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ABSTRACT In this paper, a unique structural design methodology for chipless radio-frequency identification
(RFID) tags in frequency domain is presented. The tag geometry is developed by loading an open-loop
resonator with micro-metallic-cells (MMC). The realization give rise to a checkerboard resonator type with
electromagnetic signatures in its radar cross section that are extremely efficient to manipulate. The resonators
layout is distributed on either side of a Rogers substrate to double its coding density. The proposed chipless
RFID tag has a memory of 8-bits in total. The operating band of the tag is 6.5-10.5 GHz. The tag has a high
bit coding density of 10.94 bits/cm? and spectral efficiency of 2 bits/GHz. The tag has a very compact size of
17.4 x 4.2 mm?. The simple structuring methodology and efficient resonators layout will give RFID system
designers the flexibility to apply the proposed tag in a wide range of modern applications.

INDEX TERMS Chipless radio frequency identification (CRFID), frequency-domain (FD), miniaturization,
open-loop, radar cross section (RCS), resonators, tag.

I. INTRODUCTION

Rapid surge in progression of RFID technology has brought
great attention towards chipless tags in the recent years. RFID
is a wireless technology that is essentially used for automated
identification of objects by using radio frequency (RF) waves
[1]. A conventional RFID system consists of two integral
parts, 1) RFID tag and 2) RFID reader [2]. The tag of a con-
ventional RFID system contains a silicon integrated chip (IC)
which is composed of microprocessor and a memory. The tag
is attached to an object storing information about that object.
An RFID reader on the other hand is used to communicate
with the tag at a distance [3]. The certain very crucial limi-
tations of conventional chip-based RFID tags include the use
of silicon IC, on-board antennas, large size and high cost [4].

The 90% cost of the conventional tag lies with the on-board
IC [4]. The technology of chipless RFID (CRFID) tag is being
seen as a potential replacement of conventional chip-based
tags improving many of its limitations.

CRFID system is being proposed as a substitute of con-
ventional RFID system that will use electromagnetic (EM)
signatures instead, which effectively eliminates the use of
expensive on-board electronics required for a chip-based tag.
Other features of CRFIDs include low cost of manufac-
turing, longer life, compactness, direct printability, physical
robustness, long read range, no very strict line-of-sight (LOS)
requirement, [5]. These advantages allow CRFID tags to be
used in many exciting applications such as internet of things
(IoT) [6], classified document security [7], item level tagging,
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sensing, environment monitoring, medical diagnosis [8], ship-
ment tracking and warehouse inventory control [9].

Based on the design method, CRFID tags can be classified
into two main categories: 1) circuit-based and 2) fully-passive.
Circuit-based tags consist of microwave circuitry integrated
with transmit-receive antennas. The microwave circuitry has
transmission lines and resonators to encode the data, whereas
the antennas are used for transmitting and receiving the EM
waves [13], [14], [15]. On the other hand, fully-passive tags
do not have any kind of active microwave circuitry. The data
encoding is embedded in the RCS signature of the tag. These
tags, therefore, consist of only resonating structures. Conse-
quently, fully-passive tags are comparatively more compact
and have higher code densities [10], [11], [12]. The informa-
tion stored on a CRFID tag can be decoded by using either
frequency domain (FD) or time domain (TD) techniques. Sev-
eral chipless tags employing the above techniques have been
recently published in the literature [10], [11], [12], [13], [14],
[15]. In [10], [11], [12], CRFID tags are designed using multi-
resonators for encoding the desired information. Their EM
signatures are measured using FD approach in which presence
or absence of a resonance peak is noted. Similarly, in [13],
multiple open-stub resonators are used to design a CRFID tag
that works on FD technique. On the other hand, TD technique
is used in [14], [15], in which delay-line structures encode
data in their tags. Circuit-based CRFID tags can store large
data, but their overall size and presence of transceiver module
makes them complex and costly to manufacture.

