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Abstract—A novel design concept of a compact printable orientation
independent chipless RFID tag is presented. The tag consists of
a circular patch loaded with multiple slot ring resonators. This
symmetric frequency domain based tag has the advantage to be read
from any orientation with the reader antennas. The tag can be read in
close proximity by chipless RFID tag reader with waveguide(s) and also
can be read in both near field and far-field of the RFID tag reader with
antennas. This tag does not have a ground plane and has higher data
density compared to the existing printable chipless tags. The usability
of this single sided tag in close proximity is verified by waveguide
measurements for both proximity applications such as on ID access
cards, item level tagging etc. and slot reading application such as on
banknotes, credit cards etc.

1. INTRODUCTION

Radio Frequency Identification (RFID) is a wireless data capturing
technology that uses radio frequency (RF) waves for extracting the
encoded data from remotely placed tags. This system consists of two
main elements, the RFID tag, where data is encoded, and the RFID
reader, which is used for extracting the encoded data from the tags.
The RFID tag has the potential to replace barcode, but it is still not
used in low-cost applications because of its higher price compared to
the barcode. The cost of the widely-used passive tags depends mainly
on the chips used in them [1]. Therefore, research has been focused on
developing chipless printable RFID tags.
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A number of printable chipless RFID tags have been reported
using simple or hybrid of time, frequency, phase domain and image-
based encoding techniques. Among the time domain based tags, only
SAW-based tags have the required data capacity [2], but the main
drawback of this SAW tag is that it uses costly piezoelectric substrate.
Moreover, using other printable techniques in time domain, it is not
feasible to encode sufficient bits using microstrip delay lines [3] within
a credit card sized area. Therefore, time domain-based tags cannot
be used for high data density tag manufacturing. In phase domain-
based tags only the tag using stub-loaded multiple patch antennas
(SLMPA) [4] is printable and data is encoded in the cross-polarized
backscattered phase. But if the backscattered phase is varied due to
multipath, then it may cause bit encoding errors [5] and sufficient
reliable phase resolution has not been achieved yet. Image-based tags
are still in the experimental phase and need costly submicron-level
printing.

If the frequency domain-based tag is considered, it is seen that
these tags have higher data density than time-domain based tags. A 35-
bit tag using spiral resonators and cross-polarized monopole antennas
in the frequency domain has been presented in [6]. Low cost chipless
RFID system for secure near-field data transfer is presented in [7]
with a 9-bit tag having an area of a conventional ID card. It uses
frequency shifting principle by length variation of the dipoles and
complex higher order mode detection techniques. Another printable
chipless tag was proposed in [8], where Multi-Resonant Dipole Antenna
(MRDA) was attached to a monopole antenna to encode bits. But it
requires both side printing alignment and number of dipoles increases
linearly with the number of bits. Chipless tag using capacitively-tuned
dipoles in [9] have problems with size and parasitic mutual coupling.
Another printable tag using space filling curve [10] has difficulties in
encoding data. Electromagnetic code is implemented in [11], where two
Split Ring Resonators (SRRs) are used to encode each bit. A compact
tag is proposed in [12] where frequency shifting technique is used by
varying the length of coplanar strips. Another compact tag is proposed
in [13,14] using dual polarization technique to double the encoding
capacity of the existing frequency domain based tags. Recently a
chipless RFID tag based on dual-band resonators is presented in [15]
with a calibration technique to increase the read range in frequency
domain based RFID tags.

However, all the frequency domain based tags described above
have a common drawback, that they are needed to be aligned with
the linearly polarized reader antennas. Circularly polarized UWB
reader antennas are required to overcome the misalignment problem.
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But circularly polarized antennas usually have lower bandwidth which
decreases the encoding capacity of the frequency domain based tags.
If a compact fully-printable orientation independent linearly polarized
tag with sufficient data capacity can be developed, it will gain wide
acceptance in many passive chipless RFID tag applications.

