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Abstract

The chipless Radio Frequency Identification system (RFID) will revolutionize the identification market due to its low-
cost tagging methods. The printed version of the chipless tag is able to reduce the cost to few cents per tag. The
microwave performance of the printed chipless tag is suffered due to the practical limitations of the overall fabrica-
tion procedure through printing. The bandwidth broadening is unavoidable for the printed tag, which directly hits on
the data capacity. Similarly, the strength of the microwave signal is also degraded for printed RFID tag, which affects
the reading distance of the tag. The fabrication of chipless RFID tag via printing involves several parameters such
as the conductive ink processing condition, the substrate parameters and the geometrical dimension of the printed
tag. We need to understand the relationship between these printing parameters with the microwave response of the
printed tag, to analyze the key parameters affecting the response of the printed tag. A comprehensive experimental
investigation is performed in this paper to evaluate the relationship between the printing parameters and microwave
response of the printed tag. The printing parameters include conductive ink sintering type and sintering conditions
and deposited ink thickness. A high-speed photonic sintering process is adopted for the first time to sinter chipless
RFID tag so that chipless RFID tag can be manufactured using fast roll-to-roll printing process. Optimum conditions
for the photon-sintering process are deduced through experimental analysis for conductive inks of various viscosity.
The effect of the geometrical dimensions of the printed strip and the printing accuracy is also analyzed to understand
the limitations of the printing technique in terms of tag size. The issues seen in the printed RFID tag, their reason and
the solution is then deduced in the final section so that the printed chipless tag can accommodate the real world limi-
tations to make viable commercial outcome.
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1. Introduction paper documents. A new domain of RFID system which

does not require the chip for data encoding in RFID tag

Chipped Radio Frequency Identification (RFID) system
is not able to compete with ubiquitous barcode system
and make a remarkable position in the market for auto-
matic identification and data capture technology owing
to its higher cost and non-planar nature of RFID tag.
A minimum cost of five cents is achievable for chipped
RFID tag, only in the case of mass production. The
high volume customers such as Walmart uses several
hundreds of millions of tags per year. However, the tag
price of 5 cents to 10 cents is still too expensive for low-
cost applications. The low price items with low-profit
margins can only be tagged using the tag costing a
fraction of a cent. Also, the structure of chip makes the
RFID tag non-planar, which does not allow it to be used
on commercial substrates such as banknotes and other

is able to reduce the tag cost and make it planar. The
removal of the chip in the chipless tag has made it pla-
nar and provided an opportunity for obtaining a fully
functional printed RFID tag for many low-cost appli-
cations. This chipless RFID tag can act as RF barcodes
if they are printed on flexible substrates and on com-
mercial items like a barcode. The tag cost can be signif-
icantly lowered through manufacturing of chipless tag
using an additive, high-throughput printing process,
and low-cost conductive inks. It has been predicted by
Das and Harrop (2010) that 624 billion chipless tags
will be sold in 2019 if the targeted low cost is achieved.

The data encoding in a chipless RFID system is based
on the electromagnetic signature since there is no chip
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or memory to store the tag identification data (tag ID).
The identification data generated by the chipless tag
can be based on frequency signature (Preradovic
and Karmakar, 2009; Khan, Tahir, and Cheema, 2016;
Noor, et al, 2016; Sajitha, et al, 2016; Huang and
Su, 2017), time domain reflectometry (Chamarti and
Varahramyan, 2006; Forouzandeh and Karmakar, 2015;
Mandel, et al., 2015), image domain (Zomorrodi, 2015),
and phase domain (Balbin and Karmakar, 2009;
Genovesi, et al., 2014; 2016). The frequency signature
based chipless RFID tags are multi-resonator tags,
where each resonator encodes 1 bit. The presence of
resonance in predetermined frequency is identified as
a data bit. The resonator exhibits the frequency selec-
tive behaviour and abrupt spectral features in ampli-
tude spectrum are used to encode digital data bits. The
chipless RFID tags based on time domain reflectometry
identify the tag ID in the form of the delay in the train
of echoes to an interrogation signal sent by the reader.
The presence and absence of resonator in the tag are
identified using the unique electromagnetic (EM)
image in image domain based chipless RFID tag. The
abrupt spectral features in the phase spectrum exhib-
ited by the resonator are considered as the tag ID for
data encoding based on phase domain.

Various printed chipless RFID tags have been reported
in the literature (Vena, et al., 2013; 2014; Borgese, et al,,
2017; Jeon, et al., 2017; Herrojo, et al., 2018) but the
issues seen in printed tag response during the fabrica-
tion of chipless RFID tag via printing are not explored
in detail. To understand the issues with the response
from the printed tag, the relationship between the
various parameters involved in the printing process
and the microwave response needs to be analyzed. In
this paper, chipless RFID tag generating the tag ID in
the frequency domain is printed using screen-printing
technology. The microwave response of the printed tag
is analyzed to investigate the effect of various printing
parameters on the performance of chipless RFID tag.

The printing of chipless RFID tags involves two main
steps: printing and sintering (annealing). The printing
is performed using a commercial printing technique
such as screen-printing and ink-jet printing using con-
ductive ink. The metal paste or liquid metal which are
mixed with binders that help the ink to remain attached
to the substrate surface are used as conductive inks for
printing of chipless tags. The solid content of silver in
these inks is not 100 per cent so they have low conduc-
tivity compared to relatively pure metals like copper or
aluminium.

