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Abstract

A five-slot hexagonal shape chipless RFID tag is designed, simulated, and manufactured on FR4
substrate. The designed tag’s copper geometry was replicated on a wide range of dielectric sub-
strate to quantify the impact on resonance quality factor (RQF) and resonating frequencies. The
tag’s performance was assessed in three configurations. First, a hexagonal shape tag’s radar cross
section (RCS) was studied over different dielectric substrates. The various dielectric substrate
effects were investigated over the maximum read range, resonant frequencies and RQF. In
the second evaluation, the physical geometry of the tag was adjusted to achieve the spectral sig-
natures in 2–7 GHz frequency band with high RQF. In step three, the optimized tag geometry
was manufactured on FR4, Roger Duroid 5880, and polyethylene naphthalate (PEN) substrates.
Denford milling machine for PCB engraving and inkjet printing for silver nanoparticles depos-
ition were used for tags manufacturing. During tag manufacturing, copper and silver were used
as conducting materials for RCS backscattering. The tag RCS response was measured by vector
network analyzer with bi-static antenna setup. The analysis of different dielectric substrate pro-
vides a pathway of designing a novel substrate by using various nanomaterials.

Introduction

Chipless radio frequency identification (C-RFID) technology is of increasing interest to both
industry and academia due to its ability to track the object, monitor object health, and various
environmental parameters at low cost. The use of RFID tags in tracking systems, industry, tele-
communication, commerce, and health monitoring has significantly increased due to their low
cost, simple circuitry, and data-sensing abilities [1, 2]. Additionally, sensors have been reported
[3] for monitoring environmental parameter variations such as temperature, ambient humid-
ity, pressure, gas, strain, and crack sensing.

C-RFID tags consist of a substrate, which provides mechanical strength, and a copper layer
with a geometrical structure. This geometrical structure produces a spectral signature in the
backscattered radar cross section (RCS), which is used for data encoding. These data can be
either used as an identification (ID) number or for monitoring environmental parameter vari-
ation [3]. According to microstrip antenna theory, the dielectric substrate’s effective permittiv-
ity affects the tag’s spectral signature [4]. Therefore, an ID-based tag should have a constant
permittivity, irrespective of environmental variation. A 35 IDs caring C-RFID tag was reported
in [5], which was designed on a Taconic TLX-0 substrate with a constant relative permittivity.
Closed-loop [5], rectangular split ring [6], metal strip [7], circular split ring [8], spiral resona-
tors [9], and circular loop [10] are commonly reported resonators used in chipless RFID tags
for encoding data IDs.

To incorporate environmental parameter variations, the chipless RFID tag is covered or
designed on such substrates whose relative permittivity is sensitive toward the change in the
monitoring parameter [3]. This impact on relative permittivity causes a corresponding drift
in the slot spectral signature. Thus, a particular parameter variation is recorded. A humidity
monitoring C-RFID tag is designed on a paper substrate, whose relative permittivity changes
with humidity-level variation [11].

C-RFID tags were reported in [1, 3, 12–15] for both ID encoding and sensing the environ-
mental humidity variation. In these tags, the ID’s slots were designed on stable dielectric sub-
strates, while the sensing slot was coated with the polymers whose relative permittivity is
sensitive toward environmental humidity variation. This leads to a constant spectral signature
for ID encoding and a drifting spectral signature for the sensor slot. A humidity and tempera-
ture sensor was reported in [16] by using phenanthrene and polyvinyl alcohol (PVA) with
dielectric-sensitive nature. A temperature and carbon sensor is also designed using the sub-
strate’s dielectric sensitivity phenomena [13]. In summary, all above reported sensors are
based on the impact of dielectric permittivity-sensitive nature toward a particular
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environmental variation. In order to harness the benefits of tags,
it is essential to understand the effect of a substrate’s dielectric
properties on which the tags are designed. The substrate’s dielec-
tric properties are used for properly designing and simulating the
tag’s RCS.