A fully passive chipless tag that works on FD technique
can further be categorized as: 1) retransmission-based and 2)
RCS-based. Retransmission-based tags consist of RF circuits
for encoding their data and antennas for sending and receiving
EM signatures. The read range of such tags is long; however,
they have comparatively large footprint [16], [17]. In compar-
ison to retransmission-based tags, the RCS-based tags do not
contain any antenna module for transmission and reception of
the data. Therefore, the overall size of these tags is reduced,
and consequently they have lower cost and complexity. This
also leads to high code densities, which depends upon the
physical configuration and size of the tag in question. The EM
signatures of these tags are measured as radar cross section
(RCS) and EM resonances present in the RCS are used to
decode the encoded information [18].

Various design methodologies are used to generate RCS
resonances within a particular frequency band of operation
of the chipless tag. Different encoding techniques are then
used to further enhance the tag’s data capacity. For example,
in [19], C-shaped resonator tags with high spectral efficiency
of 4.58 bits/GHz and very low code density of 2.86 bits/cm?
were presented. Similarly, in [20], a tag with very low code
density of 1.25 bits/cm” and high spectral efficiency of 5
bits/GHz but having a large tag size of 30 x 40 mm’ was
proposed. In [21], an impedance loaded circular ring resonator
with very low code density of 2.63 bits/cm? is presented.
Besides these, there are a variety of tags that exploit dual-
polarization feature to enhance the coding capacity. Such
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FIGURE 1. Chipless tag (a) Open-loop resonator. (b) Equally distributed
into small cells. (c) Geometry of the checkerboard loaded open-loop
resonator.

techniques include nested concentric square loop resonators
[22] and L-shaped resonators [23] with large code density
of 9.45 bits/cm? and 12 bits/cm? respectively. A stepped
impedance resonator with very low code density of 1.06
bits/cm® having a large size of 30 x 25 mm? is proposed
in [24]. A miniaturized open-loop resonator-based tag with
size of 6.6 x 10.8 mm? achieves a high code density of
4.99 bits/cm? using very complex optimization technique is
discussed in [25]. In [26], a tag with high spectral efficiency
of 7 bits/GHz but low code density of 0.88 bits/cm? using
non-iterative technique is presented. There are also other re-
cently reported RCS-based tag structures like: L-shaped slot
resonator [27], trefoil shaped slot resonator [28] and comb-
shaped tag [29].

There is a great focus of the research community to reduce
the overall size of a chipless tag achieving a highly minia-
turized design with high code density through designing a
compact resonating element. The researchers have employed
different types of resonators as discussed above. Recently,
an open-loop resonator using fragment loading technique to
design a miniaturized tag applying a very complex genetic
optimization algorithm is proposed [25]. The loading of a ba-
sic open loop provides a novel approach to reduce the overall
footprint of a tag. Four distinct advantages can be expected
by using loading technique to design any kind of loaded res-
onator. First, the empty area of different loop structures can be
divided into small cells. Second, by using the empty area of a
loop the overall size of the resonators can be reduced. Third,

VOLUME 3, NO. 1, JANUARY 2023



IEEE Journal of

@ Microwaves

TABLE 1. Optimized Parameters

Parameter ! w g g L W

Value (mm) 3.15 0.4 0.2 0.2 38 38

loading with micro-metallic-cells (MMC) gives great flexibil-
ity to control the resonance frequency. Forth, using the loading
technique to design checkerboard type structures gives a high
level of security against counterfeiting because it is difficult
to duplicate these types of structures [30]. Therefore, the
loading technique to design checkerboard type resonators has
the potential to reduce the overall resonator size resulting
in a miniaturized tag with high code density compared to
the conventional types of resonators. There are also several
open-loop fragments loaded resonating structures presented
in the literature [31], [32], [33], [34], [35], [36].

In this research, a novel design methodology for frequency-
domain RCS-based chipless tags is presented. A square
open-loop resonator of size 3.8 x 3.8 mm? is selected for de-
signing a miniaturized tag. For multi-peak RCS resonances, a
new kind of sequential loading approach is used that provides
a great amount of flexibility. This new technique is simple
but very effective resulting in checkerboard type resonators.
These resonators are printed on front as well as on backside
of a substrate for maximum data storage. The proposed tag
achieves a very high code density of 10.94 bits/cm? and spec-
tral efficiency of 2 bits/GHz while utilizing a frequency band
from 6.5-10.5 GHz.

