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1.  Introduction

Automatic identification and data capture (AIDC) tech-
nologies have been used to identify objects, collect the 
data and send the data into a computer system for fur-
ther processing. The convergence of AIDC and network 
technologies is a predominant section of the Internet 
of things (IoT). The AIDC technology can collect and 
retrieve the data at every point of transaction and its 
integration with network entities can distribute the 
information for various applications in IoT. We can 
find several types of AIDC technologies such as bar-
codes, magnetic strips, smart cards, optical character 
recognition (OCR) and radio frequency identification 
(RFID). Barcode technology has become ubiquitous 
due to their high information density, low cost and 
direct printability over the items. The technology is 
considered as laborious as each item has to be scanned 
individually at the line of sight. 

On the other hand, conventional RFID technology uses 
radio waves and can identify items held inside a case 
or hidden behind items in a shelf. It does not require 
line-of-sight communication with the tagged object 
and therefore requires minimal human participation 
between the data carrying device which, in most cases, 

is a transponder (tag) and a separate interrogator 
(detector). The detector can count multiple objects 
quickly and identify them simultaneously. For these 
reasons, the technology has emerged as the most effi-
cient wireless transmission and reception technique 
for data capture, authentication and automatic identifi-
cation. However, the penetration of conventional RFID 
technology into the supply-chain market is limited by 
the cost associated mainly with the silicon (Si) chip. 
This can be easily understood from Figure 1, where the 
basic steps involved in the fabrication of a conventional 
RFID tag are shown. 

ASIC design and 
manufacturing 

Tag antenna design 
and fabricationASIC testing

Tag antenna 
testing

Assembly of tag 
antenna and ASIC

	

Figure 1: Steps in RFID tag fabrication, adopted from 
Preradovic (2009)

The fabrication process starts with the design and 
manufacturing of application-specific integrated cir-
cuit (ASIC). This integrated circuit (IC) is one of the 
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most important components in a conventional RFID 
tag detection system and contains the memory and 
tag data. The IC fabrication process generally includes 
a series of photolithographic and chemical processing 
steps such as photoresist deposition, removal, pattern-
ing, and tuning of the electrical properties (Shao, 2014).

Silicon chip based tags owe their high cost to its selec-
tion, processing, and assembly with other components 
such as batteries and antennas (Violino, 2004; Anee 
and Karmakar, 2012). Along with the advancement of 
wafer processing technology and consequent reduction 
in Si price, the size of an IC chip also shrunk making it 
more attractive for RFID applications. The discussion 
about the 5-cent RFID tag (Violino, 2004; Anee and 
Karmakar, 2012) concluded that advancement in IC 
chip technology will not be able to reduce the tag price 
below 5 cents to make it cost-effective for mass deploy-
ment for various reasons. 

Chipless RFID technology is attractive for low-cost 
applications over Si-chip based tags due to the absence 
of the steps shown in Figure 1. The building blocks of a 
chipless RFID system are shown in Figure 2. The main 
function of a tag is to generate an identification code. 
The data encoding can be based on time, frequency and 
phase domain. Coding can also be done using hybrid 
domain and radar imaging. Since chipless tag does not 
have data processing capability, signal processing is 
entirely done in the reader electronics. A chipless tag 
reader, therefore, has a new set of design requirements 
and challenges compared to a chip-based tag reader.

A fully functional chipless tag reader requires an RF 
transceiver and a digital board with overall system 
integration. The reader interrogates the tag with an 
ultra-wide band (UWB) radiation envelope of constant 
amplitude. The tag returns a backscattering signal in 
the form of data stream known as the identification 
data (ID). A reader captures and processes the data to 
recognize and trace the tag ID. The middleware per-
forms the signal processing for the detection of tag ID 
from the received signals with error correction and 
anti-collision algorithms (Anee and Karmakar, 2012).