This research evaluates the designing of a five-slot hexagonal
shape tag in 30 × 35 mm2 area. Then a detailed simulation was
performed to observe the impact of a range of different dielectric
substrates on a generalized five concentric hexagonal shape tag at
room temperature. The resonant spectral signatures occupied
bandwidth and RQF was analyzed. The later section covers how
to adjust the spectral signature in a specific bandwidth by fine-
tuning of design variables such as substrate height, tag size and
slot size. At the end, the proposed tag was manufactured on
FR4, Roger Duroid 5880, and polyethylene naphthalate (PEN)
substrates. This work is mostly focusing on the impact of different
substrates having similar tag geometry, which further leads to
design a novel substrate by pouring nanomaterials at a specific
bar coating thickness. Before introducing the novel substrate, it
is critical to observe the impact of dielectric substrate on a gener-
alized tag’s geometry. The ongoing work is focusing on a laser
printed tag on these novel substrates. Some of the nanomaterials
are highly sensitive toward environmental parameter variation
such as humidity, temperature, CO2, and methane gas, and will
be used as sensors.

Tag designing

The main objective of this article is to design a C-RFID tag whose
spectral signature can be achieved with a range of different dielec-
tric substrates as per the application requirement to improve the
practical implementation. The hexagonal shape slots were selected
for geometrical structure due to its space-efficient, maximum
angular stability, and minimum mutual coupling [17, 18]. CST
designing and simulating software was used for designing the
basic unit. A FR4 substrate with 1.6 mm height, 4.3 dielectric con-
stant, 0.025 tangent loss, and 35 μm thick copper cladding was
used for designing and producing the base unit. The tag has no
ground plane, which makes it more attractive from manufacturing
point of view. Equation (1) was used for calculating the radius
“Rs” of hexagonal shape slot for a particular frequency “fres”.
Here “C” is the speed of light and “εr” is the relative permittivity
of the substrate used.

Equation (1) was used for calculating resonance frequencies
(or slot size) for circular shape slots reported in [19]. The
obtained values from equation (1) are not in accordance with
simulated and measured values of hexagonal shape tag [2].
Probably this equation is designed only for “U-shape” tag.
Therefore, the empirical equation is modified according to simu-
lated and measured results of the hexagonal shape tag, as shown
in equation (1A). The modification process increases the numer-
ator from “2” to “3.5”, so that the empirical values could match
with the simulated values. The simulated and calculated values
from empirical equation (1A) are listed in Table 1. The wider
slot could be easily manufactured; however, it will increase tag
size and produce a spectral signature with wider span [20].
Therefore, 0.5 mm slot width is a good trade-off between tag’s
manufacturing and producing a reasonably narrow spectral signa-
ture, shown in Fig. 1. The plane waves were incident for exciting
the tag, which is reflected back in the form of spectral signatures
at a particular frequency. The RCS probe was placed 70 cm away
in z+ direction. Its RCS response of 33 dBsm magnitude dip was

achieved after illuminating the tag with a plane wave, shown in
Fig. 1, where the RCS was expressed in decibels per square
meter (dBsm). Thus, it can be used as a 1-bit data encoding chip-
less tag. For further increasing data capacity, the same designing
approach was followed by adding two and three hexagons and
extended to two- and three-slot tags with 0.5 mm slot widths
and gaps respectively. A disturbance can be seen in the RCS at
lower frequency with addition of slots; however, the RCS signa-
ture was kept to a minimum of 5 dBsm magnitude so it could
not be masked by this disturbance [18]. Additionally, in future
work the disturbance reason at lower frequency will be investi-
gated (Fig. 2).

Rs = C
2pfres
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√
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√
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The same approach and stepwise optimization were followed
to achieve a five-bit tag in a compact size of 30 mm× 35 mm,
shown in Fig. 3. During the design, it has been observed that
the addition of additional slot has an impact on the earlier
slot’s spectral signatures in terms of resonating frequencies, mag-
nitude dips, and guard band. Therefore, a minimum spacing of
0.5 mm was used to avoid and minimize the coupling effect.
Seventeen hexagonal slots were accommodated in a small patch
of 5 cm2. Here we used only five slots to observe the impact of dif-
ferent dielectric substrate. The reason of selecting hexagonal shape
slot instead of other structure (geometry) is higher code density,
and higher angular readability, reported in the preceding work
[18]. The detailed comparison of 18-slot tag with recent literature
is also elaborated in the preceding work [18].

The design variables in the proposed tag are the total tag size,
radius, widths, gaps between slots and substrate height, and types.
This leads to 10 geometric parameters that need to be optimized,
which could also control the coupling effect. Figure 3 shows the
design variables that effect the RCS spectral signatures, which
consist of slot radius (R1, R2, … R5), gaps between them (G1,
G2, … G6), and tag size (L ×W ). The calculated and optimized
values of all these parameters are given in Table 1.
Furthermore, the substrate thickness and change in relative per-
mittivity also affect the RCS spectral signatures. The detailed ana-
lysis is described in the following sections.