II. TAG DESIGN

The design approach of the proposed chipless tag will be pre-
sented in this section. First the geometric model and the design
evolution will be explained, followed by its optimization.

A. MODELING OF CHECKERBOARD TAG BY LOADING THE
OPEN-LOOP RESONATOR

The proposed tag is modelled on Rogers RT6035HTC sub-
strate having thickness t = 0.762 mm, permittivity &, = 3.5
and loss tangent tan§ = 0.0013. The proposed tag design is
based on a miniaturized square open-loop resonators. Nor-
mally, the size of a tag must be small to achieve high bit
capacity. To achieve this objective, a unique loading strategy
is applied in which open-loop resonator is filled with small
square metallic cells. The proposed design process is depicted
in Fig. 1. The design starts with a square open-loop resonator,
as shown in Fig. 1(a). The empty area inside the open-loop
resonator is equally divided into small square cells as shown
in Fig. 1(b). Lastly, a checkerboard structure is constructed by
filling some of the cells with copper metal. The overall final
resonator geometry is shown in Fig. 1(c). Each square has a
dimension of 0.4 x 0.4 mm?. There is no metallic ground plan
on the backside of the final resonator substrate. The optimized
parameters of open-loop checkerboard resonator design are
listed in Table 1.
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FIGURE 2. Layout and simulated RCS response of open-loop resonator
versus frequency.

The performance of this checkboard resonator is analyzed
in different steps using full-wave analysis in CST Microwave
Studio. First, a single open-loop resonator with no loading will
be analyzed. The length of the resonator is inversely propor-
tional to its resonance frequency. An overall dimension of 4.2
x 4.2 mm? is chosen so that the resonator resonates at the
desired lowest frequency of interest 7.86 GHz. The simulated
RCS response is shown in Fig. 2.

The empty area inside the open-loop resonator is then
equally distributed into 64 small cells with 8 rows from R1
to R8 and 8 columns from C1 to C8. Starting from the first
column and first row (Cl, R1) of the open-loop resonator
and moving towards left, the alternating cells are filled (i.e.,
loaded) with metal. When the loading of first row is complete,
the second row is started in a similar fashion but in an inverse
manner. By sequentially loading the open-loop resonator, sev-
eral new open-loop checkerboard resonators are constructed.
This step-by-step development in the loading of the open-loop
resonator is shown in Fig. 3(a)—(d).

As the empty area of the open-loop resonator becomes more
loaded, the resonance-peak shifts towards higher frequencies.
Hence, with the same overall dimension of the open-loop res-
onator, different new open-loop resonators can be constructed
which resonate at different frequencies. This is done by simply
loading the empty area of the open-loop resonator with small
square metallic cells (see Fig. 1(c)).

B. OPTIMIZATION OF CHECKERBOARD OPEN-LOOP
RESONATOR

The loading approach used in this paper provides great flex-
ibility in designing RCS-based chipless tags as compared to
the conventional design techniques. As discussed earlier, a
square open-loop resonator is setup to provide a resonance
peak at any desired operating frequency. The decision on
the amount of loading each resonator with metallic cells is
made by carefully analyzing the frequency shift in the RCS
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FIGURE 3. Progressive-loading of open-loop resonator and corresponding
RCS-response vs. frequency. [Resonance-peaks of the respective
configurations: (a) 7.86 GHz. (b) 7.91 GHz. (c) 8.29GHz. (d) 8.38 GHz].
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FIGURE 4. The optimized configurations of open-loop resonators and their
RCS-response vs. frequency. [Resonance-peaks of respective tags: (a) 7.86
GHz. (b) 8.38 GHz. (c) 8.73 GHz. (d) 9.21 GHz].

response. For an efficient multi-peak RCS with high bit capac-
ities, the resonances should be separated from each other by a
significant guard band. In Fig. 3, it can be observed that when
the open-loop resonator is loaded only with a single row, the
resonances (as shown in case of (a) and (b), Fig. (3)) are very
near to each other and can’t be distinguish properly. However,
the resonance peaks become significantly apart from each
other if loading is achieved up to one and a half row as
shown in Fig. 3(c). Hence based on this methodology and after
parametric analysis, the optimized layouts of the tag loadings
and corresponding RCS responses are shown in Fig. 4.

