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Abstract

This paper focuses on a short circuit and concentric loop effects to improve the structure dimension as well
as enhance the ability to encode electromagnetic wave data for chipless RFID tags. The tag is composed of
star-shaped rings that are concentrically nested together. The following factors help reduce the tag size:
using the phenomenon of electromagnetic backscattering, assessment by the Radar Cross Section (RCS),
the antenna-free tag only includes the multi-frequency resonators. By inserting short circuit lines combined
with concentric loops, the number of resonant peaks increases exponentially without increasing the tag
overall dimension. In addition, by inserting the short circuit lines at different angles between the two
consecutive loops, we can adjust the resonant frequency in the frequency bands, thereby changing the
value of the bit by shifting the frequency position. The overall dimension of the resulted tag is 13mmx13 mm
and the tag is aimed to be a printable tag on the flexible substrate to minimize the fabrication cost. With the
18-vertex star-shaped tag with five concentric loops, this chipless RFID tag can encode up to 16 bits with

high resolution and large data density.
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1. Introduction

Over the past few decades, several systems and
technologies have been appeared and developed to
identify and track the objects in producing systems
and logistics. Among them, the most prominent are
two technologies: Barcode (Barcode) and RFID
(Radio Frequency Identification). Barcode utilizes a
scanner with a beam of light to detect the black and
white dots on a barcode. The scanner can decode the
lines, turn them into text, and send the information to
a host computer for later analysis or identify from its
database. Barcode scanners have to “see” every line
of the code to precisely read and transmit the data.
Barcode technology has the advantage of small size
and low price, but there are some drawbacks such as
only one data code can be tested at a time, the code
must be in direct contact (without obstacles) with a
scanner or camera. RFID (Fig.1) is a technology that
identifies objects by radio waves, hence it allows
identification of objects through radio transceivers so
that they can monitor and manage the objects that
need to be surveyed. This is the advantage that makes
RFID superior to barcode technology, which can
identify objects at distances from a few meters to tens
of meters in space.
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Fig. 1. Configuration of a conventional RFID system [1]

Besides the above advantages, the RFID system
still has some disadvantages such as high cost due to
the presence of the integrated chip on the tag [1].
Current RFID systems often comprise very large
numbers of objects to identify and result in high costs
for the entire system. To reduce costs for RFID
systems, chipless RFID technology has been
proposed, researched, and developed very strongly in
recent years. This technology not only reduces costs
by streamlining the usage of chips but also is made as
simple as, for example, being able to print on
inexpensive materials such as paper, plastic, and
textile. In addition, the chipless RFID system
employs passive tags therefore energy saving is also
ensured. Chipless RFID technology is a low cost,
effective, safe, and reliable solution [2].

Based on the data encoding method, the chipless
RFID tag is divided into 3 types [3]: tags based on
Time Domain Reflectometry (TDR-based) [4-8], tags
based on natural spectral signature [9-10], tags based
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on amplitude-phase modulation [11-15]. Tags used
are based on time-domain reflections, including
printable and non-printable tags. A typical example of
printable tags is a tag using Surface Acoustic Wave
(SAW) [4-7]. SAW tags are excited by a Gaussian
pulse transmitted by the reader. Due to the nature of
the piezoelectric material, the tag cannot be printed
on conventional paper or plastic materials. The tag
proposed in this article is based on the time domain
reflection and printable [8], using circuits to create
transmission line latency.

The tags hinging on the natural feature of the
operating data coding spectrum rely on the resonant
properties of the structure. In the paper [9], chemical
tags are designed from resonant filament deposition
or special conductive ink. In the article [10], printed
RFID tags apply electronic ink samples to be
embedded or printed on the surface of the tagged
objects to create the operating range up to 1.2m.

Chipless RFID tags based on amplitude and
phase modulation are intensively studied tag.
Examples of tags using this method are found in
[11-14]. In the article [11], the tag consists of spiral
resonators located near a microstrip line, each spiral
resonating at a frequency and representing a bit, the
size of the tag increases with the size of the bit. In
order to encode a large number of bits, the tag size
must be quite large. Tags encode data on both
amplitude and phase using the "C" structure
introduced in the article [12] and the ability to encode
up to 22.9 bits on the tag size 2cm x 4cm. Using the
dual polarization property of the wave, which doubles
the ability to encode data, the square resonant
structure is generated in the paper [13]. The structures
are based on the letters of the alphabet in the article
[14], in which each letter has its particular
electromagnetic reflection properties, but the
employment of these structures requires an
investigation for each letter, as well as the ability to
duplicate resonant frequencies.

