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Abstract

This paper proposes a compact multi-bits chipless RFID tag using fully printed resonators with dual performance of
tagging and sensing temperature. Each bit is modelled as curl resonator coupled to microstrip line and is printed on metal-
backed Rogers RO4003 substrate. The proposed model is characterized by high attenuation of — 10 dB with narrow
bandwidth and power reflection of — 3.2 dB. A parametric study on the effect of the tag dimensions of the transmission
coefficient response is introduced. The resonance frequency of each bit is controlled via controlling the curl arm’s length.
The multi-bits RFID tag is modelled using multi-curl resonators arranged next to microstrip line with different arm lengths.
A multi-bits chipless RFID tags with 3-bits, 6-bits and 12-bits are designed in the frequency band from 3 to 7 GHz. The
dimensions of 6-bits code are 60 x 17 mm? and for 12-bits code are 29.75 x 34 mm?>. A temperature sensing capability is
achieved via integrated Stanyl polyamide material with the curl resonator. The first bit is used for temperature sensing
while the other bits are used for data encoding. The proposed chipless RFID tags are simulated using commercial software
based on well defined numerical techniques; i.e. high-frequency structure simulator (HFSS) based on finite element method

(FEM) and verified with CST-microwave studio (CST-MWS) based on the finite integral technique (FIT).

1 Introduction

Radio frequency identification (RFID) is a wireless com-
munication system, which use the radio waves in automatic
identification of targets (Finkenzeller 2003). RFID tech-
nology is characterized by low fabrication cost, efficient
performance, secure data transmission, and reliable solu-
tion to optical bar-code systems (Das 2006). The basic
RFID system consists of reader, tag, and data processing
system. The reader sends the signals to tag that contain the
identification data of the object. The tag retransmit the
signals loaded with the identification data back to the
reader. Finally, the processing system is used to encode/
decode the identification data from the reader and link it to
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the mainframe for additional signal processing (Vena et al.
2012; Zainud-Deen et al. 2012, 2011a, b). Wide area of
applications employs the RFID systems, as sports, medi-
cine, supply chain, logistics, tracking, and luggage han-
dling (Hirvonen 2008). The identification data is stored and
processed in an IC-microchip embedded with the tag
antenna. The existence of microchip limits the tag lifetime,
cost and maintenance compared with conventional bar-
codes (Preradovic and Karmakar 2010; Malhat et al. 2011;
Zainud-Deen et al. 2009). Recently printed chipless RFID
tags based on spectral signature data encoding have intro-
duced to overcome the chip-based RFID systems draw-
backs. The chipless RFID system operation is based on
using two cross-polarized ultra-wideband (UWB) antennas
in the tag and similarly in the reader (Ahson et al. 2008;
Zainud-Deen et al. 2013). The UWB antenna transmit wide
spectrum signal which will be encode large data bits using
the tag multi-resonators as a cascaded stop-band filters.
These multi-resonators introduces attenuation in the mag-
nitude and a jump in the phase of the transmission coeffi-
cient spectrum. These abrupt logic “0” transitions in both
magnitude and phase are recognized as at the reader end,
while their absence are recognized as logic “1” (Pre-
radovic and Karmakar 2012). The encoded data is
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Fig. 1 The detailed construction
of the proposed curl resonator
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Fig. 2 The response of 1-bit chipless RFID tag calculated using CST-MWS and HFSS

retransmitted back to the reader through the cross-polarized
UWB antenna. The radiation pattern of the UWB antenna
is constant over the entire frequency band with omnidi-
rectional distribution. Square UWB monopole antennas
with simple and compact layout large bandwidth and fig-
ure of eight radiation pattern have been introduced in
Yazdandoost and Kohno (2004) and Chen and Massey
(2006).