It is clear from Fig. 4, that by simply loading the open
loop resonator with correct amount, several useful frequency
resonators can be developed. As a proof of concept, seven dif-
ferent resonators with different RCS responses were achieved
after proper loading and are shown in Fig. 5. A total of eight
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FIGURE 5. Eight different layouts after proper loading of open-loop
square resonator. [Resonance-peaks of the respective tags: (a) 7.86 GHz.
(b) 8.38 GHz. (c) 8.73 GHz. (d) 9.21 GHz. (e) 9.5 GHz. (f) 10.06 GHz.

(g) 10.37 GHz. (h) 11.11 GHz.
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FIGURE 6. Surface current distribution of three different configurations at
(a) 7.86 GHz (b) 9.21 GHz (c) 11.11 GHz.

different resonators including the basic one, have thus been
obtained.

To get an insight into the physics of the tag loading and its
functioning, surface current distributions for three resonators
are shown in Fig. 6. The surface current density for unloaded
open-loop resonator when illuminated by a linearly polarized
plane wave is depicted in Fig. 6(a). Similarly, currents for half-
loaded and fully loaded resonators are shown in Fig. 6(b) and
(c) respectively. It can be clearly observed that as the loading
increases, the length of the current path decreases energizing
the higher-order modes. The maximum current stays along
the edges of the resonators, while the inner most part of the
metallic cells are almost void of current resulting in resonance
shift towards higher frequencies, this is in accordance with the
frequency response depicted in Figs. 3 and 4.

I1l. CONFIGURATION SETTING OF CHECKERBOARD OPEN
LOOP RESONATORS TO FORM TAGS

Once different layouts of loaded resonators were achieved
such as those shown in Fig. 5, final tags can be realized using
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FIGURE 7. Two different configuration using loaded-open-loop resonators
on front side of the substrate only. (a) Configuration-1 (1 x 8) and (b)
Configuration-2 (2 x 4).

different arrangements of these layouts of loaded resonators.
In this research, the authors, as a proof of concept, have cho-
sen three different arrangements to achieve an optimum tag
configuration.

In first arrangement, all resonators shown in Fig. 5 are
placed in a single row forming a 1 x 8 matrix. The resonators
are placed on the front side of the substrate only, thus resulting
in an overall size of 37.8 x 4.2 mm?. In the second arrange-
ment, the eight resonators are placed in the form of two rows
with 4 resonators each (i.e., 2 x 4 matrix). This reduces the
length of the tag but increases its width. The overall size of
this configuration is 18.6 x 9 mm?, and hence the net tag area
remains the same as that of the previous configuration. Both
configurations (1 & 2) are shown in Fig. 7.

These configurations however are formed such that the res-
onators are printed on one side of the substrate. This is also a
traditional way of making RFID tags. In this research, a new
approach is used to reduce the tag size by a significant amount.
In the next configuration, four of the bottom resonators of
configuration-2 are moved onto the backside of the substrate.
These backside resonators are subject to two transformations;
first, each resonator is mirrored (i.e., flipped horizontally)
and then rotated by 90° clockwise. These transformations are
made to break the symmetry of the resonators on both sides
of the substrate. The result is that maximum area of each
resonator on the backside gets exposed to the incident plane
wave. This has a drastic effect on the overall RCS response
of the tag. This configuration also leads to a reduction in the
overall footprint of the tag by half. This new configuration
(i.e., Configuration-3) is shown in Fig. 8. In the third config-
uration, a single row of resonators on both front and backside
of the substrate are laid out in 1 x 4 matrix form. This gives
an overall tag size of 18.6 x 4.2 mm?.