The parameters involved in the fabrication of printed
RFID tag are shown in Figure 1. The paper is organised
as per this figure. The deposited ink thickness can get
varied during different printing procedures and the

effect of varying deposited ink thickness and optimum
required thickness is analyzed in Section 2. The sin-
tering process removes the resistive elements, form-
ing the conductive path. The sintering of the printed
sample is performed using oven sintering in Section 3.
A high-speed photonic sintering process is applied on
the printed tags in Section 4 to make the manufactur-
ing of tags through printing, adaptable to the indus-
trial roll-to-toll printing process. The effect of the ink
processing conditions for various inks is examined
for oven-sintered and photon-sintered printed tags in
these sections. The effect of tag dimension on electrical
parameters of the printed strip is shown in Section 5.
The inaccuracy seen in printed dimensions is depicted
in Section 7 with a possible solution. Finally, a depend-
ency chart between the printed tag response and the
printing parameters is explained in Section 8, which
will assist in figuring out the bottleneck in obtaining a
high fidelity printed tag response and assess the altera-
tion required in the tag and the manufacturing process
to enhance the printed tag response.

Fabrication of chipless RFID tag via printing

> Printing process —> Deposited ink
thickness
Sintering . q
Oven-sintering
process
Geometrical Photon-sintering
dimensions

|, Printing
accuracy

Figure 1: Various printing parameters affecting the
microwave performance of printed chipless RFID tag

2. Effect of ink thickness on microwave
performance of the printed tag

The conductor thickness of the printed tags is usu-
ally lower than the thickness of copper metallization
in the Printed Circuit Board (PCB) fabricated tag. The
thickness of ink deposited in printing process mainly
depends on the printing technique and ink viscosity.
The signal loss occurs when the deposited ink thickness
is less than the skin depth at the operating frequency.
This is because of the leakage of the microwave signal
through the dielectric substrate layer for low conduc-
tive ink thickness which results in signal penetration
loss as it propagates along the conducting guiding
structure. The consequence is the spread of the quality
factor of the resonator with strong negative impact on
the data capacity of the resonator. In this section, the
effect of ink thickness on the microwave performance
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of printed tags has been analyzed and an approxi-
mate minimum thickness required to obtain accept-
able microwave performance is evaluated. Initially, the
rectangular bars of 2 mm width are printed using sil-
ver-based conductive ink named ‘SHR-2" The details of
‘SHR-2’ ink are given in Table 1 (note: 1 mil = 25.4 um).
The sample is printed on polyethylene terephthalate
(PET) substrate which can withstand up to 250 °C.
The sheet resistance of the printed strip is measured
using a four-point probe SRM-232. The sheet resistance
of rectangular printed strips obtained for varying ink
thickness is plotted in Figure 2. Five sheet resistance
and five thickness values are averaged for sheet resist-
ance and thickness values respectively in this section
and all other following sections. The sheet resistance
is inversely proportional to the deposited ink thick-
ness. The resistance is low for higher thickness as the
amount of conductive material is less for low thickness.

Table 1: Details of experimented conductive inks

Sheet
Ink Metal Sintering resistance
name content conditions (2/sq/mil)
SHR-2 68.5 % 120°Cfor 15min  <0.010
SHR-1 84.0 % 110 °C for 5 min <0.010
SHR-5 76.0 % 150 °C for 5 min <0.005
0.50
T 045
by
< 0.40
8 035
c
5 030
g o2s
4 0.20
2015
%]
0.10
3.00 3.50 4.00 4.50 5.00 5.50
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Figure 2: Sheet resistance for different deposited
ink thicknesses (for a rectangular bar of width 2 mm,
printed using ‘SHR-2’ ink on PET substrate,
sintered at 120 °C for 15 min)

The modified version of Electric-LC (ELC) resonator
(Naqui, et al., 2014) is considered as chipless RFID
tag in this paper. The RFID tags printed using ‘SHR-2’
screen-printing ink on PET substrate tend to have dif-
ferent thickness because of manual screen printing.
The thickness varied from 1 um to 8 pum. The tag with
at least 3 um thickness gave detectable microwave
response. The microwave performance of the chipless
RFID printed tag can be evaluated in terms of 3 dB
bandwidth and Radar Cross Section (RCS) amplitude as
shown in Figure 3. The bandwidth is obtained as the
frequency range that lies within 3 dB of the response
at its peak. The electromagnetic response reflected
from the tag is considered as the identification data in

the chipless RFID system and the reflected response
is obtained in terms of RCS. The RCS amplitude is the
strength of the received signal, which is the difference
between the peak and null of the signal as shown in
Figure 3.
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Figure 3: Illustration of bandwidth and radar cross
section amplitude difference

The RCS amplitude and 3 dB bandwidth are obtained
for the first resonant frequency (3.9 GHz) of the printed
tags in this section and all following sections. In fre-
quency coded chipless RFID tags, the bandwidth of
the electromagnetic response needs to be low so that
higher amount of data bits can get fitted within the
given frequency range.

The higher value of RCS amplitude, which is the strength
of the signal, increases the reading distance of the tag.
The measured 3 dB bandwidth and RCS amplitude for
varying ink thicknesses are depicted in Figure 4. The
bandwidth is broadened for the chipless RFID tags
compared to fabricated tag because of low conductiv-
ity of the ink. The bandwidth broadening is reduced for
higher resonator thickness. The strength of the signal
or the RCS amplitude has also risen for higher depo-
sition of conductive ink. If we considered 250 MHz as
the acceptable bandwidth for experimented tags in this
section, then, the thickness of the resonator needs to
be at least 6 um.
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Figure 4: Microwave performance of RFID tags printed
using ‘SHR-2’ ink for different deposited ink thicknesses

To understand the relation of the skin effect with the
thickness of deposited ink, the skin depth is calculated
for the frequency range from 4 GHz to 8 GHz for three
different conductivity values and is shown in Figure 5.
The conductivity obtained for this print is 1.8-10¢ S/m.
The previous analysis shows that 6 pm are the min-
imum thickness required at 3.9 GHz. Figure 5 shows
that at 3.9 GHz, the skin depth is around 6 pm. Hence,
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the thickness of the deposited ink should be at least
around the skin depth at the given frequency.
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Figure 5: Skin depth versus frequency (3.5-8.0 GHz)

Therefore, the higher thickness of deposited conductive
ink is desirable to obtain a response with low resistance,
less bandwidth broadening, and higher RCS amplitude.
The screen-printing technique is able to provide higher
ink thickness compared to other printing techniques.
A multiple passes of printing can be employed in other
printing techniques such as ink-jet printing and gravure
printing to increase the ink thickness.