The chipless RFID tag introduced in this paper
uses electromagnetic wave backscattering, as
measured by the Radar Cross Section (RCS)
parameter. On the basis of the backscattering
phenomenon, this tag does not require the antenna
element to receive and transmit, so the size of the tag
is significantly reduced. The tag structure also makes
use of the concentric loop structure and short circuit
line between the loops. In Section 2, the authors
present the principle of electromagnetic wave
backscattering, which is the main principle of
structure. Section 3 describes the tag design
procedure. In Section 4, the authors describe the
simulation and measurement results. Lastly, the
conclusion is drawn in Section 5 on tag performance.

2. Theory of electromagnetic wave scattering

For electromagnetic encryption technology,
there are a number of principles and techniques used
for encoding, but to satisfy the requirements of flat
printable structure, small dimension, electromagnetic
wave scattering principle is applied with the
characteristics of specially featured eclements at
different frequencies.
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Fig. 2. Concept of Radar System [16]

Properties of this wave backscattering effect
were studied according to the concept of a radar
system (Fig.2) via the RCS (radar cross section — o)
of the desired object. Assuming that the power of
incident wave to an object from radar at a distance of
R is Pp;. Reflected power from the object is [15]:

P.=0.Ppi (D

where o is the Radar Cross Section (RCS).
Meanwhile, Pp. is the backscattering power at the
receiving antenna, we have:

P
Pp= —= Q)
4R

From equations (1) and (2), the RCS is calculated as

6= 47rR2(%) 3)

Di

To ensure that the receiving antenna is located
at the far field (that means the backscattering wave
received by the antenna is a plane wave), equation (3)
is corrected to:

6 =47R2 lim (i “)
R P Di

The ability of the object to encode data is
expressed through the number of RCS peaks
(maximum backscattering power) in a given
frequency range. If each RCS peak is considered a
data bit, the criterion is that the encoding structure
must create as many RCS peaks as possible to
increase the encoding capacity, or the design structure

must resonate at many different frequencies.

When projecting an excitation wave to an
object, the received RCS versus frequency
characteristic is divided into three regions: the low-
frequency region (Rayleigh region), the medium-
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frequency region (Resonance region), and the high-
frequency region (Optical region) [17-18]. Fig.3. is an
example of the RCS versus frequency characteristic
of an ideal conductive sphere with a radius of 56 cm.
It is recommended that when designing a chipless
RFID tag based on electromagnetic wave feedback,
the tag should work in the Rayleigh region.
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Fig. 3. RCS versus frequency of an ideal conducting
sphere with a radius of 56 cm [17-18]

3. Design of chipless RFID tag

The tag is composed of 18-vertex star rings that
are concentrically nested. Two consecutive stars form
a loop, similar to the article [13]. The size of the loop
is inversely proportional to the resonant frequency.
The star structure makes it possible to increase the
size of the loop on the same dielectric area as
compared to the square [13], the U [2], the butterfly
wings [3], from which the star structure will optimize
data density over similar structures. By using short
circuit lines to connect the vertices of the star rings,
we divide a given star into smaller loops, hence each
loop can generate a corresponding resonance.

Fig. 4. The topology of the 18-vertex star structure
(the red line represents a loop)

First, we consider the bit encoding approach for
each loop. Increasing the number of loops will extend
the encryption capacity exponentially. Each large
loop will be divided into two small loops of different
lengths by using two short-circuit lines. These lines
can be made on the top, the corner, and even the
middle of the star edge. With the two short-circuit

lines, the loop is divided into two smaller loops in
which the length of two loops will be inferior to each
other by an edge of the star (Fig.5a). These two small
loops are adjusted to change the length by adding
small short-cuts and do not change the length of the
remaining loop (Fig.5b,c), thereby shifting the
resonant frequency by one small interval. This length
adjustment is done twice in order to adjust the one
resonant frequency independently without affecting
the remaining one by keeping the length of the loop
unchanged.

Another technique to omit a resonant frequency
without affecting the rest is to divide the individual
nested loop into smaller ones (Fig.5d), thereby
bringing this undesired frequency outside the
frequency range of interest. In addition to the initial
resonant frequency, the shifting of that frequency
twice and finally disappear, we have the following
encoding:

Table 1. Encoding resonant cases

Cases Encoding
No resonant peak detected 00
Resonant peak detected 01
Resonant peak first shift 10
Resonant peak second shift 11

In a nutshell, from a large loop originally made
from two stars in combination with the above-
mentioned shifting techniques, we are able to encode
a total of 4 bits. Furthermore, tuning the resonant
frequency was made easily by inserting short-circuit
lines. In general, for N star circles, the number of
encoding bits obtained will be 4(N-1) bits.

{3
L

Fig. 5. Short-circuit line cases used in the encoding
process of 18-vertex star structures
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4. Results and discussion

The structure is designed on Polyimide material
with the dimension of 13mm x 13mm x 0.1mm with a
dielectric constant of 3.5, tand loss coefficient of
0.0027. The simulation results for the structures of
Fig.5 are shown in Fig.6.
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Fig. 6. Simulation results of Fig. 5 structure
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Next, we will use five-star loops to form 4
electrical loops, thereby increasing the number of bits
to 4 x 4 = 16 bits. The number elevation of star rings
does not enlarge the size of the tag. On the contrary,
the encoding ability of the loops is done completely

independently without affecting the encryption of the
remaining loops. The length of the loops is adjusted
to avoid overlapping resonance peaks by changing
the size of the star rings. The tag design structures
according to this approach are shown in Fig.7.