Tag

Chipless RFID system
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Figure 2: Basics of a chipless RFID system

Printing of chipless tags using common printing pro-
cesses is considered as an option to reduce the price 
of tags below a cent mark (Haak, 2018). Walmart 
deployed electronic article surveillance (EAS) 1-bit 
tags based on Si-chip technology in retail market. 
Walmart’s requirement amounts to several million of 
tags per year. At a tag price of 5 to 10 cents, the cost for 
supply of several million tags for a retail application 
would not be cost-effective (Kosasi, Kom and Saragih, 
2014; Vowels, 2006; Jewell, et al., 2015). To be cost-effec-
tive, the sale of low-priced goods at low-profit margins 
would require the tag price to be ≤ 1 cent. It has been 
predicted that 700 billion chipless tags will be sold in 
2019, if the tag price falls below a cent. Market report 
from TechNavio (2017) mentioned that global chipless 
RFID market will grow at a compound annual growth 
rate (CAGR) of 27.43 % during the period 2017–2021. 
Inventory management involving tracking of products, 
assets, stored components and finished products has 
become an imperative asset of many companies and 
hence the demand for the supply of low-cost tags is 
in surge. The chance of counterfeiting of a polymer 
banknote issued by Reserve Bank of Australia and by 
governments in other countries, is an accepted threat 
to the banknote business incurring financial losses 
(Cowling, 2011). The printing of chipless tags is con-
sidered as an attractive proposition for banknote pro-
tection, if manufactured in large volumes, at a price of 
≤ 1 cent per tag. Justification for the price of the tag is 
linked to the low-cost materials used in any printing 
industry compared to fabrication of tags using printed 
circuit boards (PCB) technology. 

Research papers covering various aspects of chipless 
tag design (Huang and Su, 2017; Martinez and van der 
Weide, 2016; Noor, et al., 2016; Preradovic and Menicanin, 
2016; Rance, et al., 2016), reader development (Karmakar, 
et al., 2013; Preradovic and Karmakar, 2010; Koswatta 
and Karmakar, 2012) and tag ID detection (Kalansuriya, 
et al., 2012; Kalansuriya and Karmakar, 2012; Anee and 
Karmakar, 2012) were sighted. The reading of tag iden-
tification data depends on the detectability of tag radar 
cross-section (RCS) response over the frequency range. 
In real-world scenario, the cluttering signals, the leak-
age of environmental reflections from the transmitter 
and the interference from surrounding tags attenu-
ate the RCS response. It is, therefore, vitally important 
to look for improved signal detection electronics. 

In this paper, we reviewed common tag printing tech-
niques such as inkjet, screen, flexographic and gra-
vure printing processes using conductive silver ink. 
Inkjet printing is a direct technique allowing printing 
of tags on any type of substrate. Screen printing is a 
well-established laboratory and industrial technique, 
while gravure and flexography are well-known high 
speed printing techniques for high volume production 
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of tags. We cover the basics of the printing processes 
(Section 2), tag performance comparison reported in 
the literature (Section 3), tag performance study vs 
printing parameters (Section 4) and conclusions from 
this work (Section 5) in the rest of the review article.

2.  Printing of chipless tags

The printing of chipless tags takes place through the 
deposition of conductive ink stripes on a substrate 
using a suitable design by any of the printing tech-
niques mentioned above. The printed tags are sintered 
at suitable temperature to increase the electrical con-
ductivity of the tracks. A schematic of the printing and 
sintering process is shown in Figure 3.

Conductive ink
Ink 

depositionSubstrate

Formation of metallic tracks during 
sintering 	

Figure 3: Printing of conductive ink tracks by direct ink 
deposition and subsequent sintering, 

adopted from Shao (2014)