The RCS response of all configurations (1, 2 & 3) is shown
in Fig. 9. It can be observed that for configuration 1 and
2, the RCS response has resonances with low RCS mag-
nitude level that must be difficult to identify. On the other
hand, the RCS response of configuration-3 contain resonances
that are well apart and have very high RCS magnitude level
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FIGURE 8. 3rd configuration using loaded-open-loop resonators on both
front and back side of the substrate. (a) Plane view (b) Perspective view.
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FIGURE 9. Simulated RCS response of configuration (1, 2 & 3).

that are easily distinguishable and detectable. Hence, the best
choice for efficient performance will be configuration-3. The
tag with configuration-3 is responsible for generating eight
resonance peaks at distinct frequencies from 6.5 to 10.5 GHz.
The RCS response of this tag is shown separately again in
Fig. 10 for more clarity.

A. EFFECT OF INTER-RESONATOR SEPARATION

The spacing between the resonators affects both tag size as
well as its RCS response. The spacing should be such that a
best compromise between the tag size and an easily identi-
fiable RCS signature must be reached out. The reduction in
inter-resonator separation will increase mutual coupling thus
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FIGURE 11. Effect of inter-resonator separation on RCS response of tag.

resulting in a frequency shift of RCS response. The spacing
“d” between the resonators is kept at 1 mm for all the three
configurations (1-3). A parametric study, however, for various
separation distances “d” versus RSC resonances is done and
shown in Fig. 11. It has been observed that reducing “d” shifts
the RCS towards lower frequencies. The minimum possible
value of “d” for which the RCS remains stable is 0.4 mm.
Further reduction in “d” results RCS goes out of the operating
band. The optimum value of d = 0.6 mm was chosen for the
proposed design. This final value of d updated the overall size
of the proposed tag to 17.4 x 4.2 mm?.

B. EFFECT OF SUBSTRATE THICKNESS

The effect of variation in substrate thickness on RCS response
of the tag is shown in Fig. 12. The effect of substrate thickness
is three folds. 1) Efficient utilization of the spectrum: It can be
observed from Fig. 12 that for thinner substrates the spectrum
efficiency of the tag is lower as compared to thicker substrates.
The RCS response for t = 0.762, and t = 1 mm has the
best efficiencies. 2) Identification of upper and lower nibble:
As discussed earlier, in this paper a unique configuration of
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FIGURE 12. Effect of substrate thickness on RCS response of tag.

resonator’s layout is proposed. Based on this proposed layout,
it would be useful if the reader (i.e., CRFID tag reader) could
also distinguish between the responses of resonators at the
back and on the front sides. That is to say, that upper and
lower nibbles of the “Single Byte” should be distinguishable.
This has been referred to pictorially by dotted lines in Fig. 10.
Setting this criterion of intelligent use of the layout, it can be
keenly observed in Fig. 12 that the upper and lower nibbles in
RCS response of the tag with t = 0.762 mm is better separated
than that for the tag with t = 1 mm. 3) RCS amplitude: The
choice of substrate thickness is also based on the fact that for
thinner substrates, the RCS magnitudes are lower. In general,
RCS magnitudes of lower values should be avoided as they
may result in poor detection of tags ID. The optimum substrate
thickness based on the analysis shown in Fig. 12 is 0.762 mm.

C. ILLUMINATION OF TAG FROM FRONT AND BACK SIDES
The proposed tag is unique in its construction as it is com-
prised of resonators on both sides of the substrate. Therefore,
it was interesting to show whether this tag would perform well
when illuminated from either side. The results are shown in
Fig. 13, whereby the RCS response of the tag put in either
way facing towards the reader is shown. It can be stated with
quite confidence that the RCS response remains the same
for both the cases. Therefore, the proposed tag is orientation
independent and can be used in a horizontally flipped mode as
well.

IV. MEASUREMENT RESULTS
The tags were fabricated using standard PCB process. The
photographs of the fabricated prototypes are shown in Fig. 14.
The measurements of these tags were carried out inside an
anechoic chamber in a bi-static configuration. The configura-
tion setup and photograph of the measurement setup is shown
in Fig. 15.

The two horn antennas placed side by side, were used for
transmission and reception of electromagnetic (EM) waves.
The horn antennas were connected to vector network analyzer
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FIGURE 13. RCS response of proposed tag when illuminated from either
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FIGURE 14. Photographs of the fabricated CRFID tag prototypes.