3. Oven sintering of printed RFID tag

The microwave response of the chipless RFID tag,
when printed using conductive ink, is highly dependent
on the processing conditions of the ink. The conduc-
tive ink contains a resistive element such as dispersant
material along with conductive metal pigment. The
metal particles in the ink are surrounded by the dis-
persant material which keep the particles apart from
each other and electrical conductivity does not form
(Halonen, et al., 2013). These ink dispersants need to be
removed in order to connect the conductive particles to
form functional ink strips. The ink is passed through a
heating process known as sintering to disorder/melt/
evaporate the dispersant and other resistive solvents to
form the conductive paths. The sintering process also
promotes the formation and coalescence of printed
conductive features, which improves the electrical
conductivity and the mechanical adhesion (Lukacs,
Pietrikova, and Cabuk, 2017). This section investigates
the relationship between the ink processing param-
eters and the microwave performance of the printed
tags for oven-sintered samples.

The oven sintering process is strongly connected with
the conditions of technological process temperature
and time (Lukacs, Pietrikova and Cabuk, 2017).

The screen-printed rectangular bar using ‘SHR-2" ink
and having 2 mm width was sintered at four different
conditions. The sheet resistance and thickness were
measured using the four-point probe (SRM-232) and
optical profiler (Bruker contour GT-K), respectively,
and the conductivity is calculated using Equation [1]

Ryt g

where o is the conductivity, R;is the sheet resistance and
t is the thickness of deposited ink. Figure 6 shows the
sheet resistance and conductivity of the printed bars.

The sheet resistance was significantly reduced from
0.4 Q/sq to 0.1 Q/sq when the sintering temperature
increased from 80 °C to 120 °C and hence the con-
ductivity increment is also noteworthy. The higher
sintering temperature removes the higher amount of
resistive component allowing more metal component
to form a conductive path which thus increases the
conductivity. The longer sintering time only brought
a slight increment in the conductivity as seen for
samples sintered at 80 °C/10 min and 80 °C/30 min.
Hence, the sintering temperature plays a contributing
role rather than sintering time to increase the conduc-
tivity of printed strips.
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Figure 6: Conductivity obtained for printed strips
sintered at different temperature
of samples printed using ‘SHR-2’

The microwave performance of the printed chipless
RFID tags was investigated in terms of RCS amplitude
and 3 dB bandwidth (Figure 3) for varying ink process-
ing conditions. The RCS amplitude and bandwidth of
samples printed using ‘SHR-2” ink and sintered at dif-
ferent temperatures is depicted in Figure 7. Since the
conductivity of the ink is increased for higher sinter-
ing temperature, the bandwidth of the first peak is also
decreased up to 212 MHz. The bandwidth broadening
is unavoidable because of low conductivity of the ink.
However, we can minimize the bandwidth broadening
through the sintering of ink at a higher temperature.
The strength of resonance is also improved for higher
sintering temperature.
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Figure 7: Microwave performance of RFID tags printed
using ‘SHR-2’ ink for different sintering temperatures

The effect of sintering temperature on microwave per-
formance of RFID tags printed using different inks is
also investigated in Figure 8.

The higher sintering temperature of the conductive
ink does not guarantee the enhanced microwave per-
formance of the printed RFID tag. It also depends on
the ink composition and formulation of the conductive
ink procured from the ink supplier. Another ink sup-
plier whose ink is named ‘SHR-1’ has stated its metal
content as 84 % and recommended sintering tempera-
ture as 110 °C/5 min. The metal content for ‘SHR-2’ ink
is 68.5 % and recommended processing temperature is
120 °C/15 min as per the ink supplier. However, the tag
printed using ‘SHR-2’ ink, sintered at 80 °C has higher
RCS amplitude and lower bandwidth compared to tag
printed using ‘SHR-1’ ink, sintered at 100 °C. The third
conductive ink, ‘SHR-5’ ink sintered at its recommended
conditions (150 °C/10 min) is able to lessen the band-
width up to 170 MHz and increase the RCS amplitude to
12 dB. The higher metal content gives better conductiv-
ity and hence better RF performance. The details of the
experimented inks are shown in Table 1. The amount
of metal content claimed by the supplier of ‘SHR-1" ink
may not be accurate as ‘SHR-2’ ink is able to give better
performance. The simulated bandwidth of the exper-
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imented chipless RFID tag having bulk copper as its
metallization for its peak at 3.9 GHz is 70 MHz. Hence,
among the experimented ink, the minimum bandwidth
broadening of 100 MHz is seen for ‘SHR-5’ ink.

A simulation was performed to evaluate the relation-
ship between the conductivity and bandwidth of the
experimented chipless RFID resonators. The simulated
bandwidth of the chipless RFID resonators obtained for
various conductivities is shown in Figure 9. The band-
width of the resonator is inversely proportional to the
conductivity of the printed track. For higher conductiv-
ity, the bandwidth is low.
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Figure 9: Simulated conductivity versus bandwidth

This means that the higher sintering temperature
resulted in higher conductivity of ink and consequently,
the printed tag is able to have less bandwidth broad-
ening and better signal strength. The ink formulation
in terms of metal content played a significant role in
increasing the ink conductivity.