In this paper, a novel compact easily-printable slot ring resonator
loaded chipless RFID tag is proposed to overcome the limitations
of the other chipless tags suggested in the previous studies such
as printing complexities using conductive ink due to the alignment
mismatch between tag’s two sides, total tag area, manufacturing cost
and orientation dependency. Like most other designs, the size of
our tag will not increase linearly with the number of bits as the bit
representing slots will be cut inside the patches. More importantly,
this symmetric tag is independent of rotation around orthogonal axis
with the reader antenna and it does not require a ground plane like
most other proposed chipless tags. Hence, this orientation independent
single sided tag can be used in ID or credit cards, tickets, banknotes
and also can be directly printed on paper or plastic packets for item-
level tagging.

Rest of the paper is organized as follows: Section 2 presents
the related theory and operating principle of the proposed chipless
RFID tag. Section 3 presents the design of the tag. Section 4
presents the simulation and experimental measurement results followed
by conclusion in Section 5.

2. THEORY OF OPERATION

2.1. Slot Ring Resonators

Slot ring resonators of different diameters are used to create different
frequency signatures for this tag, where each signature is used to
represent one bit. It has two main advantages over other resonant
structures. Firstly, resonances at the 2nd, 3rd and other harmonics
are not present in the backscattered signal from a slot ring resonator
loaded patch. Due to the ring resonator’s symmetric and continuous
structure, even and odd harmonics current path cannot be created and
hence they are not appearing in the backscattered signal (Figure 1).
So we can encode data using the whole UWB band (3.1 to 10.6 GHz),
as the 2nd and 3rd harmonic for the 3.1 GHz resonant slot will not
appear at 6.2 GHz and 9.3 GHz for the slot ring resonators and so on.

Secondly, due to its symmetric structure we will get same
frequency signature at any orientation of the ring resonator with the
reader antenna. Hence we can have an orientation independent tag
using this slot ring resonators.
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Figure 1. Backscattered frequency response and surface current plot
of a slot ring-resonator inside a patch.
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Figure 2. Working principle of the proposed chipless RFID tag.

2.2. Working Principle of the Proposed Tag

The working principle is shown in Figure 2. The tag is excited by a
linearly-polarized transmitter antenna (Tx) and the frequency encoded
backscattered signal from the tag is received by another linearly-
polarized receiver antenna (Rx). Since the tag is symmetrical to
the reader antenna, the backscattered encoded frequency signature is
independent of the orientation of the tag.

3. CHIPLESS RFID TAG DESIGN

The proposed tag was designed and simulated in CST Microwave
Studio 2011 and the simulation setup is shown in Figure 3. Linearly-
polarized plane wave is used for the excitation of the tag and E-field
(far-field) probes and RCS probes are placed 50 mm away from the tag
to receive the far-field backscattered signal from the tag.

The layout of an N-bit orientation independent slot ring resonator
loaded tag is shown in Figure 4 with dimensions as parameters. Where
Rpaten is the radius of the patch, R; is the radius of the longest ring
resonator and R,, is the radius of the shortest ring resonator, S is
the separation between the resonators, Wy is the width of the slot
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——— Tag

Figure 3. Simulation setup for the slot ring resonator loaded chipless
tag.

Figure 4. N-bit orientation independent slot ring resonator loaded
tag.

resonators, and G is the gap between the edge of the patch and longest
resonator. In order to keep the design simple and easily-printable,
we kept Wy and S the same for every ring resonator. The rings are
numbered according to their lengths and ring number 1 is the longest
one with the lowest frequency, which is denoted as MSB. Ring number
‘n’ with the highest frequency is denoted as LSB.

When a plane wave excites this slot ring resonator loaded patch,
it shows a frequency selective behavior with peaks followed by deep
notches at the resonant frequencies of the ring resonators. We can
increase the number of bits by increasing the number of ring resonators
within the patch. We can change the logic state of a bit simply
by removing the slot ring resonator which will remove the resonant
frequency of the slot. The removal of notch frequency is denoted as
logic ‘0’ where the appearance of a notch is denoted as logic ‘1’.

The proposed tag can be directly printed on the paper or plastic
packets of the items, and also can be inserted inside ID cards. The
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resonant frequencies are needed to be recalculated or radius of the
slot ring resonators are needed to be readjusted to get resonances at
some fixed values based on the different thickness (h) and permittivity
(er) of the substrates [14]. The resonant frequency decreases with
the increment in the substrate thickness and permittivity. In case of
ID cards, the resonant frequencies and effective permittivity will be
determined by (1) and (2).