On selecting the design of Fig.7a as a reference,
each large loop is divided into two smaller loops,
equivalent to  the 16-bit  encoding s
0101010101010101. In Fig.7b, all the small loops are
reduced in length by two times, which causes all of
the greater resonant frequencies of the loops to shift
by two-bit positions, equivalent to coding
0111011101110111. Meanwhile, in Fig.7c all large
and small loops are translated to be reduced by two
times, equivalent to with encoding
I111111111111111. In Fig.7d, all loops of greater
length are reduced by length once and all smaller
loops are reduced by length twice, the equivalent
encoding is 1011101110111011. By breaking up the
large outer loop, we erase the maximum resonant
frequency, thereby creating the code
0001010101010101  as illustrated in Fig.7e.
Simulation results for RCS value in all cases of Fig.7
are exhibited in Fig.8. By encoding 16 bits on a
13 x 13mm? tag area, we obtain a data density of
9.47bits/cm?, which is larger than the previously
researched chipless RFID tag structures [4-12]
[19,20].

A table that shows the comparison among the
encoding capability of the proposed structure with
some of the existing structures is displayed in Table
2. Other tag structure parameters are taken from the
research in papers [12], [19,20].

Table 2. Comparison of our proposed tag with previously
studied chipless RFID tag

Tag structure Data Printability Tag dimension

Density increased with the
(bit/cm?) number of bits

SAW > N Y

Delay line >0.17 Y Y

Chemical 1.76 Y N

Ink tattoo >1 Y N

Spiral 0.61 Y Y

Resonator

C- like hybrid 2.86 Y Y

coding tag [12]

Butterfly Slot 5.1 Y N

tag [20]

Dual Polarized >7 Y N

Slot U tag [19]

Our tag 9.47 Y N
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The results in Fig.8a-e correspond to the
structure in Fig.7a-e, respectively. In Fig.8a, the RCS
peaks obtained at 8 frequencies and the distance
between two consecutive peaks are quite evenly
spaced, hence this tag is regarded as the reference tag
with the bit data of 0101010101010101. When
inserting the short-circuits to the star loops in the
reference tag as in Fig. 7b, it can be seen in Fig. 7b
that the frequency from 5.36 GHz is shifted to
5.69 GHz, the peak at 6.62 GHz is shifted to
7.01 GHz, the peak at 8.18 GHz is shifted to
8.65 GHz and the peak at 10.25 GHz is shifted to
10.84 GHz while the other four peaks remained the
same, just shifted a little bit due to the mutual
coupling change when adding the small short-circuit
lines. This shifting results in a new tag with the new
encoded data of 0111011101110111. In Fig.7c, short
circuits are continuously inserting to Fig.7b and the
similar shifting happens, which leads to the new tag
data of 1111111111111111. This rule is applied even
when we change the position of the first set of short-
circuits compared with the reference tag. The
arrangement of Fig.7d is modified from Fig.7c where
he entire set of reference peaks as in Fig.7a shift to
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make the data switch to 1011101110111011. Lastly,
in Fig.7e, we erase the maximum resonant frequency,
and the new data of 0001010101010101 is generated
resultantly.

Consequently, based on the ability to change the
position of the short circuits on a circle associated
with the concentric ring structure, our proposed
chipless RFID tag has gained a remarkable
encryption data density compared with the majority
of tag structures that have been studied before. Owing
to the backscattering principle, the tag does not need
an antenna on its structure while can still receive the
signal from the reader. In responding to the
interrogation signal from the reader, the tag can
reflect the encoded signal. The receiver will receive
frequency-coded signals from the card. With a good
resolution (the discrimination between the two
consecutive RCS peaks) and the clear difference
between the maximum and minimum RCS response,
the feedback signals from different tags are
independent of each other and can be totally adjusted
without affecting each other's frequency.
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Fig. 8. Simulation results of RCS versus frequency of
star-shaped chipless tag encoding structure with 18
vertices and 5 concentric loops in Fig.7.
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4. Conclusion

In this article, a 16-bit star-shaped chipless
RFID tag which is designed based on wave
backscattering is evaluated using RCS. The tag is
fully printable and has a compact size. The tag
structure consists of concentrically nested stars, so
when you want to increase the number of bits, you
only need to increase the number of stars, not
increasing the size of the tag. The tag used is a
magnetic card thus resistant to the effects of the
environment. By adding short circuits between the
two nearby stars, we adjust the appearance of the bits,
which helps to change the ID of each tag in a flexible
way.
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