for all the rings.

In Fig. 3(a) and (b), the calculated ring radii of the three
tags and their corresponding resonance peaks are shown,
respectively. Further, the resultant RCS responses of the tags
are provided in Fig. 3(c). Due to the inverse relation between
the rings’ radii and resonant frequencies described previously,
the findings demonstrate ineffective spectrum utilization when
employing the conventional constant spacing method. As indi-
cated in Fig. 3(c), particularly in the RCS response of Tag A, it
is evident that the distance between the resonance peaks (A1,
Asg, Ajz... Ag) exponentially widens with increasing frequency.
The results also demonstrate the efficacy of the proposed
exponential spacing strategy in resolving this issue. Out of
the two tags employing the exponential spacing technique,
tag B appears to have an RCS response with the most evenly
distributed peaks. Such performance is expected since the tag
was generated by precisely associating the rings to the evenly
spaced frequency points. While remaining open as one of the
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Fig. 3. (a) Calculated rings’ radii of the tags shown in Fig. 2 and (b) their
associated RCS resonance peaks. (¢) Comparison of simulated RCS responses
of the tags shown in Fig. 2.

ways to construct a tag with exponential spacing, this approach
can be quite tedious at times, especially when the number of
bits is high and fabrication limitations are in place.

For example, in the case of tag B, when a typical minimum
track width of 0.3 mm is used, the smallest gap between the
rings reaches 0.13 mm, which might be problematic for some
PCB manufacturing processes, necessitating further optimiza-
tion. One solution is to alter the target frequency points for the
two inner rings, which, unfortunately, may require tweaking
the radii of the other nearby rings. In this regard, the design
approach utilized in tag C seems to be more convenient to use.
The value of g, determined by using the radii of the outer and
inner rings can be used as a reference or starting point. This
g- may well be adjusted further to accommodate a certain
degree of spectrum efficiency and different design/fabrication
requirements. It should be noted, however, that increasing
g beyond this reference point would cause the RCS to fall
outside the specified lower frequency limit.

C. Increased bit encoding capacity

The better distribution of the data bits shown in Fig. 3
suggests that not only does the exponential spacing technique
result in an easier-to-decode tag, but it also has the potential to
have a larger bit capacity than traditionally designed concentric
rings tags operating at the same frequency and hence, size.
With the exponential spacing technique, there are now more
spaces available in the RCS for additional resonances before
they become too close to be identified separately.

To examine the impact of the exponential spacing on the
encoding capacity, the maximum number of bits that can be
encoded by tag C was compared to that of tag A. Keeping the
radii of the outer and innermost rings unchanged, the number
of rings in between was increased and the RCS response was
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Fig. 4. Simulated RCS responses of tag A (a) and tag C (b) with increasing
number of rings. The insets highlight the resonance peaks of the two outermost
rings that begin to overlap as the number of rings increases.

observed. Our study revealed that, for tag A, when the total
number of rings reached 18, the two outermost rings appeared
to couple significantly. This was indicated by the fact that
their associated resonance peaks were almost merged, thereby
preventing further addition of rings. This phenomenon can be
seen in Fig. 4(a), which shows the RCS of tag A as the number
of rings increases from 16 to 18. In the case of 18 rings, the
gap between the two outermost rings was found to be 1.14 mm,
which we determined as the minimum spacing necessary for
both rings to radiate independently [32]. On the other hand, for
tag C, the number of feasible rings before the same coupling
phenomenon occurred was higher, i.e., 33 rings. At that point,
the gap between the two outermost rings was around 1.14 mm,
which is consistent with the case of Tag A with 18 rings.
Fig. 4(b) illustrates the RCS of tag C as the total number of
rings increasing from 31 to 33, indicating the maximum rings
that can be added. These results show an increase of 88.2% in
total bit capacity when exponential spacing is implemented.