4. Photon sintering of printed RFID tags

The high volume manufacture of printed chipless RFID
tags by any roll-to-roll printing process should satisfy
specific industry standards. The production of the low-
cost printed tag includes conductive ink printing and
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Figure 8: Microwave performance of circular ELC tag printed using ‘SHR-2, 'SHR-1, and ‘SHR-5" ink for different
sintering temperatures
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sintering process. The tags printed in the previous sec-
tion were sintered using oven sintering process which
requires few minutes to generate sufficient conductiv-
ity to obtain a workable printed tag. However, during
the industrial manufacturing process, the sintering
needs to be completed in a few seconds so that it can
be suited for the roll-to-roll process. Also, most of the
commercial substrates may not be able to withstand
the higher temperature sintering requirement. So, a
sintering process which can sinter at high temperature
without altering the substrate physical properties is
essential. Hence, a photonic sintering process which
requires only a fraction of seconds for sintering is elu-
cidated in this section. Optimum photon sintering con-
ditions to obtain maximum ink conductivity is deduced
after the analysis of the relation between the ink pro-
cessing parameters and the electrical properties of the
sintered samples.

Photonic sintering is the sintering of the printed track
using high energy short pulse of light from a flash lamp.
Using this technology, it is possible to attain a signifi-
cantly higher temperature than the substrate can with-
stand in oven sintering process. In Schroder (2011), it
is claimed that PET which normally has a maximum
working temperature of 150 °C, can be processed at
1000 °C using photonic curing system. The pulse of
light is so fast that the back side of the substrate is not
heated significantly during the pulse.

The printed samples were photon-sintered using Xenon
S-2100a (XENON Corporation, 2010). The S-2100a has
selectable pulse duration from 100 us to 2000 ps and
adjustable pulse energy from 100 J to 2000 J. The lamp
voltage can range from 1.6 kV to 3.0 kV with digital
control. The initial photon sintering is performed on
rectangular printed bars. The printed bars when sin-
tered with the same pulse width, at the same distance
gave low resistance for high voltage as seen in Table 2.

Table 2: Sheet resistivity of printed bars, photon-
sintered at different voltages

Voltage Distance Pulse width Sheet resistivity
(kV) (inch) (1s) (©2/sq)

3 0.125 2000 1.913

2 0.125 2000 3.633

Then, the photon sintering is performed by placing the
printed tracks at varying distance from the lamp. The
distance of the sample has a significant effect on the
amount of light absorbed by the sample. For instance,
there will be a 60 % decrease in the energy when the
sample is positioned 3 inches away from the lamp
rather than 1inch. The obtained sheet resistivity of
printed bars with 400 pym width for varying distance
of the sample from the lamp is shown in Figure 10. The

distance has a linear relationship with the sheet resist-
ance as decreasing the distance between the lamp and
the sample increases the energy with which the sample
is sintered as shown in Figure 10. The 9.75 inch is the
shortest distance between the flash lamp and the sam-
ple and hence has the lowest sheet resistance.

]
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0.9
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Distance between the sample and the lamp (inch)

Figure 10: Sheet resistivity of printed tracks of 400 um
width photon-sintered at varying distance
from the flash lamp

4.1 Photon sintering of chipless RFID tags
printed on PET substrate

The resistance is low for higher voltage and samples
near to the flash lamp, as discussed in the previous sec-
tion. However, it is not practically feasible to place the
sample so close to the flash lamp (9.75 inches). If ink
sputtering occurs during the sintering process, then it
can damage the lamps. In this section, the photon sin-
tering of rectangular bars and chipless RFID tags is per-
formed using covering material to avoid the sputtering
of ink. The voltage is kept constant at the highest volt-
age (3 kV) and longest pulse width (2000 ps) is used
in sintering of all samples. The distance between the
sample and the lamp is varied to find the best height
of the sample so that the sample can receive uniform
sintering without getting burnt.

Table 3 shows the summary of the photon sintering per-
formed on PET substrate printed using ‘SHR-2’ ink. The
Images 1 to 6 in Table 3 for sintered samples were cap-
tured using a digital microscope Dynolite (2.0 MP) with
the 10 x magnification. In this section, the single-sided
and two-sided photon sintering is performed. The use
of quartz covering burnt the sample (it changed into
grey colour and ink bubbles were seen initially but
later ink came off). The two-sided sintering with sam-
ples covered by quartz, which involves sintering from
both ink side and the substrate side, is also not able to
protect the sample from getting damaged. Hence, the
use of quartz covering generated excessive heat during
the photon sintering of the silver printed track.

When the covering lid was changed to Pyrex for the
same setting, the sample was not sintered properly
but bubbles were seen at the edge of the bar as seen
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Table 3: Photon-sintering of printed samples using ‘SHR-2’ ink with voltage of 3 kV

Distance Sintered side Sheet resistance
(inch) (Covering) (Q/sq) Comment Images from Dynolite
10.0 Ink side (Quartz) - Sample get burnt
10.5 Substrate side - 1" - Non-uniform sintering and
Ink side - 2" sample was damaged
(Quartz)
10.0 Ink side (Pyrex) 0.287 Sheet resistance is less
but visually the ununiform
sintering was seen
11.0 Ink side (Pyrex) 0.438 RF signals present for a tag - X
with a bandwidth of 380 MHz
10.5 Ink side (Pyrex) 0.349 RF signals present for a tag ‘B’
with a bandwidth of 285 MHz
T Z
Image 4: Rectangular bar ‘K’
10.5 Ink side - I** 0.315 Visually the non-uniform
Substrate side - 2™ sintering was seen
(Pyrex)
Image 5: Rectangular bar 1’
10.5 Substrate side - 13 0.326 Visually the non-uniform
Ink side - 2™ sintering was seen
(Pyrex)