Results and discussion

The simulated results were achieved by placing an RCS probe in
the far field and capturing simulated RCS response of the tag.
The tag was placed 70 cm distance (d) away from the probe in
the z+ direction. The distance “d” was calculated using equation
(2), where “D” is the maximum dimension of tag and “λ” is the
central wavelength (0.0952 m) of the used central operating fre-
quency (3.15 GHz) [2]. In our proposed tag each side of the tag
is 1.5 cm (a = 15 mm); below calculation was used to find the
maximum dimension (D) of the hexagonal shape tag [21], and
distance (d) between probe and tag.

D = 3

��
3

√

2
a2 = 5.8 cm = 0.58 m,
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d ≥ 2D2

l
. (2)

The backscattered signatures were captured with the RCS
probe, as shown in Fig. 4. The captured RCS data have distin-
guished spectral signatures for the corresponding 5-bit tag,
which means the number of slots has 1:1 correspondence to the
number of encoded spectral signatures. This tag can be extended
to an n-number of slots by adding more slots and increasing the
total size which gives 2n different IDs [17].

The reported findings in the field of C-RFID suggest that lar-
ger slot produces a spectral signature at a lower frequency. On the
contrary, if the tag size is very small, it leads to smaller resonating
element and produces resonating notches at a higher frequency.
These small size tags also led to a lower reading range and
some of them were only detected in the near-field region (up to
few centimeters) [22]. These resonating notches/spectral signa-
tures were also strongly dependent on the substrate or covering
material’s relative permittivity [1, 3, 12–14, 16]. This dependency
can be further explained with equations (1A) and (3) [23], where
the spectral signatures are strongly dependent on relative permit-
tivity of a dielectric substrate as well as perimeter of the slot
radius. In equation (3) “εeff” is the effective permittivity of the
substrate or covering material, “εr” is the relative permittivity, h
is the used substrate thickness, and w is the width of the patch
along XY plane.

1eff = 1+ 1r
2

+ 1r − 1

2

����������
1+ 12

h
w

√ . (3)

Equations (1A) and (3) suggest that the resonant frequency of
a slot depends on its radius and the effective permittivity of the
dielectric substrate. It also describes if the slot radius, substrate

thickness, and patch width are kept to a constant value, then
the spectral signature is dependent only on the substrate or cover-
ing material’s effective permittivity. To validate this statement, a
fix copper layer geometry was replicated over various dielectric
materials and its impact was analyzed on the tag’s spectral
signature.

Tag response for various dielectric substrates

The dielectric substrate has an impact on the tag’s spectral signa-
tures due to effective permittivity, radiation loss, conduction loss,
and dielectric loss [24]. Radiation loss is useful in our case, while
conduction and dielectric losses should be as small as possible.
Conduction loss can be controlled by using a thick copper
layer, but careful attention is needed while choosing an appropri-
ate substrate.

To analyze the substrate impact, the proposed tag’s copper
geometry was replicated over a range of dielectric substrates
[25]. In CST, some of these material models are ideal, i.e. their
tangent loss is zero, while others are lossy. In this analysis, lossy
material models were used to obtain simulations near to real-time
measurement.

The evaluation was performed using the time-domain method
in the commercially available Electromagnetic Simulation
Technology (CST) studio suite software provided by 3DS
Simulia [26]. Three methodologies were used for the evaluation.
In the first method, the copper geometry and dimension of the
tag were kept fixed for all substrates. Then the impact on the spec-
tral signature’s occupied bandwidth, minimum resonance quality
factor (Min RQF), and maximum resonance quality factor (Max
RQF) was recorded from CST simulation. In the second evalu-
ation, the tag design variables such as copper geometry, slot
size, tag dimension, and substrate thickness were optimized to
adjust the spectral signature’s occupied bandwidth and Min/
Max signature depth. In the third step, the proposed tag geometry

Table 1. Each slot radius, width, gap, guard band between them, and calculated/simulated resonating frequency are given

Resonator Rx Radius
(perimeter)

Width Gap Simulated resonating
frequency

Calculated resonating
frequency

Guard
band

R1 10 (60) W1 = 0.5 G1 = 10 4.272 3.87 0.99

R2 11 (66) W2 = 0.5 G2 = 0.5 3.47 3.53 0.99

R3 12 (72) W3 = 0.5 G3 = 0.5 3.15 3.23 0.28

R4 13 (78) W4 = 0.5 G4 = 0.5 2.91 2.98 0.25

R5 14 (84) W5 = 0.5 G5 = 0.5
G6 = 6.5

2.68 2.77 0.2

The units used are mm and GHz.