D. Nulls for encoding

Up to this point, the existence of the resonance peak
associated with the presence of the ring has been used to
encode bit *1°. This implies that the absence of the ring, and
hence the resonance peak, has been used to encode bit *0’,
as commonly used as the encoding strategy in the literature
for concentric rings CRFID tags. However, it is not suited
to be implemented in our proposed tag. As indicated in the
RCS responses shown in Fig. 3, the last peak associated with
the innermost ring is often broadband. Given that this ring is
dedicated to sensing in this study, it is difficult to detect the
frequency change upon sensing with such a broadband peak.
Therefore, instead of the conventional method, we propose
associating the ring with its RCS null. Here, the presence
and absence of this null would signify logic ‘1’ and ‘0’,
respectively. To enable the use of RCS nulls while maintaining
the tag’s target IN-bit capacity, an extra ring is added at the
outermost edge of the tag. The radius of this ring r. also fits
into the sequence (2) and can be calculated by treating it as
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Fig. 5. Simulated RCS of tag C with and without the extra ring (r.). The
inset shows tag C after the inclusion of the extra ring (r. = 34.84 mm). In
this case, radii and widths of other rings are maintained as given in Fig. 2(c)
and Table. I.
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Fig. 6. Different 10-bit combinations generated from tag C with the
extra ring(re = 34.84 mm): (a) '1111111111°, (b) 10111000110, (c)
’1000000011°, and (d) *1001011000°. The radii and widths of other rings
are given in Fig. 2(c) and Table. I. The tag design for each bit combination is
displayed on the right. The "X’ symbol denotes the ring removed to encode
bit "0’.

a ring with an index number N+2. To illustrate this idea, in
Fig. 5, the RCS response of tag C before and after the inclusion
of the extra ring is shown. With the MSB (b;) started from
the first null next to the peak associated with the extra ring
re, the RCS clearly illustrates using nulls to represent 10-bit
encoded information, as opposed to the scenario when peaks
are used.

To further illustrate the encoding procedure proposed in
this work, various tag configurations representing various bit
combinations were generated. Fig. 6 depicts the tag designs
and their associated RCS responses. For instance, by removing
rings rg, 5, 14, and r; from tag C having the extra ring
7, the bit combination 1011100110’ is obtained (Fig. 6(b)).
Consequently, the bit combination 10000000011 (Fig. 6(c))
is generated by removing rings rg - r3, and the bit combination
’1001011000” (Fig. 6(d)) is obtained by eliminating rings 79,
rg, rg, I's, ro, and ri. As can be seen in Fig. 6, with our
proposed encoding scheme, bit ’1’ is identified by the null
located prior to the peak generated by the associated ring. In

the next subsection, the use of nulls enabling more convenient
and accurate sensing potential is illustrated, hence validating
the proposed hypothesis.

E. Sensing

To maintain the simplicity of the tag design, while laying
the groundwork for future sensing integration, we have incor-
porated a potential sensing capability by utilizing one of the
constituent rings of the tag. Among the available rings, the
innermost ring is a sensible choice since its associated null
is located after the identification bits. This implies flexibility
in terms of the spectrum that can be allocated for sensing,
which is controllable through the tag design process. The
use of the last null is also useful for minimizing the chance
of the identification and sensing data overlapping and hence
causing ambiguity in the decoding process. For future sensing
implementations, the vision is to incorporate, into interdigital
capacitor structures connected to the innermost ring, materials
having stimuli-sensitive permittivity such as Kapton, polyvinyl
chloride (PVC), polyvinyl alcohol (PVA) [33], vanadium diox-
ide (VO2) [34], and Carboxymethyl cellulose (CMC) [35].
Any change in the relative permittivity of the applied material
upon exposure to relevant stimuli (e.g., humidity, temperature,
light, to name a few) will result in a corresponding change in
the capacitance of the interdigital structures and consequently
the ring resonance.

To demonstrate the aforementioned concept, four 0.2 mm
gaps were added on the innermost ring of tag C (with the
extra outermost ring added), which were then bridged by four
capacitors. The quantity and placement of the capacitors, as
shown in the inset of Fig. 7(a), were selected to uphold the
polarization insensitivity of the tag. It’s noteworthy that this
polarization insensitivity is inherently rooted in the radial sym-
metry properties of circular rings, where a rotation about their
center leaves the shape and spatial relationships intact. This
geometric characteristic needs to be maintained to ensure that
regardless of the tag’s orientation with respect to the reader,
the reflection and backscattering profile remain consistent [32].
To showcase the tag’s sensing potential, different capacitance
values were applied, and the corresponding RCS responses of
the tag are recorded in Fig. 7(a). The results reveal that the
frequency of the last null varies with capacitance, confirming
the mechanism explained above. As compared to peaks, the
use of nulls allows for a clear observation of this phenomenon.
It is also important to note that the variation in the sensing
null has an insignificant effect on the other nulls that are used
for encoding the identification data. Moreover, as shown in
Fig. 7(b), there were no changes observed in the RCS response
when the polarization of the plane waves illuminating the
tag was altered across a complete range (# = 0-360°). The
consistent tag responses across various polarizations serves as
a compelling evidence of the tag’s orientation insensitivity.