C
f= ﬁ\/p/{gr(substrate) + €r(superstrate) }] (1)

(dl + d2) * 67'(substratel) * E:r(substrateZ) (2)

Er(substrate) =
T (substrate) dg * Er(substratel) + dy * Er(substrate2)
Hence, after the characterization of the substrate we can modify
our design for that particular item type to obtain resonance at
particular frequencies, which can be read by a single reader worldwide.
Thus our design can be used like a barcode for item-level tagging.

4. RESULTS

4.1. Simulation Results of the Proposed Tag

For proving the design concept, we started with a circular metallic
patch loaded with eight slot ring resonators as shown in Figure 5(a).
The dimensions of the tag are chosen as W5 = 0.2mm, S; = 0.2mm,
Rpaten = 7.8mm, Ry = 5.8 mm and R,, = 2.8mm and G = 2mm.

To facilitate in-house fabrication and near-field measurement, we
chose the minimum dimension as 0.2 mm and operating frequency band
as 6 to 13 GHz respectively. Tags with different bit combinations
as shown in Figure 5 were simulated and milled on Taconic TLX-
9 (permittivity, &, = 2.5, thickness, h = 0.5mm, loss tangent,
tand = 0.0019).

TagID 11111111 Tag ID ‘00000000' ~ Tag ID ‘10101010’  Tag ID ‘01010101’
(a) (b) (c) (d)

Figure 5. Layout of the simulated tags with different IDs.
(a) ‘11111111°, (b) ‘00000000’, (c) ‘10101010’, and (d) ‘01010101’
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Figure 6. Simulation results for the tags with different IDs of Figure 5.
(a) Tag IDs ‘11111111” and ‘00000000’ and (b) Tag IDs ‘10101010’ and
‘01010101°.

The simulation results are shown in Figure 6. In Figure 5(a) the
8-bit tag has all 1’s. Eight frequency signatures are present in the
backscattered signal from the tag, which is used to encode eight bits.
The simulation result is shown in Figure 6(a). All 8 slots are removed as
shown in Figure 5(b) to get the tag with all 0’s and the simulation result
is shown in Figure 6(a) where all the frequency signatures are removed
compared to all 1’s. Later tags with IDs ‘10101010’ and ‘01010101’ as
shown in Figures 5(c) and (d) are simulated and the results are shown
in Figure 6(b). It is observed that the corresponding frequencies of 0’s
are removed in the backscattered signal from the tags. The resonant
bit positions are represented by the peaks, which are followed by dips
in the frequency response from the tag. The changes in the peak
positions (not the dips) due to the removal of the slots are negligible
for all the bit combinations. Moreover, these very little shifts in the
adjacent frequency peaks after the removal of the slots can be overcome
by simple signal processing.

4.2. Measurement Techniques

The tag can be read in both near-field and far-field of the reader
antennas by placing two linearly-polarized antennas on the same side
of the tag; one as a transmitter and the other one as a receiver and
measuring the So;. Based on its different applications, the tag can also
be measured by placing the transmitter antenna in front of the tag and
the receiver antenna behind the tag as it has no ground plane, which
is shown in Figure 7.

Different applications like the proximity cards (access control
cards, public transport fare cards etc.) and other secure paper
documents can be detected by placing it just in front of the
waveguide-based reader and measuring the return loss (S11) at port 1
(Figure 8(a)).

Credit cards and banknotes can be read by inserting them in
a slot cut inside a waveguide and measuring insertion loss (S21)
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Figure 7. (a) Simulation setup with receiver antenna probes in-front
and behind of an eight bit tag and (b) simulation results.
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Figure 8. (a) Proximity, (b) slot card measurement setups and
(c) simulation results.

(Figure 8(b)) of the two ports as described in [16]. The simulation
result for proximity and slot card reading using waveguide is shown in
Figure 8(c). The design concept of obtaining response from multiple
slot ring resonators is verified by the both proximity and slot card
waveguide measurement setup techniques.

Tags with four different IDs as shown in Figure 9 have been
fabricated to obtain measurement result for proving the design concept
used in simulation.