Fig. 1. A single hexagonal slot of radius 10 mm and its
RCS response having a spectral signature at 4.272 GHz.

International Journal of Microwave and Wireless Technologies 3

https://doi.org/10.1017/S1759078722001039 Published online by Cambridge University Press

https://doi.org/10.1017/S1759078722001039


was manufactured on Fr4, Roger Duroid 5880, and PEN sub-
strates for experimental analysis of dielectric substrate’s impact.

Simulation setup I

A range of dielectric substrates such as air, PEN, Roger Duroid
5880, Taconic TLX-0, polyethylene terephthalate (PET), card-
board, Kapton, FR4, glass, mica, silicon nitrate, aluminum nitrate,
alumina, silicon, and gallium arsenide were used for a fixed tag’s
geometry, shown in Fig. 5. The electrical properties and simulated
results of the first evaluation setup were recorded in Table 2 and
Fig. 5. It was ensured that during simulations the spectral signa-
tures should be at least 5 dBsm in magnitude and above the
−90 dBsm level, so the spectral signatures could be detectable in
real-time measurement. The tag with the air substrate was used
as a reference for comparison, which occupied a 2.17 GHz
bandwidth with a 14 dBsm minimum depth signature, shown in
Fig. 5(a). The copper geometry was then replicated over PEN
and Roger Duroid 5880 substrates, the simulated results show a
0.337 and 0.37 GHz bandwidth compression, respectively, as
shown in Fig. 5(a). However, the spectral signature was quite
clear and minimum signature depths are 14 and 6 dBsm,

Fig. 2. One-, two-, and three-slot tags with 0.2 mm slot width and gap, respectively, along with their corresponding RCS response.

Fig. 3. The slot radius is denoted by “Rx”, width by “Wx”, and gap by “Gx”. “L” and “W”
are the length and width of the tag, respectively. The detailed values are given in
Table 1.
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respectively. Figures 5(b)–5(d) show the relevant band compres-
sion and variation in signature depths for Taconic TLX-0, PET,
cardboard, Kapton, FR4, and mica. All these dielectric substrates
had an impact on the tag’s resonance frequencies, minimum and
maximum signature depths, and resonance quality factor (RQF).
However, spectral signatures still have a 5 dBsm min depth which
could be easily detectable in real-time measurements. Moreover,
the resonant frequencies obtained from equation (1A) and the
simulations were similar.

As shown in Table 2, the permittivity “εr” increased for silicon
nitrate, aluminum nitrate, alumina, silicon, and gallium arsenide
due to which the spectral signature shifted toward lower frequen-
cies and some of them disappeared as shown in Figs 5(e) and 5(f).
The poor backscattered radiation suggests that the tag structure as
is does not resonate for these substrates. Altering the width,

length, thickness, or slot size of the tag could improve the back-
scattering radiations.

Resonance quality factor

RQF plays a major role in analyzing the impact of different dielec-
tric substrate on tag’s spectral resonances. RQF defines the mag-
nitude and compactness of a spectral signature’s resonance [27,
28], these both parameters are desirable in the tag’s RCS response.
High magnitude RCS signature is very less effected from floor
noise, therefore literature suggests that the RCS signatures should
not be smaller than 5 dBsm in magnitude [1]. While the compact-
ness property of RCS signature could maximize the number of
encoded bits per frequency spectrum. Additionally, high RQF
also leads to higher read range. The RQF could be calculated by
using equation (4) [28], where “fc” is the resonance central
frequency, “f1” is lower frequency than “fc” when the power of
resonance is raised to 3 dB as compared to “fc” power, similarly,
“f2” is a higher frequency than “fc” when the power of resonance
is raised to 3 dB as compared to “fc” power. FR4-based tag’s
RQF is calculated for all slots, shown in Fig. 6. Figure 6 shows
that slot 4 has the highest RQF (70.04) due to its compactness
and high magnitude resonance. In contrary, slot 5 has the lowest
RQF (9.28) due to the wide span resonance. In the next section,
the impact of different dielectric substrate will be analyzed
based on the RQF values for all signatures. The average
RQF (A-RQF) could be used for comparison of tag’s spectral
signature depth and span, such as air-based tag has 49.33
A-RQF. Before optimization glass gives highest A-RQF = 65.24,
however after tags structure optimization for high dielectric
substrate silicon nitrate gives the highest A-RQF = 51.33, shown
in Table 2.