2.1  Inkjet printing

The versatility of inkjet printing as a digital and 
non-impact printing process allows it to print directly 
from computer data onto virtually any substrate size. 
Inkjet printing requires very complex ink formulation. 
These formulations may be water or solvent-based. 
A few varieties of formulations might need to undergo 
hot-melt or UV-curing steps. The ink viscosities are 
around 0.01 Pa∙s (Titkov, et al., 2015). The inkjet print-
ing process is of two types: continuous inkjet and drop-
on-demand (DoD). In the continuous ink jet process, 
the droplet generator is made of a reservoir storing ink 
under pressure which gets released when the genera-
tor is subjected to a vibration. The vibration increases 
the pressure inside the reservoir enabling a stream 
of fine droplets to eject from the nozzle. The droplets 
pass through a charged electrode and can be deflected 
in two different directions by means of two mutually 
perpendicular electric fields. The droplets which are 
not to be printed are deflected into a gutter and recy-
cled while those going through the electric field, join to 
form a single printed line. The resolution is limited to 
only 60 lines per centimetre (Blayo and Pineaux, 2005), 
which is rather low for printed electronics. 
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Figure 4: The inkjet drop-on-demand process
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Figure 5: Inkjet printing process showing: in step (A) 
ink droplet hitting the substrate at the beginning of the 

process, in step (B) sintering of the ink droplets after 
they hit the surface, and in step (C) second pass of 

inkjet printing (multi-layer printing),
adopted from Shao (2014)

In the DoD process (Figure 4), ink droplets coming out 
from the nozzle in the printer cartridge, sinter soon 
after hitting the substrate. The size of DoD droplets 
will be around 5 picolitres and much less at the time 
when they are ejected, but spreads into a diameter of 
21 µm, soon after touching the substrate. Continuous 
lines of width of 21 µm will form after the individual 
droplets join together. It is common to have placement 
errors due to undesirable “satellite” droplets reaching 
specific substrate areas that should not get printed. 
The standard placement errors with state-of-the-art 
inkjet printers is approximately 10 µm at a distance of 
1 mm from the print head (Cummins and Desmulliez, 
2012). Edge effects are also possible, especially with 
thermal inkjet printers. This happens when the pres-
sure in the reservoir increases, either due to the vibra-
tion of a piezo-element in the piezo-system or due to 
the blocking of the nozzle by dried ink bubbles formed 
due to the rapid evaporation of the solvent in the ink 
by the heating system.

Inkjet printing is economical in terms of ink usage as 
mostly, the required amount of ink is always printed. 
The design file is printed directly over the substrate 
by a print head containing conductive nanoparticle 
ink. Multilayer printing to build required thickness is 
accomplished by simply depositing a new layer on top 
of a cured layer (Figure 5C). Curing of ink takes place 
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by means of a substrate heater. A common issue in 
inkjet printing is clogged ink cartridges and this often 
requires flushing and cleaning of the cartridges to 
remove blockage.

2.2  Screen printing

In flat-bed screen printing, the ink is transferred to 
the substrate through a stencil containing the tag pat-
tern. The stencil made of fabric is stretched on a frame 
to enable pressure to be applied to it by a squeegee 
(Figure 6). Conductive ink is deposited over the stencil 
by a spatula in an empty area below the design. In the 
next step, the ink is drawn across the tag pattern by 
the squeegee forcing it to go through the stencil. In the 
rotary screen printing process, the stencil will be cylin-
drical in shape. The ink is poured inside the cylinder 
and is forced by the squeegee also located within the 
cylinder, to get released to the substrate, during cylin-
der rotations.

Stencil containing 
tag pattern

Squeegee

Conductive 
ink

Printed tag

Screen

	

Figure 6: Screen printing of RFID tags

As a first step of the manual screen printing process, 
the frame will be held in a position above the sub-
strate. In the second step, the ink is dragged along the 
screen by a squeegee using gentle hand pressure ena-
bling it to flood the mesh openings. This is easily done 
by moving the squeegee upwards from the bottom of 
the screen at 45° angle. In the third step, the frame is 
set to sit exactly over the substrate. In this step, it will 
be necessary to flip the squeegee horizontally, collect 
the ink at one place, and get ready to drag it along the 
stencil and push downwards for printing to happen. In 
the fourth and final step, the ink is dragged along the 
stencil in a downward direction, beginning at the loca-
tion where the squeegee was halted in the previous 
step (top of the screen), by applying increased hand 
pressure. This ensures release of the ink held in the 
mesh pores to the substrate placed beneath the screen. 