Different techniques for chipless RFID tag design are
introduced as space-filling curves and capacitive tuned
dipoles are discussed in McVay et al. (2006) and Jalaly and
Robertson 2005). The space-filling curves require further
modifications to encode data. The capacitively tuned
dipoles have large area and introduce undesired parasitic
mutual coupling effects which degrades the data encoding
efficiency. In (Preradovic et al. 2009), spiral resonator
chipless tag operate at 2.37 GHz with 7 dB attenuation
and — 5.2 dB reflection. The dimensions of 6 bits spiral
resonator code are 128.17 x 60 mm”. A G-shape resonator
chipless tag acts as a band stop filter is investigated in
Abdulkawi et al. (2018). It operates at 3.85 GHz with
18 dB attenuation, and the dimensions of 10 bits G-shape
resonator code are 60 x 30 mm”. An equilateral triangle
resonator coupled to microstrip line of 30 x 33.5 mm?
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with — 14 dB attenuation at 3.65 GHz has been introduced
in Pawlikowski (2009). Smart functions are added to
chipless RFID tags such as gas and temperature sensing.
An optical transparent circular chipless tag with dual
polarization and temperature sensing capability is investi-
gated in Chung et al. (2005). In this paper, a compact
chipless RFID tag based on curl resonator is designed for
target identification from 3 to 7 GHz. The paper is orga-
nized as follows: Section 2 introduced the design of 1-bit
and multi-bits curl chipless tag. Section 3 investigates the
radiation characteristics of disk UWB monopole antenna.
An integration of temperature sensor with the chipless curl
tag is studied in Sect. 4. Finally, Sect. 5 concludes these
results.

2 Design of chipless RFID tag

2.1 1-Bit chipless RFID Tag

A 1-bit compact chipless RFID tag configuration is shown
in Fig. 1. The tag consists of curl-shaped resonator coupled
to microstrip transmission line (TL) printed on a metal
backed Rogers RO4003 substrate with ¢, = 3.55, and tan
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Fig. 4 The variation of resonance frequency versus curl arm length
using MATLAB at W, = 0.4 mm and S = 0.05 mm

0 = 0.0027. The 1-bit compact chipless RFID tag has total
dimensions L x W x H=11 x 17 x 0.88 mm®. The
microstrip TL has width W, = 1.9 mm to achieve an input
impedance of 50 Q. The locus point of the curl resonator
(the analytical curve) follows the Archimedean function

and is given by http://cgtec.eu/wpcontent/uploads/Stanyl_
brochure_02,

x=agcos (1)
y = ag'sing (2)

where a = 0.1257 is the curl constant and &' is the
winding angle starting at (J, and ending at (.. The
resonator is designed to operating at 3.12 GHz, with
dimensions: w, = 0.4 mm, (J,, = 12.57rad and ending at
Dond = 20.89rad. The S-parameters versus frequency for
the 1-bit tag are shown in Fig. 2a. The structure acts as a
band stop filter with good insertion loss. The CST-MWS
and HFSS are used to analyze the 1-bit RFID tag by
applying open and space boundray in all directions except
in the £y axis where open boundary applies. Two
waveguide ports are placed along the TL ends with impe-
dances set to 50 Q. The S,; curve of the curl antenna
resonator shows resonant at 3.12 GHz with 9.7 dB atten-
uation. The corresponding S;; curve has a magnitude of
3.27 dB, where total coupling occurs from port (1) to port
(2). Good agreement between results calculated using CST-
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a Geometry of 6-bit chipless tag with ID of 000000000000.
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Fig. 5 The frequency response of 6-bit chipless tag with ID of 000000 calculated using HFSS

Table 1 The curl length corresponding to resonator bits of code

000000

QOO QQ
Code 0 0 0 0 0 0
L. (mm) 20.89  20.69 2049 2029  20.09 19.89

MWS and that calculated using HFSS is noticed around the
resonance frequency. The mismatch between calculated
results at the higher frequencies is due the different
meshing mechanism in both simulation programs. Fig-
ure 2b shows a graphical plot for the surface current dis-
tribution using HFSS at the resonant frequency 3.12 GHz
and a non-resonant frequency 3.5 GHz. The proposed
sensor has a stop-band behavior at the CSRR resonant
frequency. At the resonant frequency 3.12 GHz, the curl
antenna resonator has low impedance path to the ground
and thus absorbs most of current flowing through the TL
from port (1) toward port (2). No current appears at port (2)
and the stop-band response occurs. At the non-resonant
frequency 3.5 GHz, the complementary split ring resonator
(CSRR) couples the current to port (2).