4.3. Proximity Waveguide Measurement Results

The measurement setup is shown in Figure 8(a). The tag is placed
in front of the linearly-polarized waveguide with fundamental mode
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Figure 9. Photograph of the fabricated tags with different IDs
(a) ‘11111111, (b) ‘00000000’, (c) ‘10101010’, and (d) ‘01010101’ on
Taconic TLX-9 (e, = 2.5, h = 0.5 mm, tand = 0.0019).

oo M O ol . e,
o % -5 | \
% -10 S -10 (W]
2 2 iy
-g’ -15 ) £ 15 i

-20 -20 - n
I} R I}
S Tag ID 11111111 S -i ——-Tag ID 01010101
T a0 ~-="Tag ID 00000000 T % ——Tag ID 10101010
@ e 7 8 9 10 1 12 » e 7 8 9 10 11 12

Frequency (GHz) Frequency (GHz)
(@) (b)

Figure 10. Measured return losses (Si;) for the tags with (a) IDs
‘11111111" and ‘00000000” and (b) IDs ‘10101010’ and ‘01010101°.

bandwidth of 6-13 GHz and return loss is measured using the Agilent
PNA E8361A vector network analyzer. The measured S1; results are
shown in Figures 10(a) and (b) to show the frequency response of the
designed tag. In Figure 10(a) the curves are showing results for the
tags with IDs ‘11111111 and ‘00000000’. Eight dips are seen in the
magnitude response for eight 1’s of the tag with ID 11111111, but
no dips for the eight 0’s in the magnitude response for the tag with
ID ‘00000000’. Few small notches are observed due to noise in the
frequency response of Figure 10(a). Several designs and tag detection
algorithms have already been proposed in literature on chipless RFID
tag reader to detect the tag avoiding notches created by noise [17, 18]
and also to incearse the reading range of the tag upto 2 meters [19].
As the notch positions of the bits will be known beforehand, hence
the notches due to noise at other points can be avoided easily in
the reader detection algorithm. But notches at the bit positions
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Figure 11. Measured insertion losses (S21) for the tags with (a) IDs
‘11111111” and ‘00000000’ and (b) IDs ‘10101010’ and ‘01010101°.

can be differentiated by putting some boundary conditions and signal
processing in the reader detection algorithm [18]. The measured
S11 magnitudes for the tags with IDs ‘10101010’ and ‘01010101" are
shown in Figure 10(b). Here we can see four dips for each tag at the
corresponding positions of four 1’s in their IDs.

4.4. Slot Card Waveguide Measurement Results

The measurement setup is shown in Figure 8(b). Where the tag is
placed inside a slot of the linearly polarized waveguide and insertion
loss (S21) is measured using the network analyzer. The measured Sa;
magnitudes for different tags are shown in Figures 11(a) and (b).

In Figure 11(a) the curves are showing results for the tags with
IDs ‘111111117 and ‘00000000’. Eight dips are seen in the magnitude
response for eight 1’s of the tag with ID 11111111, but no dips for the
eight 0’s in the magnitude response for the tag with ID ‘00000000’.
The measured S5; magnitudes for the tags with IDs ‘10101010’ and
‘01010101" are shown in Figure 11(b). Here we can see four dips for
each tag at the corresponding positions of four 1’s in their IDs.

The main concept for this tag is obtaining similar results for all
orientation of the tag loaded with slot ring resonators which have been
proved from the measured results.

5. CONCLUSION

A novel compact chipless RFID tag concept is presented here,
which uses slot ring resonators to create frequency signatures in the
backscattered signal. This tag is symmetric and hence independent
of orientation with its reader. The concept has been proved from
the simulation and proximity measurement results using waveguides
for a 8-bit prototype. This single sided, compact and orientation
independent tag has a great potential to be used in millions both for
identification and authentication. It can be printed directly on the
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items like barcode using conductive ink. Tags with higher number
of bits can be used for identification in many products like ID or
credit cards, grocery items, library books in both near and far-field
measurement from the reader. On the other hand, tags with lower
number of bits can be used for authentication in banknotes and
paper documents in proximity measurements with higher accuracy and
security. In future research, study on increasing the encoding capacity
and parameter optimization of this tag design, improving the directly
conductive ink printed tag performance on items and near and far-field
measurement comparison with simulation results will be carried out.
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