Image 6: Rectangular bar ‘h’

for rectangular bar (Image 3, in Table 3). The distance
of 11 inches and 10.5 inches from the lamp gave uniform
sintering. The sintering at two sides (ink side and film
side) using Pyrex resulted in bubbles (Images 5 and 6, in
Table 3) even though sheet resistance was less compared
to other photon-sintered sample. Thus, the experimental
investigation shows that the voltage of 3 kV, a distance
of 10.5 inches, the pulse width of 2000 ps, Pyrex cov-
ering and one-sided photon sintering are the optimum
conditions for the printed chipless tag on PET substrate

as they gave uniform sintering and low resistance com-
pared to other samples. The microwave performance
was measured for the tags that are coloured grey in
Table 3. Let us consider the sample placed at 11.0 inches
and 10.5 inches as ‘A" and ‘B’, respectively. Table 4 shows
the measured bandwidth and RCS difference for the
measured photon-sintered tags with their correspond-
ing sample names. Hence a detectable electromagnetic
response is obtained for printed RFID tags sintered
using the photon sintering process on PET substrate.
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Table 4: Radar cross section and bandwidth of photon-sintered tags

Sample Thickness Sheetresistance Conductivity Bandwidth  RCS
name  (um) (©@/sq) (S/m) (MHz) (dB)
‘B’ 6.626 0.349 4.32:10° 285 9.51
X 5.696 0.438 4.01-10° 380 6.79

4.2 Comparison of photon-sintered
and oven-sintered samples

The RFID tags sintered using oven and photon sintering
can have variation in their conductivity and microwave
performance. The sheet resistance, conductivity and
mean roughness of samples printed using ‘SHR-2" ink
on PET substrate and sintered using the oven and pho-
ton sintering process is shown in Table 5. The photon
sintering is performed with the optimum settings as
explained in Section 4.1. The sintering process evapo-
rates the dispersion solvent and sinters the left metallic
particles to form conductive lines. The oven sintering
process since it takes longer time is able to produce
low resistance conductive line compared to photon
sintering process. However, the sheet resistance is only
increased by 0.3 1/sq when the samples are sintered

using photon sintering. The conductivity is correspond-
ingly higher for oven sintering. The mean roughness of
the printed tracks is measured using Bruker contour
GT-K optical profiler. The mean roughness of rectan-
gular bars and RFID tags is also compared in Table 5
for both sintering processes and it is seen that the
roughness of the printed samples is not significantly
affected by the change in sintering procedure. The
microwave performance in terms of 3 dB bandwidth
and RCS amplitude for tags sintered using box-oven
and photon sintering is shown in Figure 11. The photon
sintering of the tag performed with the samples placed
at a 10.5 inch distance from the flash lamp is compara-
ble to the oven-sintered tag at 80 °C for 10 minutes as
this photon-sintered tag has rather low bandwidth and
high RCS strength. The oven-sintered tag at 120 °C for
10 minutes has the best microwave response but these

Table 5: Sheet resistance, conductivity and mean roughness of oven-sintered and photon-sintered samples

Sheet resistance Thickness Conductivity Mean roughness
Sintering process  (Q/sq) (num) (S/m) (nm)
Photon sintering 0.3490 6.402 4.48-10° 1.310
0.4380 4.300 5.31-10° 1.115
0.4040 5.492 451-10° 1.184
Oven sintering 0.1662 5.494 1.10-10° 1.228
(120 °C/10 min) 0.1880 4906 1.08-10° 1.485
0.1810 5.330 1.04-10° 1.360
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Figure 11: Microwave performance of oven-sintered and photon-sintered RFID tags
(4 bit circular ELC tag printed using ‘SHR-2’ ink on PET substrate)
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sintering conditions can be unsuitable for some com-
mercial low-temperature substrates. The photon-sin-
tered sample is able to obtain the lowest bandwidth of
285 MHz and the highest RCS amplitude of 9.51 which
can be considered as a detectable tag ID.

4.3 Two-sided photon sintering
of chipless RFID tag

In the previous section, the photon sintering is per-
formed on a PET substrate for chipless RFID tags. The
optimum settings were able to give the sheet resist-
ance of 0.349 (/sq and a minimum bandwidth of
285 MHz with RCS amplitude of 9.51 dB. In this section,
the photon sintering process is further optimized to
obtain better RF performance and have the response
comparable to the best result obtained from the oven
sintering process. The photon sintering is performed
on the more challenging substrate, biaxially oriented
polypropylene (BOPP) polymerised with dicumyl per-
oxide (DCP), which cannot withstand the temperature
higher than 80 °C. The issues seen in the previous
section are samples getting burnt, with bubbles seen,
which indicates the use of high power. Hence, to reduce
the power exposed to the samples and to obtain uni-
form sintering, two-sided and two-times sintering has
been utilized in this section. The two-sided sintering in

the previous section could not give a useful response
because of high power, so in this section low voltage is
tried to avoid non-uniform sintering.

In this section, the photon sintering is performed for
inks with different viscosity to verify the versatility
of photon sintering process. The photon sintering is
performed on printed samples using three conduc-
tive inks: ‘SHR-1, ‘SHR-2’, and ‘SHR-4". The viscosity of
these inks and their wet ink layer thickness measured
using Bruker contour GT-K optical profiler is shown in
Table 6. The viscous ink deposits lower thickness com-
pared to less viscous ink. The highest thickness was
achieved with the ink ‘SHR-4".