F. Synthesis of the tag

Based on the foregoing numerical findings, practical guide-
lines for designing the tag are summarized below:

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



This article has been accepted for publication in IEEE Journal of Radio Frequency Identification. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/JRFID.2024.3351678

JOURNAL OF KTEX CLASS FILES, VOL. 18, NO. 9, SEPTEMBER 2020

_-10

e ;

@ 1

§-30 h 1 Capacitors, . /

3 —— 0.1 pF 0.2 pF \@0 W/,

o 1 --- 04pF —— 0.6pF .19 Sl X

—-50 10 12.

14 28 42 55 69 83 96 110 124

Frequency (GHz) b

.10 (b)

£

& ]

3_30 Resongtor;/" Yy

5 i 00 -meedst - =000 ——135 | }—>

= o 1800 — - 22250 — .. 270° - 3150 %, :

1

-50 -
14 28 42 55 69 83 96 110 124
Frequency (GHz)
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pF capacitors.

1) Determine the target spectrum of the tag and calculate
the radii of the outermost (r.) and innermost rings (r1)
by substituting into (1) the lower and upper-frequency
limits, respectively. For the ¢, a number of rings with
arbitrary r but a consistent w are simulated in both free
space and on the target substrate. €.y is then approxi-
mated by taking the average of e.rs = (frs/frs)? [36],
where f, s is the simulated resonant frequency of the
ring in free space, and f,.; is the resonant frequency of
the same ring on the target substrate. This approximation
is found to be relatively accurate for the case of a thin
ungrounded substrate with printed conductor, placed in
air.

2) Determine the encoding capacity of the tag (/N) and
calculate the exponential rate g, by substituting r. and
r1 into (2), noting that r, = ry4o.

3) Calculate the radii of the remaining rings (i.e., r2 to 7x)
with (2) using the calculated g, in step 2.

4) Determine the fabrication limitations, i.e., minimum
trace width and gaps.

5) Set the minimum trace width as ¢, taking into account
the gap limitation.

6) Optimize g, as required. Note that increasing g, beyond
the value derived in step 2 will result in the RCS
response exceeding the specified lower frequency limit.

III. PROOF-OF-CONCEPT EXAMPLE
A. Design specifications and generated tag designs

In order to validate further the proposed concept, a number
of concentric rings tags are designed and fabricated. The
design specifications are given below:

e Upper and lower frequency limits: 3.4 and 9.4 GHz
(specified in such a way as to reserve approx. 1.2
GHz bandwidth within the remaining FCC-allowed UWB
spectrum for sensing purposes)

o Encoding capacity (/V): 18 bits (i.e., 17 bits for identifi-
cation and 1 bit for sensing)

TAG-II

0.2 mm Garps to add
Capacitors

Fig. 8. (a) Fabricated prototypes used to proof the concept: tag I
(111111111111111111) and tag II (101010101010101011). Dimensions (all
in millimeters) are: r1 =4, ro =42, r3 =44,r4 =4.6,r5 =49, r6 =5.2,
r7 =55, rg =58, r9g =6.1, rig = 64, r11 =68, ri2 =71, r13 =17.5,
ri4 = 7.9, ris = 8.4, rie = 8.8, ri7 = 9.3, rig = 9.8, Fe = 10.9, and tw = 0.1.
(b) Experimental setup.

o Substrate: Rogers 4350B, & = 0.17 mm, &, = 3.6, and
tand = 0.004
e Minimum track width and gap: 0.1 mm
e Encoded bits: ’111111111111111111°
’101010101010101011” (tag II).

Following the guidelines in section II-F, a tag represent-
ing data ‘111111111111111111° (tag I) was developed. The
tag was generated using optimized rates of g, = 0.06 and
€efy = 1.63 was used in the design process, approximated
through simulating six rings having different r. From tag
I, another tag with bit combination *101010101010101011°
(tag II) was generated by simply removing from tag I the
rings associated with bit ‘0’. For experimental verification,
these tags were fabricated using the specified substrate. The
photograph of the fabricated prototypes is shown in Fig. 8(a)
and the optimized dimensions can be found in its caption. It is
also indicated in Fig. 8(a) the rings which were removed from
tag I to develop tag II. To demonstrate the sensing potential,
0201-sized SMD-type capacitors with 0.1, and 0.2 pF were
added to the innermost ring of the tags as indicated in Fig. 8(a).