The various parts of screen-printer and the overall 
printing process is shown in Figure 6. The mesh size, 
emulsion thickness, applied squeegee pressure and 
ink viscosity are optimized to obtain printing uniform-
ity and reproducibility between runs. Screen-printing 
inks have viscosities in the range of 0.1 Pa∙s to 10 Pa∙s 
(Jewell, et al., 2015). It is possible to print thin to mod-
erately thicker films, typically from 20 µm to 50 µm 

(Merilampi, et al., 2010) in thickness using the viscous 
inks. Due to the flexibility to print variable thickness, 
screen printing has been in practice for micro-elec-
tronic printing. Drying of inks usually occurs through a 
thermal process whereby the solvent in the ink is evap-
orated by hot air blowers, IR heaters or radiant heat 
from UV lamps. 

The screen-printing process has its limitations of res-
olution and speed. The maximum printable resolution 
remains usually at 30 lines per cm and print speed is 
limited to 12 m/min. In comparison, gravure and flex-
ographic printing processes are fast with maximum 
print speeds exceeding 200 m/min. The print speed 
has a direct effect on the conductive film resistance. 
Increasing the print speed from 3 m/min to 12 m/min 
increases the resistance by 8 %. The uniformity and 
print tolerance are influenced by the print speed. An 
improvement of 21 % was observed in print uniform-
ity by changing the speed from 3 m/min to 9 m/min. 
The printing tolerance was found to reach a fixed value 
of 10 % (Salam, et al., 2011) for print speeds ≥ 120 m/
min. In laboratory phase trials, where a specific design 
needs to be printed to verify proof-of-concept, a print 
speed of 20 m/min is sufficient in any flexographic or 
gravure process. 

2.3  Flexography printing

Substrate	
roller

Cushion	
plate	roller

Flexo	plateAnilox	
roller

Doctor	
blade

Ink

	

Figure 7: Flexography printing process printing process 
for chipless RFID tag

The basic process and the various parts of a flexog-
raphic printer are shown in Figure 7. The operating 
principle is described below. 

The process allows printing on smooth and rough sur-
faces of plastic films and paper substrates, by a proper 
selection of a combination of resilient plates and low 
viscosity inks. The flexographic process consists of four 
components, namely (1) flexo plate, (2) anilox roller, (3) 
flexo plate cylinder, and (4) substrate roller. The flex-
ographic image carrier uses a raised image attached 
to a cylinder. The flexo plate cylinder, covered with 
flexo plate made up of rubber, picks up ink from an 
anilox roller and delivers a smooth flow of ink to the 
substrate roller. The anilox roller surface contains mil-
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lions of cells to hold and carry fixed volumes of ink to 
the plate, during a print run. The number of cells vary 
from 80 to 1200 per inch. Ink is delivered to the plate 
in a controlled manner from the anilox roller and any 
excess ink is wiped off by a doctor blade (Figure 7). In 
this way, a thin layer of ink is transferred to the flexo 
plate, and then to the substrate backed by a substrate 
roller. The pressure between the anilox roller and the 
plate, and that between the plate and the substrate is 
mechanically controlled.

The inks used in Flexography printing can be solvent 
or water-based. Solvent-based inks dry fast under the 
application of heat by thermal heat blowers or by using 
an IR lamp heater. Ultraviolet curable inks can also be 
used. Printing can take place on absorbent and non-ab-
sorbent substrates. Standard flexographic presses can 
accommodate a wide range of cylinder repeat lengths 
to match customer requirements of print length.

Flexography process for microelectronic application 
was tested on indium tin oxide (ITO) coated polyethyl-
ene terephthalate (PET) films (Deganello, et al., 2012) 
and paper substrates (Kattumenu, 2008). Deganello 
and co-workers were able to print lines of 0.76 µm in 
thickness and 75 µm in width having a sheet resistance 
of 1.26 Ω/sq. Another research group studied flexogra-
phy printing of silver inks on different types of paper 
substrates (Kattumenu, et al., 2009). A minimum sheet 
resistivity as low as 0.35 Ω/sq at 2 µm ink film thick-
ness was reported.