Table 6: Thickness of printed samples for different inks

Wet
Ink Viscosity thickness
name (Pa-s) Sample description (pum)
SHR-1 29.0 Not pre-dried sample 3.894
Pre-dried sample 5.008
SHR-2 17.5 Not pre-dried sample  5.404
Pre-dried sample 5.350
SHR-4 15.0 Not pre-dried sample  7.386
Pre-dried sample 7.544

Table 7: Photon sintering of samples printed using ‘SHR-2’ ink on BOPP DCP substrate
(distance = 1.5 inches from the lamp)

No. of Pulse Voltage Sheet resistance
Sintering condition passes  width (us) (kV) Sintered side (Q/sq)
Photon-sintered 1 2000 3.0 Coating Uneven sintering
(printed samples 2 2000 2.0 Coating Burnt
are not pre-dried) 3.0 Film
2 2000 2.5 Coating 0.277
25 Film
2 2000 2.0 Coating 0.308
2.5 Coating
2 2000 2.5 Coating 0.290
3.0 Coating
2 1000 3.0 Coating 0.305
2.0 Coating
2 2000 2.5 Coating 0.275
25 Film
Photon-sintered 2 2000 2.0 Coating 0.392
on samples pre-dried 1000 3.0 Film
at80°Cfor15s 2 2000 2.5 Coating 0.260
25 Film
2 2000 2.0 Coating 0.349
2.5 Coating
2 2000 2.5 Coating 0.320
3.0 Coating
2 2000 2.5 Coating 0.222

2.5 Film
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Initially, the sintering trials were done with rectangu-
lar bars and a sheet resistance of rectangular bar was
measured to analyze the sintering performance. The
distance and cover lid material have been kept constant
as 10.5 inches and Pyrex, respectively. The power was
changed to three different level: 3 kV, 2.5 kV, and 2 kV.
These three power levels can be considered as High,
Medium and Low power levels, respectively. We can-
not go lower than 2 kV power using the Xenon S-2100a
photonic sintering.

The printed side can be mentioned as coating side and
non-printed side as film side. The two-sided sinter-
ing and two-pass sintering are done for two different
voltage conditions. The sintering is performed for wet
samples and samples pre-dried using oven sintering at
80 °C for 15 s. The sheet resistance obtained for differ-
ent sintering conditions is shown in Table 7, Table 8,
and Table 9, respectively.

The optimum conditions for the PET sample (3 kV,
10.5 inches) brought uneven sintering for BOPP sam-
ple. Then, two-sided sintering is performed with 2 kV
(Low) for coating side and 3 kV (High) for film side
which also resulted in the burnt sample. The voltage is
then reduced to medium (2.5 kV) and two-sided sinter-
ing is performed and a low-resistance sintered sample
is obtained. The sheet resistance obtained for non-pre-

Table 8: Photon sintering of samples printed using
‘SHR-1’ ink on BOPP DCP substrate with two
passes (distance = 1.5 inches from the lamp)

dried and predried samples printed using ‘SHR-2" ink
for varying pulse width and voltage is shown in Table 7
and it can be seen that the minimum sheet resistance
is obtained for sintering of coating and film side with
2.5 kV (Medium) and 2000 ps pulse width, which is
highlighted by the grey background.

The obtained sheet resistance values for both ‘SHR-1’
and ‘SHR-4’ inks are also lowest for the same condi-
tions (two-sided sintering with the medium voltage at
2000 ps pulse width) as seen in Table 8 and Table 9,
also highlighted by the grey background.

The interpretation of microwave performance in terms
of RCS amplitude and bandwidth of RFID tag sintered
using photon sintering and oven sintering is shown in
Table 10. The photon sintering of samples printed using
‘SHR-2" ink reduced the bandwidth to 220 MHz with
RCS amplitude of 12.42 dB, which is comparable to the
response obtained from oven sintering. The sheet resist-
ance has decreased by 0.1 Q/sq compared to one-sided
sintering performed in the previous section. In case of
‘SHR-T’ ink, the response of the printed tag is rather
enhanced for the photon-sintered sample as oven sin-
tering is limited to 80 °C for BOPP substrate. This can be
related to the sheet resistance decrement by 0.5 Q/sq
for the photon-sintered sample. The samples printed
using ‘SHR-4’ ink have higher thickness compared to

Table 9: Photon sintering of samples printed using
‘SHR-4’ ink on BOPP DCP substrate with two
passes (distance = 1.5 inches from the lamp)

Pulse Sheet
Sintering width Voltage Sintered resistance
condition (ps) (kV) side (Q/sq)

Pulse Sheet
Sintering width Voltage Sintered resistance
condition (us) (kV) side (Q/sq)

Photon- 2000 2.0 Coating 0.752
sintered only 1000 3.0 Film
(printed 2000 2.5 Coating 0.476
samples 2.5 Film
are not 2000 2.0 Coating 0.734
pre-dried) 2.5 Coating
2000 2.5 Coating 0.605
3.0 Coating
2000 2.5 Coating 0.526
2.5 Film
Photon- 2000 2.0 Coating 0.759
sintered 1000 3.0 Film
on samples 2000 2.5 Coating 0.526
pre-dried 2.5 Film
at 80 °C 2000 2.0 Coating 0.711
for15s 2.5 Coating
2000 2.5 Coating 0.608
3.0 Coating
2000 2.5 Coating 0.506