(tag I) and

B. Experimental characterization and results

The monostatic approach was chosen for measuring the
RCS response of the fabricated tags considering its simplicity
[37]. The measurement setup (shown in Fig. 8(b)) consists
of a linearly polarized horn antenna (BBHA9120D from
Schwarzbeck) connected to a vector network analyzer (VNA)
(MS2038C from Anritsu). The measurements were carried
out in a confined laboratory room with RF absorbers put
behind the tag to reduce unwanted signal reflections from the
surroundings. The tag under test was attached to a supporting
foam at a distance of 160 mm from the horn antenna. Using
the VNA, a continuous signal from 3 to 11 GHz with 0 dBm of
RF power was generated, and the input reflection coefficients
were recorded, and the RCS was determined using the method
shown in [32].

In Fig. 9, the simulated and measured RCS responses of the
developed tags I and II are displayed. The responses of both
tags when the gaps in the innermost ring are connected with
solder (shown in Fig. 9(a) and (b)) indicate the successful im-
plementation of the tag synthesis process. The RCS response
of tag II, as shown in Fig. 9(b), demonstrates the successful
generation of different bit combinations through the removal

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



This article has been accepted for publication in IEEE Journal of Radio Frequency Identification. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/JRFID.2024.3351678

JOURNAL OF KTEX CLASS FILES, VOL. 18, NO. 9, SEPTEMBER 2020

-20

Identification ———— - Sensing )
13

Simulated ~ + e Measured :

LY 33

-20

4 j I‘ “
\.'l, b "v’ \.4' \/ \ ,\J/
U N \ \ ! ! K v
g A
45 10 5 08 o901 81 0l 8 1 0.2pF
3 4.5 6 7.5 9 10.511

Frequency (GHz)

Fig. 9. Simulated and measured RCS responses of the proof-of-concept tags
when the gaps in the innermost ring are soldered (no gap case):(a) Tag I, (b)
Tag II; and when the gaps are bridged with 0.1 and 0.2 pF capacitors: (c) Tag
I, (d) Tag IL.

of appropriate rings. In both tags, the eighteen encoded data
bits are well distributed within the specified frequency range,
leaving a relatively wide bandwidth to be used by the last null
which is earmarked for future sensing applications.

The responses of the tags when the gaps are bridged with
different capacitors (see Fig. 9(c) and (d)) offer critical insights
into the potential sensing capabilities of our design. These
responses illustrate a shift in the frequency position of the last
null within the sensing spectrum, correlating with changes in
capacitance, validating the foundational concept of tag sensing.
In both instances, only measured results are provided for
clarity reason. Note also that the shift in the sensing null is
accomplished with a negligible influence on the identification
nulls, demonstrating the efficacy of the proposed technique in
laying the groundwork for a concentric rings-based CRFID
tag capable of both identification and prospective sensing
functions. Based on our investigations, the discrepancy in
the measured results is attributed to fabrication inaccuracies,
specifically the manual soldering used to bridge the gaps
in the innermost ring. The presence of excess solder tin at
locations where the induced currents on the innermost ring
are the maximum results in additional parasitic (capacitive and
inductive) effects [38], [39] on the tag. Such defects have a
substantial impact on the overall performance of tag I, which
consists of tightly-arranged resonators. When there are wider
gaps between the rings, as in tag II, such parasitic effects
are less significant. Utilizing an industry-standard manufac-
turing/assembly process can help mitigate this issue.

In Table II, the proposed CRFID tag is compared to state-
of-the-art concentric rings/slots-based CRFID tags. The com-

parison is restricted to works that employ one ring/slot for
one-bit data encoding and provide experimental validation.
For a comprehensive comparison of the proposed design
methodology we have utilized three relevant metrics, namely,
spectral capacity, spatial density, and encoding capacity, as
given in [40].