RQF = fc
f2 − f1

. (4)

Fig. 4. RCS response of 5-bit tag with FR4 substrate, bit (B1) corresponds to the
resonator (R1) and vice versa.

Fig. 5. Impact of different dielectric substrates having different effective permittivities over a generalized five hexagonal slot tag RCS response. The air was set as
reference and compared with (a) PEN and Roger Duroid 5880, (b) Taconic TLX-0 and FR4, (c) cardboard and Kapton, (d) PET, mica, and glass, (e) silicon nitrate and
aluminum nitrate, and (f) alumina, silicon, and gallium arsenide.
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Simulation setup II

The recorded data in Table 2 and Fig. 5 show that the substrate’s
electrical properties had an impact on the tag’s performance in
terms of signatures depth, RQF, and occupied bandwidth. The
evaluation was performed at the resonant frequencies occurring
per configuration. The simulated data show that thick substrates
of high permittivity “εr” lead to poor radiation, spectral signature
compression, and shifting toward lower frequency band.
Substrates with high permittivity “εr” such as silicon nitrate, alu-
minum nitrate, alumina, silicon, and gallium arsenide result in
low radiation. Therefore, in the second simulation setup the tag
design variables were adjusted for lossy substrates so that the spec-
tral signature could become detectable. Several iterative simula-
tions were performed on design variables such as substrate
height, tag size, and slot size. These iterative simulations were per-
formed for silicon nitrate, aluminum nitrate, alumina, silicon, and

gallium arsenide substrates and compared with the tag having the
air substrate. During these iterative simulations, it was necessary
to achieve the Min 5 dBsm size signature to encode as data, other-
wise the signal to noise ratio of the spectral signature is small and
at risk to demolish with noise. In these iterative simulations, the
slot size was found to be a key variable, which affects the spectral
signature’s occupied bandwidth and Min/Max signatures depth.
The increase in slot size further reduced the signature depth.
However, the iterative decrease in slot size improved the signature
depth, as shown in Fig. 7. The simulated data in Fig. 7 show that
tags made of lossy substrates could also resonate and give a clear
spectral signature at the cost of reducing slot size. This reducing
slot size also leads to a smaller size tag.

In Fig. 7, “Con” is the iterative contraction in slot size as com-
pared to original slot sizes given in Fig. 3. The iterative contrac-
tion “Con” is different for different substrates, starting from
Con = 0 and contracting to Con = −5 mm. The tags having sub-
strates of silicon nitrate, aluminum nitrate, and silicon gave
clear spectral signatures when all slots were contracted by
Con =−5 mm. However, in the case of alumina, a clear spectral
signature could be achieved by contracting all slots up to Con =
−4 mm as shown in Fig. 7(c). The current work state-of-the-art
comparison is given in Table 3. This work improved in achieving
high A-RQF, smaller occupied bandwidth, multiple printing tech-
nique, and tag geometry replicability on 15 different substrates.

These analyses will play a key role for picking up the right
dielectric substrate at the time of designing a chipless RFID tag
for an application. Some of the applications need a normal size
chipless RFID tag with no sensing functionality, such as that
used in shopping mall for tagging the items [12]. In such applica-
tions, thin substrates with low tangent loss and low permittivity,
such as PEN, Roger Duroid, Taconic TLX-0, PET, cardboard,
Kapton, FR4, and mica, are used for designing RFID tags [5, 7,
17, 30–32]. In contrast, other application needs a smaller size
tag such as 5G technology [33], along with environmental param-
eter monitoring/sensing functionality. To incorporate environ-
mental parameter variation, the dielectric substrate’s electrical

Table 2. Electrical properties of a range of dielectric substrates and its impact on tag’s occupied bandwidth and resonance quality factor (RQF)