2.5 Film

Photon- 2000 2.0 Coating Uneven sint.
sintered 2000 3.0 Film
only 2000 2.5 Coating 0.277
(printed 2.5 Film
samples 2000 2.0 Coating 0.349
are not 2.5 Coating
pre-dried) 2000 2.0 Coating 0.398
1000 3.0 Coating
2000 245 Coating 0.313
785 Film
Photon- 2000 2.0 Coating 0.392
sintered 1000 3.0 Film
on samples 2000 2.5 Coating 0.265
pre-dried 2.5 Film
at 80 °C 2000 2.0 Coating 0.389
for15s 2.5 Coating
2000 2.5 Coating 0.359
3.0 Coating
2000 245 Coating 0.252
23 Film
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Table 10: Microwave performance of circular ELC resonator sintered
using photon-sintering and oven-sintering procedures

Sheet RCS
resistance Bandwidth amplitude
Ink Sintering method (Q/sq) (MHz) (dB)
SHR-2 Photon-sintered only (not pre-dried) 0.275 230 12.42
Photon-sintered (pre-dried 80 °C for 15 s) 0.222 220 12.42
Oven-sintered (80 °C for 10 min) 0.385 230 12.47
SHR-1 Photon-sintered only (not pre-dried) 0.526 290 8.16
Photon-sintered (pre-dried 80 °C for 15 s) 0.506 270 9.38
Oven-sintered (80 °C for 10 min) 1.076 350 7.17
SHR-4 Photon-sintered only (not pre-dried) 0.313 320 8.41
Photon-sintered (pre-dried 80 °C for 15 s) 0.252 360 6.75
Oven-sintered (80 °C for 10 min) 0.288 220 13.95

other inks as shown in Table 6, which can be the reason
to have better performance for oven-sintered sample
compared to photon-sintered sample. The higher thick-
ness of ‘SHR-4’ ink might have been sintered more uni-
formly using oven sintering than photon sintering.

Hence, the photon sintering has shown improvement
for RFID tag printed using ‘SHR-1" ink. The microwave
performance for sample printed using ‘SHR-2’ ink is
similar for oven-sintered and photon-sintered sample.
However, oven-sintered printed sample using ‘SHR-4’
ink is better compared to photon-sintered sample
because of higher layer thickness. A high-speed pho-
tonic curing system is applicable for chipless RFID
printed system and can be readily used to manufacture
workable tag using fast roll-to-roll printing process.

5. Effect of the printed tracks dimensions
on electrical parameters

The resistance of printed track depends on ink mate-
rial composition, printing technology and geometri-
cal dimensions (Bonea, et al., 2012). The wider line is
less resistive and has higher conductivity based on the
experimental investigation shown in Figure 12.
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Figure 12: Sheet resistance and conductivity for varying
line width of the track printed using ‘SHR-2’ ink

This is because the homogeneity of the conductive layer
is better for the wider strip. It is seen that the conduc-

tivity gets decreased by 5-10° S/m when the line width
is decreased from 2000 um to 200 um. However, the
conductivity in the range of 10° is still maintained for the
narrowest strip of 200 um line width. The resistance
should be low enough even for narrower strips to obtain
detectable microwave response. The fitted relationship
between sheet resistance and conductivity, respectively,
and the line width is shown in Equations [2] and [3],
which can be used to predict the printed line conductiv-
ity for different line widths (in pm).

Sheet resistance = -0.472 In (linewidth) + 3.725  [2]
Conductivity = 335.13 x linewidth + 48907 [3]

The experimental investigation performed in previ-
ous paragraph showed that the conductivity of printed
strip is dependent on the ink width and the deposited
ink thickness. The geometrical dimensions, i.e. the line
length, width and ink thickness give the total amount of
ink volume of a printed strip. This section investigates
the effect of overall ink volume on the conductivity of
the printed strip. The sheet resistance and conductivity
of strip printed using ‘SHR-2’ ink of varying ink volume
are depicted in Figure 13.
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Figure 13: Sheet resistance and conductivity of strip
printed using ‘SHR-2’ ink of varying ink volume

The conductivity is directly proportional to the printed
ink volume, which indicates that the bigger tag design
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with higher ink deposition has better conductivity
compared to compact tag design. The chipless tag
design is moving towards the development of smaller
tags in order to have higher spatial efficiency. In case
of the printed version of the chipless tag, the smaller
tags can suffer because of low conductivity based on
the relationship shown in Figure 13.

6. Printed samples accuracy

This section investigates the line width and gap width
uniformity for printed samples on BOPP and PET sub-
strate. The printed line width and the gap width of the
chipless tag are measured using a Leica DM2500 micro-
scope. The actual line width and gap width of the tag
are 300 pm and 200 pm, respectively. The line width
and the gap width of the resonator can vary after print-
ing because of ink spreading or low ink flow. The width
discrepancy for measured line width of 300 pm and
gap discrepancy for measured gap width of 200 pm, are
calculated using measured printed widths. The meas-
urement is done for chipless tags printed on PET and
BOPP substrate and the obtained discrepancy is shown
in Figure 14.
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Figure 14: Line width (a) and gap width (b) discrepancy
for RFID tags printed on PET and BOPP

In case of PET, the most part of the resonator has width
widening causing a smaller gap (hence negative for
gap discrepancy value) with the maximum of width
increment of 37 um. In the case of BOPP, the printed

lines have lower width than is the designed width of
the sample, increasing the gap compared to the desired
one. The deviation of the width increasingor gap nar-
rowing in PET is lower compared to BOPP which can
be because of the higher adhesion to PET. The reason
behind the inconsistent discrepancy in line width and
gap width can be because of variation in printing pres-
sure, ink amount, and substrate flatness during manual
screen printing. The automatic screen printing is able
to minimize this discrepancy to a certain extent.