Spectral capacity (bits/GHz) provides the efficiency of data
encoding within a given bandwidth. It is calculated by dividing
the number of bits encoded to the bandwidth utilized in
GHz, offering insights into the information density achievable
within the frequency range. On the other hand, spatial density,
measured in bits per square wavelengths (bits/A\?), indicates
the amount of data accommodated within a specified tag area,
where A\ represents the wavelength at the tag’s center fre-
quency. This metric is computed by dividing the total number
of bits by the surface area of the tag in square wavelengths,
allowing an assessment of information concentration in a
spatial context. Furthermore, encoding capacity, expressed in
bits per lambda squared per GHz (bits/A\?/GHz), showcases the
encoding capability in relation to both tag area and bandwidth.
It is derived by dividing the spatial density to the operating
bandwidth in GHz. Such a comparison thus involves utilizing
the relative dimensions of the tag area (in wavelength-squared)
in order to correctly compare tags designed for different
operating bandwidths [40]. These additional metrics provides a
more comprehensive understanding of our tag’s performance.
The results of this comparative analysis are quite revealing.
Our proof-of-concept tag, which is a direct application of our
proposed design methodology, demonstrates superior perfor-
mance across all three metrics of spectral capacity, spatial
density, and encoding capacity when compared to the designs
presented in other referenced papers. In addition, our tag
uniquely combines these high-performance metrics with the
potential for simultaneous data encoding and sensing.

The achieved results suggest that a larger bit capacity can
be achieved if the proposed technique is applied to tags
employing hybrid encoding techniques in which a single
resonator is used for multiple-bit encoding [41], [32].

IV. CONCLUSION

In this work, we have successfully demonstrated a novel
class of concentric-rings chipless tags, employing a combina-
tion of exponential spacing and null encoding techniques. This
design marks a departure from traditional concentric rings tags,
offering a platform that is not only suitable for carrying identi-
fication data but also prepared for future integration of sensing
capabilities. Our approach optimally distributes encoded bits
within the target spectrum, facilitating the decoding process
and enabling the design of a simpler reader. Such a feature also
allows for a higher capacity tag, especially when compared to
conventionally-designed concentric tags of the same size. The
proof-of-concept 18-bit tags developed in this study validate
our approach, with the eighteen nulls representing the encoded
information effectively distributed between 3.4 and 9.4 GHz.
The design strategically allocates the last null to utilize the re-
maining FCC UWB band, anticipating high-resolution sensing
capabilities without impinging on the identification nulls.
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TABLE II
COMPARISON WITH STATE-OF-THE-ART CONCENTRIC RINGS/SLOTS-BASED CRFID TAGS
Frequency | Total | 128 Area | Spectral Density | Spatial Density | Encoding Capacity
Antenna (GHz) Bits (cm?) (bits/GHz) (bits/A?) (bits/A?/GHz) Sensing Shape
[15] 5.5—9.5 5 2.25 1.25 35.55 8.88 No Square
[16] 4—-11 10 8.25 1.42 19.39 2.77 No Triangular
[17] 3.6 —15.6 10 3.64 0.83 26.76 2.23 No Elliptical
[18] 2-8 10 20.25 1.66 17.77 2.96 No Square
[19] 4—19 15 2.40 1 42.53 2.83 No Pentagonal
[20] 4—-20 14 2.30 1 38.04 2.37 No Hexagonal
[25] 4.3 —12 9 9.6 1.16 12.70 1.64 No Octagonal
[21] 4 —18 12 1.72 0.85 51.88 3.71 Yes Circular
[22] 6—13 1.91 1.14 41.73 5.96 No Circular
[23] 1-35 100 2 8.88 3.55 No Circular
Ours 3.4—94 18 3.73 3 105.92 17.65 Yes Circular

The advancements presented in this paper open avenues for
a wide range of applications, including enhanced inventory
management, anti-counterfeiting measures, and real-time en-
vironmental monitoring, with potential impacts across various
sectors such as retail, logistics, and agriculture. However,
we recognize that our current demonstration, which relies on
controlled experiments using capacitors, represents an initial
step. This method serves to demonstrate the foundational
functionality of our design but may not fully encapsulate the
complexities and variabilities of the real sensing implementa-
tions. In light of this, our future research is directed toward in-
tegrating actual stimuli-sensitive materials into the tag designs.
These materials, potentially deposited on interdigital structures
connected to the sensing ring, will facilitate the direct sensing
of environmental parameters like temperature and humidity,
leading to a more realistic and robust implementation of our
tag design. Furthermore, we plan to test these tags in more dy-
namic and realistic scenarios, taking into account diverse plat-
form shapes, varying read ranges, orientation angles, potential
interferences, and noise. An additional goal is to explore the
use of machine-learning algorithms for the effective extraction
of encoded identification and sensing data. Such advancements
will not only enhance the functionality of our tags but also
expand their applicability in practical, real-world settings.
This forward-looking approach underscores our commitment
to evolving the field of chipless RFID technology, bridging
the gap between current capabilities and future possibilities.
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