A parametric study on the curl shape design parameters
on the S,; response is presented. The separation between
the curl resonator and the transmission line S is changed
from 0.05 to 0.15 mm while keeping the other design
parameters constant as shown in Fig. 3a. The resonance of
the transmission coefficient is decreased with increasing
the separation, S, and the magnitude of S,; is decreased.
The optimum value of S is 0.05 mm. The variations of curl
shape width W, from 0.2 to 0.45 mm are shown in Fig. 3b.
Increasing the curl shape width W, shifts the resonant fre-
quency to the lower side. The magnitude of the transmis-
sion coefficient of the curl shape width W, is mainly
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constant and unaffected by the parameters variations.
However, for W, = 0.45 mm, the S,; is increased but the
bandwidth is increased. The optimal curl shape width W, is
0.4 mm. By varying the length of the curl shape L., the
resonant frequency is varied as shown in Fig. 3c. Each curl
shape resonator introduces a different stop band resonant.
Figure 4 shows the variation of the curl resonant frequency
with the curl arm length L.. As expected, the resonant
frequency of the curl resonator increases as the length of
the curl shape decreases and vice versa. This response is
modelled using equation with mean square error (MSE) of
0.1% using MATLAB given by:

f, =0.89L, — 14.27 (3)

2.2 Multi-bits chipless RFID tag

In order to design the curls at different frequencies, the
length of each curl has been varied so that the curl’s res-
onant frequency is tuned. Each curl resonator has a dif-
ferent length introduces a different stop band resonance.
The presence of the resonance will stop a particular fre-
quency resulting in the signal being attenuated at that
frequency when retransmitted to the reader. This can be
used to encode logic “0” based on magnitude levels. The
absence of the resonance will be retransmitted with mini-
mum attenuation due to the absence of the stop-band, this
would represent logic “1”. Each curl resonator has a dif-
ferent length which introduces a different stop band reso-
nance. The 6-bit tag consists of six curl resonators
separated by distance 0.3 mm and cascaded next to a 50 Q
microstrip line as shown in Fig. 5a. The multi-resonator
provides six distinguishable resonances between 3.4 and
4.4 GHz. Each resonant frequency is separated by
approximately 200 MHz from each other. The tag has a
6-bit ID where the most significant bit (MSB) corresponds
to the highest resonant frequency at 4.5 GHz and the least
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Fig. 6 The frequency response of 12-bit chipless tag with ID of 000000000000 calculated using HFSS
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Fig. 7 The simulated transmission and reflection coefficients versus
frequency for cut-circuited curl logic bit (1) calculated using HFSS

significant bit (LSB) corresponds to the lowest resonant
frequency at 3.4 GHz. Figure 5b. shows the simulated
frequency response in both magnitude and phase of the
6-bit tag. At the resonant frequencies magnitude “dip” and
phase “jump” in the magnitude and phase of the trans-
mission coefficient spectrum is observed. The curl length

(in mm) of each the 6 bits code is illustrated in Table 1.
Additional 6-bits with different resonant frequencies are
achieved by make mirror of six curl around the microstrip
TL to produce 12-bits tag. The transmitter/receiver 12-bits
are achieved approximately with the same distance as
shown in Fig. 6. Figure 6 shows the simulated frequency
response in both magnitude and phase of the 12-bit tag.
The tag provides twelve distinguishable resonances fre-
quencies between 3 to 7 GHz.