The resonant frequency of the tag is dependent on
the equivalent inductance and the capacitance of the
printed strip and the change in line width or the gap
width of the printed strip can bring the change in res-
onant frequency. For instance, in BOPP printed sam-
ple number 1, the width is varied by 20 pm as seen in
Figure 14(a). So, the simulation of the 1-bit RFID tag
for the width of 280 pm and 300 um is performed in
Figure 15. The frequency shift is seen and hence print-
ing accuracy is essential for detecting correct tag iden-
tification in printed RFID tag.
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Figure 15: Response of the chipless RFID tag with
different widths

We can assume the average line width broadening as
IncWidth and decreased gap width as DecGap and con-
sider these values in next print with smaller line width
and reprint them to have the desired width. Hence, the
adjusted line width and gap width can be obtained from
Equations [4] and [5], respectively. For instance, for cir-
cular tag printed on PET, the average width broaden ing
IncWidth is 21.65 um and average gap decrease DecGap
is 22.87 uym. These values can be considered in a new
print to obtain required resonator dimensions.

New line width = OId line width — IncWidth [4]

New gap width = Old gap width + DecGap [5]
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7. Relationship between printed tag response
and printing parameters

This section will summarise the understanding obtained
from the experimental analysis performed in the pre-
vious section and propose a general guidelines for
printing of chipless tags. The microwave performance
of printed chipless RFID tag is dependent on various
printing parameters. A dependency chart showing the
inter-relationship between the various printing param-
eters and the microwave performance of the printed tag
is shown in Figure 16.

The microwave performance of printed tag is mainly
dependent on four parameters: deposited ink thick-
ness, ink conductivity, printing accuracy, and substrate
parameters. The deposited ink thickness is depend-
ent on the printing method and ink viscosity. The ink
with higher viscosity can deposit higher ink thickness.
However, the printing technique also determines the
viscosity of the ink. The higher ink thickness is required
for better RF response as explained in Section 2.

Microwave performance of
printed chipless RFID tag

Deposited ink Ink Printing
thickness conductivity accuracy

Substrate
parameters

Printing process [Screen-
printing, Ink-jet printing,
Flexography, etc.]

Ink processing conditions
[Sintering temperature
and time]

Ink viscosity Metal content in ink

Geometrical dimensions
of the tag
Figure 16: Relationship between the parameters
involved in the printing of chipless RFID tag
with its microwave performance

The screen-printing process can deposit a higher
amount of ink compared to other printing processes.
However, multiple passes can be printed in other print-

ing processes to increase the deposited ink thickness.
The printing process needs to be automatic to imple-
ment the multiple-pass print. Also, the excess amount
of ink can create ink smudging and ink overflow cre-
ating unnecessary shorting. So, the ink viscosity needs
to be optimal to print strip with higher thickness and
better accuracy.

The low conductivity of ink broadens the microwave
signal of the printed tag and also decreases the signal
strength. Based on the experimental analysis higher
sintering temperature can remove a greater amount
of resistive component from the ink, forming highly
conductive printed lines. However, the sintering tem-
perature is limited by the physical properties of the
substrate. The amount of metal content also has an
influence on the ink conductivity.

Therefore, the bandwidth broadening for printed RFID
tag can be minimized by using conductive ink which
can give high conductivity at low sintering temperature
for the oven sintering process. This will allow having
printed RFID tag on a substrate with a low melting
point. The photon sintering process can be adapted to
have fast sintering for these substrates.

The geometrical dimensions (printed area) have a
significant effect on the conductivity of the printed
line according to the experimental investigation. The
compact size tag is required to have higher bit capac-
ity in the smaller area, which needs high resolution of
printing. The digital printing technique such as ink-
jet printing is able to print fine lines compared to the
screen-printing technique. The multiple passes of print
need to be employed to have higher ink thickness dep-
osition which will reduce the resistance and minimize
the signal loss as explained in Section 2. The printing
accuracy is also important to obtain desired microwave
response. The resonators are usually detuned using
shorting at different locations. The printing inaccuracy
due to ink overflow can create unwanted shorting in
these locations and detune the resonator resulting in

Table 11: Issues, reasons, and solutions of the printed tags

Issue Reason

Solution

Bandwidth broadening Low ink conductivity
(low spectral efficiency)

Low metal content
Low signal strength

(RCS amplitude)

Low ink layer thickness

Low ink viscosity
The need of larger print dimensions Low ink conductivity

Printed dimensions inaccuracy Printing technology

Ink sintered at a higher temperature for oven sintering
or two-sided photon sintering

Select ink with solid content >50 %

Screen print can deposit higher thickness

or use multiple passes for other printing technologies
Increase the ink viscosity

Use ink with high conductivity

Use of digital printing technology;

print the resonator with adjusted dimensions
(considering the offset due to printing)
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the false negative of the tag ID. The uniformity of line
width in all sections of the printed resonator can also
get affected because of printing inaccuracy which can
result in false tag ID or absence of tag ID.

The screen-printing technique is prone to printing
inaccuracy compared to other printing techniques. The
printing accuracy can be enhanced by determining the
change in printed dimensions and incorporating it in
next print. The digital printing process such as ink-jet
printing technique can be adapted to have better accu-
racy in printed dimensions. The summary of the ana-
lyzed issues of the printed RFID tag with their reason
and the solution is shown in Table 11.

8. Conclusion

The printable chipless RFID tag combining the use of
high-throughput printing processes and low-cost sub-
strates such as a polymer is the most viable option to
obtain extremely inexpensive RFID tags (0.1 cents/tag).
The electromagnetic signature of the printed RFID tag
suffers because of unavoidable limitation of printing
technology. However, the performance of the printed
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