Material εr Loss tangent δ MSB resonance LSB resonance Occupied bandwidth A-RQF

Air 1 0 3.3 5.4 2.17 57.79

Roger Duroid 5880 2.2 0.0009 2.8 4.7 1.73 49.33

FR4 4.3 0.025 2.68 4.16 1.8 53.33

PET 3.2 0.022 2.56 4.37 1.8 23.32

Cardboard 2.2 0.09 2.6 4.4 1.77 48.25

Kapton 3.2 0.04 2.3 4.0 1.6 50.33

PEN 3.2 0.0048 2.6 4.4 1.8 20.51

Taconic TLX0 2.45 0.0019 2.57 4.37 1.55 51.15

Glass 7.4 0.075 2.27 3.92 3.9 65.24

Mica 6.3 0.75 1.8 3.2 1.36 58.71

Silicon nitrate 4.5 2.6 1.7 3 1.3 38.24

Aluminum nitrate 8.6 0.0003 1.6 2.85 1.2 33.46

Alumina 9.4 0.0004 1.5 2.7 1.18 26.73

Silicon 11.9 0.00025 1.82 3.36 1.54 33.28

Gallium arsenide 9.9 0.0001 1.54 2.7 1.2 25.45

Fig. 6. Slot 5 signature’s 3 dB power, f1, f2, and fc are shown, while each resonance
RQF is calculated from their corresponding values of f1, f2, and fc.
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properties (such as dielectric permittivity and dielectric loss) sen-
sitivity toward environmental variations; for example Kapton rela-
tive permittivity is effected by change in humidity level [1]. This
effect had an impact on tag’s spectral signatures in terms of RQF
or resonating frequency. Using this spectral signature sensitivity
toward variation in relative permittivity “εr” produces a range
of C-RFID sensor tags, and more are expected to be designed
in near future for sensing various environmental parameter varia-
tions such as humidity, temperature, methane, oxygen, and CO2

sensors [1, 3, 7, 11, 12, 14, 34].
Additionally, this analysis also provides a pathway for design-

ing an RFID tag on other dielectric substrates which are devel-
oped but not used in RFID tags or not developed yet.
Hypothetically, the substrate’s large losses could be controlled
by doping with different dielectric materials at the molecular
level [35]. Thus, a substrate with high dielectric constant and
losses could be reduced by adding a lower dielectric constant
material in a regular pattern [36], and vice versa. Based on this
hypothesis, a novel substrate was produced which is elaborated
in section ‘Producing a novel substrate from nanomaterials’.
Furthermore, from these analyses, it is expected that in future

an application-oriented chipless RFID tag could be designed on
any material or substance, such as on animal tissues, plants,
organic, and non-organic substances.

Measurement setup

Tag manufactured by Denford milling machine

The tag was manufactured on Fr4, Roger Duroid 5880, and PEN
substrates to validate the different substrate’s impact on the tag’s
spectral signature in a real-time scenario. The Denford milling
machine and FujiFilm Dimatix inkjet printer were used for tag
manufacturing at the University of Nottingham. Since the avail-
able milling bit has a 0.5 mm diameter, the minimum slot
width and gaps were being kept to 0.5 mm. The tag has the
same geometrical parameter as described in Table 1 and Fig. 1.
The simulated tag geometry was written in Computer
Numerical Control (CNC) Programming and loaded to Denford
milling machine [37]. The used PCB had 35 μm thick copper
cladding, which is received from RS. The milling machine
engraved the copper from a single-sided PCB according to the

Fig. 7. The tags having high dielectric permittivity “εr” substrate, their all-slot size was contracted “Con” to achieve a clear spectral signature such as (a) silicon
nitrate Con =−5, (b) aluminum nitrate Con =−5, (c) alumina Con =−4, (d) silicon Con =−5, and (e) gallium arsenide Con =−5.

Table 3. Comparison of current work with reported literature

References
Item

encoding
Number of

bits
Min/Max occupied

bandwidth
Printing technique Min/Max A-RQF

(dBsm)
Replicability on different

substrate

[7] Yes 4 3.5 GHz PCB engraving 18/22 1 substrate

[11] No 1 160 MHz Inkjet printing 0.35 1 substrate

[12] Yes 4 3.5 PCB engraving 18/22 1 substrate

[29] Yes 18 13 GHz Laser printing 5.2/23 1 substrate

This work Yes 5 1.2/3.9 GHz PCB engraving and
Inkjet printing

20.51/58.71 15 different substrates
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loaded code. The manufacturing process and produced hexagonal
shape tags are shown in Figs 8(b) and 8(c). Using the proposed
manufacturing process, tags with different slot configuration
were designed such as five slots, three slots, two slots, and a
plate sheet.