2.3 Changing logic state of the chipless tag

Encoding the data into the tag to have a unique ID is
performed by introducing or removing the resonances of
the multi-resonator. In order to simulate bit 1, it can be
achieved by removing the curl, or by cut the curl as shown
in Fig. 7. The resonant frequency of the curl is shifted-up
to frequency where it will become of no significance. The
advantage of cutting the curl instead of removing the entire
curl from the layout is the fact that it enables future
printing techniques to preserve the layout with all of the
curl cut. Encoding data is achieved by cutting can be

@ Springer
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a Geometry of 12-bit chipless tag with ID of 101010010101.
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Fig. 8 The frequency response of 12-bit chipless tag with ID of 101010010101 calculated using HFSS
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Table 2 The curl length corresponding to resonator bits of code 101010010101

QO QL QRO 00D
J \J @, ¢ \

Codes 1 0 1 0 1 0 0 1 0 1 0 1

Length (mm) 20.89 20.69 20.49 20.29 20.09 19.89 19.69 19.49 19.29 19.09 18.89 18.69

obtained via a laser or other etching technique. In order to
create a different ID, for example 101010010101, the res-
onances at frequencies are removed via cutting their cor-
responding curls as shown in Figs. 8 and 9. The curl length
of 12 bits’ code is illustrated in Table 2. The frequency
signatures of tags with different ID’s and their corre-
sponding curls with ID 000111111000 are shown in
Fig. 10. Figure 11 shows the 12 bits chipless tag and the
transmission coefficient for ID 001100110011. The
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different codes are clearly represented in magnitude and
phase information of the transmitted signal.

3 UWB disc-loaded monopole antennas
for chipless RFID tag (3-18 GHz)

The UWB monopoles need to be fully planar and printable.
The UWB monopole antenna is printed on a substrate that
is made on a substrate Rogers RO4003 with dielectric
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Fig. 11 The frequency response of 12-bit chipless tag with ID of 001100110011 calculated using HFSS
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Fig. 14 The response of single bit tag integrated with Stanyl material at different temperatures

constant 3.55, loss tangent 0.0027 and thickness 0.88 mm
and is fed using microstrip line (http://www.abgrp.co.uk/
downloads/abgdatasheets/Nylon_4.6-Stanyl-.pdf). The
microstrip width W is 3.5 mm and rectangular patch
parameters (L; = 16.5 mm, W; =12 mm, L, =10 mm,
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W, =30 mm the feed gap g = 1.5 mm), substrate size
L x W,=33 x 30 mm?. The UWB monopole antenna
layout with microstrip feed and parameters are presented in
Fig. 12a. The rectangular monopole antenna is etched on
the top side of the substrate. A partial ground plane is
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Fig. 16 The transmission coefficient of 3-bits chipless tag with ID of
000 integrated with Stanyl material calculated using HFSS

etched on the bottom side of the substrate. The feed line is
a 50 Q microstrip line of width W, The total size of the
antenna is 33 x 30 x 0.88 mm®. The layout parameters of
the antenna and its performance are shown in Fig. 12b. The
radiation patterns in different planes at 3.11 GHz,

a Geometry of 6-bit chipless tag with ID of 000000

4.28 GHz and 6.10 GHz are plotted in Fig. 13. The same
radiation distribution is achieved at different frequencies.

4 Chipless rriD temperature sensor

In chipless RFID tag, the temperature sensor is used by
implementing the change in temperature either to the tag
antenna or to the ID code generation circuit. The chipless
RFID tag is proposed to have dual performance of tagging
and sensing temperature. This tag structure integrates the
tag antenna with temperature sensor. The surface of the
curl is covered by material with electrical properties
change with temperature. The resonant frequency of a
single curl depends on the temperature. However, the other
resonators retain their frequency response. Thus the first
N — 1 curls of a N bit tag can be used for data encoding
whereas the Nth curl resembles the temperature variation of
the environment. Stanyl material stands with high loads
and stresses at high temperatures and exposure to aggres-
sive environments with thermal expansion coefficient of
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Fig. 17 The frequency response of 6-bit chipless tag with ID of 000000 integrated with Stanyl material calculated using HFSS
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a Geometry of 12-bit chipless tag with ID of 000000000000
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Fig. 18 The frequency response of 12-bit chipless tag with ID of 000000000000 integrated with Stanyl material calculated using HFSS