E8362B. The gain of horn antennas used was 12 dBi while the
power delivered by the VNA to them was set to 7 dBm. The
complex Sp; parameter of the tag is measured by using the
above mentioned bi-static configuration in an anechoic cham-
ber. The signal received from the tag at port 2 of VNA was
very week, therefore an isolation measurement without the tag
was also performed. This is an important step to remove any
static noise. The effects due to horn antennas were also con-
sidered by measuring Sy; of a reference rectangular metallic
plate with a known RCS. Finally, the RCS response of the
proposed tag was calculated by using following formulation
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(1) [19].

tag isolation ]2
ol — [%} coref (1)
21 21

Where, Stzalg and Srzelf is the measured S-parameter of the
proposed tag and reference rectangular metallic plate, respec-
tively. The Sizsf]a‘i"“ is isolation measurement without the tag,
o™l is a known RCS value of the reference metallic plate and
o2 is RCS value of the proposed CRFID tag.

The prototype CRFID tag was attached to a foam. There-
fore, the measured response contained effects from foam
as well. The foam only response was thus measured as
well. This extra foam effect was subtracted from the tag
response. The measured RCS response of final proposed
tag (Configurations-3) along with original simulated RCS
response is shown in Fig. 16. The measured results of
configuration-3 agree quite well with those of simulated RCS
response.

Applying the given approach, a resonator layout can be
designed with different bit capacities. However, to maintain
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FIGURE 16. Measured and Simulated RCS Response of Final Proposed Tag
(Configuration-3).

TABLE 2. Comparison With State-of-the-Art CRFID Tags

Operatin .
g Tag Bits Code Spectral
Ref. . Per . .
No. Frequenc Size Reson Density Efficiency
y (mm?) ator (bits/em?)  (bits/GHz)
(GHz)
[19] 2.5-7.5 20 x 40 4.58 2.86 4.58
[20] 2-5 30 x 40 3 1.25 5
[21] 3-9 30 x 30 3 2.63 3.95
p2 s1a 8 05 9.45 3
13.8
[23] 4.8-10 15 %10 2 12 3.46
[24] 3.1-10.6 30 x 25 2 1.06 1.06
6.6
[25] 2.8-6 10.8 3.56 4.99 1.11
[26] 1.7-4.7 66 x 36 3 0.88 7
[27] 3-6 20 % 20 1 4 533
13.55
[28] 54-10.4 13.55 1 544 2
[29] 4.5-75 17 x 14 1 5.88 4.66
Prop
osed 65105 | A* 1 10.94 2
4.2
Tag

simplicity, the proposed resonator has been assigned single
bit. The tag is then an 8-bit tag and can store up-to one
BYTE of information. The frequency span of the tag operation
is 6.5-10.5 GHz with physical area of 17.4 x 4.2 = 73.08
mm? = 0.7308 cm?. Therefore, the tag has code density of
10.94 bits/cm? and a spectral efficiency of 2 bits/GHz. The
final proposed CRFID tag is compared with state-of-the-art
published work in Table 2. The code density of the proposed
tag is comparatively very high among the designs presented
in the Table. Moreover, the bit capacity can be doubled if
frequency shift coding (FSC) is used. A single resonator can
be assigned two bits (one for the high value, the other for the
lower value of the resonance) hence doubling the bit-capacity
to 16-bits.
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V. CONCLUSION

A unique and novel methodology to structure a chipless tag
was presented. The tag consisted of a square open-loop res-
onator that was gradually loaded with small metallic cells.
The methodology presented is simple and can achieve EM
signature of various bit-lengths with a considerable ease. The
tag capacity was further enhanced by proposing a double-side
layout of resonators. The overall geometry of the tag’s individ-
ual resonators resembles a checkerboard. The overall size of
the tag obtained was 17.4 x 4.2 mm?, which is very compact.
The band of operation for the proposed tag is 6.5-10.5 GHz.
These numbers result in an efficient chipless tag that has a
high code density of 10.94 bits/cm? and spectral efficiency
of 2 bits/GHz. The tag design methodology proposed in this
paper is quite simple but very powerful. This unique tag can
therefore be used in a wide range of modern identification
scenarios.
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