Tag manufactured by inkjet printer

An inkjet printed tag with silver nanoparticles was reported in
[20]. In this work a tag with five slots was manufactured using
a Dimatix Materials Printer (DMP-2850, Fujifilm) and a 10 pL
drop volume cartridge (DMC-11610), shown in Fig. 8(d). The sil-
ver nanoparticle (AgNP)-based conductive ink (SilverJet
DGP-40LT-15C, Advanced Nano Products, Sejong, South
Korea) was deposited on a PEN substrate (75 μm, GTS Flexible
Materials LTD). A drop spacing distance of 30 μm and a substrate
temperature of 90°C were used to achieve continuous and uni-
form surface morphology of the printed layer. The printed Ag
tag (three layers) on the PEN substrate was then sintered in an
oven at 150°C for 1 h for high conductivity, shown in Figs 8(e)
and 8(f). The electrical resistivity of a single printed Ag layer
was measured to be ∼13 μΩ.cm [38]. This tag (PEN-based sub-
strate) is fully flexible as compared to Fr4 and Roger-based tag.

Manufactured tag measurement

To measure the backscattered S21 response of manufactured tags,
a bi-static antenna setup was used, shown in Fig. 9. The setup
consists of vector network analyzer (VNA) where both ports of
VNA were connected to two double-ridged horn antennas having
0.7–18 GHz bandwidth and 12 dBi gain. One antenna was used as
a transmitter (Tx) and the other was used as a receiver (Rx) for
capturing the backscattered S21 from the tag. Different measures
were considered for achieving good accuracy. First the antenna
and tag calibration setup were set inside anechoic chamber.
Second, the Tx and Rx antenna were separated by a distance of
120 cm along with installing an absorber to minimize the cross-
coupling between two port signals and with environmental elec-
tromagnetic signal, as shown in Fig. 9. The manufactured tag
was placed 70 cm away from two antennas. However, strong coup-
ling still existed between antennas. Therefore, a calibration tech-
nique was used to remove these unwanted static effects. The
calibration was performed by capturing three different complex
S21 parameters. First, an initial calibration technique was used
to remove these unwanted static effects. The calibration was

performed by capturing three different complex S21 parameters.
First, an initial measurement of empty anechoic chamber without
tag was done and referred as NoTagS21. Then, the second

Fig. 8. (a) The proposed tag manufacturing process using Denford milling machine and manufactured hexagonal shape tag with, (b) two slots on FR4 substrate, (d)
silver tag manufacturing process by Dimatix Materials Printer, (e) silver printed tag on PEN substrate, (f) zoomed view of the silver tag.

Fig. 9. Five-slot tag printed with milling machine on (a) FR4 substrate, (b) Roger
Duroid 5880 substrate, and (c) printed with FujiFilm Dimatix printer on PEN substrate
(flexible tag).
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measurement was performed with equal size square plate target,
which is referred as a RefTagS21. The reference target,
RefTagS21, RCS was calculated by CST simulation and referred
in equation (5) as SimRCSPlate. Finally, the desired tag was
placed in front of antennas and captured their reflections and
referred as TagS21. The captured reflected data were processed
in Matlab according to equation (5) [18].

TagRCS = SimRCSPlate× TagS21 − NoTagS21
RefTagS21 − NoTagS21

∣∣∣∣
∣∣∣∣
2

. (5)

Impact of substrate on tag’s spectral signature

To validate the simulated data of section ‘Tag response for various
dielectric substrates’, the copper geometry of Fig. 3 was manufac-
tured on three different substrates FR4, Roger Duroid 5880, and
PEN, shown in Figs 9(a)–9(c). The tags manufactured on FR4
and Roger Duroid 5880 were nonflexible, while PEN-based tag
is flexible. All tags had the same geometry, which is 0.5 mm
slot width and gapes between slots, except having different sub-
strates. To observe and analyze the substrate impact on the tag’s
spectral signature, the designed tag’s backscattered S21 response
was measured using the same setup as elaborated in [2]. The
backscattered S21 response presents the impact of different sub-
strates in terms of shifts in spectral signatures. Although, the
tag has been manufactured by different mechanisms such as
milling machine and inkjet printing. However, the different

manufacturing has very less impact as compared to the impact
of different substrates [39]. Additionally, the simulated and
measured backscattered S21 response has a strong agreement.
Figure 9(c) presents that the spectral signature’s QF is reduced
presumably due to very thin layer (1.2 μm) of deposited silver
nanoparticles. In the ongoing research, the conducting layer
thickness and spectral signature’s QF relation will be investigated.
The detailed simulated and experimental data reveal the impact of
various substrates on the tag’s spectral signatures.