Table 3 Comparison between different chipless RFID tags

No Types of chipless
RFID resonator

Shapes

Attenuation

Size

Preradovic
et al. (2009)

Spiral Resonator
Chipless Tag

Abdulkawi
et al. (2018)

G-shape Resonator
Chipless Tag

50 Ohm microstrip.

»

Resonance at 2.37 GHz with 7 dB
attenuation and S;; = — 5.2 dB

Resonance at 3.85 GHz with 18 dB
attenuation

The dimensions of 6-bits of the code
are 128.17 mm x 60 mm

The dimensions of 10-bits of the
code are 60 mm x 30 mm

L
¥S1 W§
7*1

Ly

Ge-resonator

Proposed

Resonance at 3.12 GHz with 10 dB
attenuation and S;; = — 3.2 dB

The dimensions of 12-bits of the
code are 49.5 mm x 34 mm

(0.2 x 104 ppm/°C) (Amin and Karmakar 2011). It is
characterized by a linear variation of dielectric constant, ¢,,
with temperature, T as shown in Fig. 14a. The curve is
fitted using MATLAB with mean square error (MSE) of
0.22% by:

& =1.7x 107°T* +0.01T + 3.6 (7)

The proposed tag structure is integrated with tempera-
ture sensing material in a single bit, where the resonant
frequency depends on the temperature. However, the other
resonators retain their frequency response. Figure 14b
shows the single element of curl resonator covered by
Stanyl TE200F6 polyamide. The variations of transmission
coefficient magnitude versus frequency for temperature
variation from 0 to 50 °C are shown in Fig. 14b. Increasing
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temperature reduces the resonant frequency with nearly the
same attenuation and bandwidth.

When the temperature, 7, is changed the permittivity, ¢,
of the Stanyl material and hence shifts the resonant fre-
quency down. The relationships between resonant fre-
quency variation with T and ¢, are plotted in Fig. 15 and
are modelled using MATLAB the equations:

fo =129.1} — 446.95° — 2801¢? — 7464¢, + 7458 (8)
T = 3406f> — 38361f% + 1.45 x 10°f, + 1.7 x 10°  (9)

Good agreement between the simulated data and the
fitted equation with MSE of 1.5% and 3.8%. The curl
having lowest resonant frequency is modified with Stanyl
polyamide in the simulation layout. The geometry of 3 bits
chipless RFID tag with Stanyl polyamide material
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integrated in first curl resonator. The resonant frequency of
the first bit (LSB) is used for temperature sensing while the
other bits include the data as plotted in Fig. 16. Figures 17
and 18 shows the 6-bits with ID 000000 and 12-bits with
ID 000000000000 chipless tags integrated with Stanyl
material in the LSE respectively. The variation of tem-
perature affects only the lowest resonant frequency while
the other resonant frequencies remain constant. Hence, the
shift of resonant frequency of a single curl emulates the
temperature variation and the other curls represents the
encode data bits. A Comparison between different Chipless
RFID tags is listed in Table 3.

5 Conclusion

This paper investigates a curl shape resonator for RFID
chipless tag. The multi-resonator curl is used for encoding
data by changing its length. It operates in 3—7 GHz band
with single and multi-bit tag. The transmission coefficient,
magnitude and phase, is used to indicate the coded signal.
Integration of circular UWB microstrip monopoles and curl
resonators to form a chipless tag are presented. The
encoding of data is performed by inserting a cut in order to
shift the curl resonant frequency outside the band of
interest. Temperature sensor chipless RFID tag is proposed
having dual performance of tagging and sensing tempera-
ture simultaneously. Two simulation programs CST-MWS
and HFSS are used to analyze and calculate the RFID tag
properties and MATLAB is used to mathematical mod-
elling of this response.
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