Producing a novel substrate from nanomaterials

The above analysis of substrate impact on tag’s spectral signature
leads us to designing an application-oriented substrate, where a
novel substrate was designed from nanomaterials to harness the
better sensing functionality of chipless RFID tags. The method
used for this new substrate designing was pouring the nanomater-
ials on PET and photo printing paper with specific thickness. The
K-bar was used for achieving 12–500 μ thick layers of nanomater-
ials. The nanomaterials used are PVA, TiO2, ZnO2, ZrO2, and
CeO2. PVA itself is hygroscopic and absorbs water, which can
be poured on top of chipless RFID tag and can be used as a
humidity sensor [3, 12]. However, from these tags the PVA can
be easily peeled off or go away with chemical reactions. In our
proposed work the above-mentioned nanomaterials were doped
with PVA with different ratios starting from 5 g PVA:50 g
water:10 g nanomaterial. Then, the nanomaterials will be sand-
wiched between PET/paper and tag’s copper structure, as show
in Fig. 10. The reason of producing such a tag is accurate sensitiv-
ity toward variation in environmental parameter such as humid-
ity, temperature, CO2, and other gases [40]. To design such a
versatile and application-oriented substrate, a 12.5 g PVA was
gradually added in 50 g zirconia water solution and
magnetically stirred for 2 h at 120°C. This PVA-doped zirconia-
water-solution was allowed to cool down to room temperature.
Then a 3 ml PVA-doped zirconia-water-solution was poured on
paper and PET substrate using transparent plastic pipette. The
poured nanomaterial was distributed at 150 μ thickness, in the
form of film, using a handheld k-bar. The prepared modified sub-
strate was dried for 24 h at a room temperature, shown in Fig. 10.
In the ongoing research work, an inkjet printed tag will be man-
ufactured on this novel substrate instead of PEN substrate, as
shown in Fig. 9(c), and will be tested for various temperatures,
as a temperature sensor.

This research provides a real-time tag which has the following
advantages over to-date reported work:

• The tag geometry could be realized on a range of dielectric sub-
strates, which makes the tag more convenient for the realization.

• Different tag’s printing processes were used to print the tag on
three different substrates and found that each one simulated
and measured RCS resonating nulls at similar frequencies, how-
ever the magnitudes are not similar.

• The analysis of different dielectric substrate provides a pathway
of designing a novel substrate by using nanomaterials for better
environmental-sensing functionality.

Conclusion

The impact of a range of dielectric substrates was analyzed over a
generalized five-slot hexagonal shape tag. The simulated data
show that the best spectral signatures were achieved with air

Fig. 10. (a) A 150 μ thick PVA-doped-zirconia layer on paper and PET substrate. (b)
Nanomaterial sandwiched between substrate and copper geometrical structure.
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having dielectric permittivity of εr = 1. The analysis shows that the
degradation occurs in RQF and occupied band width increases
with εr. This degradation could be controlled by adjusting the
design variables. The slot size was found as the key design variable
to control the QF and occupied band degradation. The tag was
manufactured on FR4, Roger Duroid 5880, and PEN substrates
by using Denford milling Machine and inkjet printing. Bistatic
antenna setup was used to capture the tag’s backscattered S21
response. The impact of different dielectric substrates on tag’s
backscattered S21 responses was analyzed by using CST simula-
tions and experimental data comparison. The resonating nulls
of simulated RCS response were in good agreement with the mea-
sured data, however some signature magnitudes are not similar.

The analysis of different substrate effects leads us to design a
novel substrate using dielectric nanomaterials. In future, the tag
will be printed on the produced substrate by using inkjet printing
process. The dielectric properties of this novel substrate hypothe-
sized that the produced tag with novel substrate will be having better
monitoring capability of environmental parameter variations.

The ongoing current work is focusing on tag’s geometry printing
on novel substrate by using different printing techniques such as
laser printing, and silver nanoparticle depositions. The outcome
of ongoing research will be a versatile temperature sensor tag.
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