Flexographic printing on low temperature co-fired 
ceramic (LTCC) substrates was tested by printing a 
mass fraction of 30 % of silver ink using roll-to-roll 
(R2R) print runs in 3 to 5 passes (Faddoul, et al., 2012). 
The printed lines on LTCC were sintered at 850 °C for 
10 min under ambient air. They showed a resistivity of 
2.8 × 10−6 Ω∙cm close to bulk silver resistivity and were 
190 µm in width and 1.5 µm in thickness.

2.4  Gravure printing

Gravure printing is an established process for the man-
ufacturing of high-quality images and is cost-effective. 
Best examples of some commercial products are wrap-
ping paper, high-quality publications and Australian 
polymer banknote. Australian Research Council (ARC) 
funded two key R&D projects in 2009 and 2013 to 
develop multibit chipless RFID tags by gravure print-
ing (Anee, et al., 2012) in collaboration with CCL Secure 
(formerly Securency International Pty Ltd.). 

In gravure printing process (Figure 8), a large steel 
cylinder is electroplated with copper and engraved (or 
etched) to form microscopic cells on the cylinder sur-
face by electromechanical means or laser engraving. 

The engraved cylinder is electroplated with chrome to 
reduce its wear during production runs. Low-viscosity 
conductive printing ink is held in a tank beneath the 
rotating gravure cylinder. A roll of plastic film or paper 
travels between the grooved cylinder and an impres-
sion cylinder. A doctor blade is used to wipe off excess 
ink from the cylinder during printing runs. Printing 
takes place on the substrate when the ink is trans-
ferred by capillary action from the cells (or grooves) 
to the substrate. In this way an image of the tag design 
(on the cylinder) gets printed on the substrate. Gravure 
has the capability to print a continuous image, allowing 
it to be a versatile printing process.

Figure 8: Different stages of gravure printing process 
(Sung, de la Fuente Vornbrock and Subramanian, 2010)

Gravure print quality is affected by substrate proper-
ties, ink characteristics and printer settings. Substrate 
properties include surface roughness of the plastic 
or paper, compressibility of the substrate between 
cylinders, porosity in the case of paper substrate, ink 
receptivity and wettability. Ink properties include ink 
chemistry, viscosity, solvent evaporation rate, drying 
temperature and time. Key printer setting parameters 
to achieve high print quality, are doctor blade angle and 
applied pressure, impression pressure, printing speed 
and flatness of the gravure cylinder across its diameter. 
The print quality is also affected by parameters such 
as, printing pressure, line width, printing direction and 
printing angle (Hrehorova, 2007). 

Generally, gravure printing requires inks low in vis-
cosity containing solvents that can evaporate quickly 
on the press during print runs. The press is generally 
fitted with heaters that blow hot air on the moving sub-
strate. Low-viscosity inks are preferred over high-vis-
cosity inks to obtain the best print quality. The shear 
rate was measured (Hrehorova, 2007) for water-based, 
solvent-based and UV-curable conductive inks. Typical 
viscosities of gravure conductive inks range from 
0.05 Pa∙s to 0.2 Pa∙s (Hrehorova, et al., 2011). Inks con-
taining a mass fraction of 75 % of silver can pose issues 
during printing. Kim and Sung (2015) examined the 
effect of using inks containing a mass fraction of 77 % 
of silver, having viscosity of 4 Pa∙s, silver particle size 
between 1.4 μm and 1.5 μm and density of 3.25 g/cm3. 
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The researchers found that the printability decreased 
gradually with decrease in line width and the trend was 
predominant among the tilted lines. Increasing the tilt 
resulted in reduced printability for the fine line pat-
terns. The electrical resistance of the lines was found 
to depend on the line width and print direction. As an 
example, the measured resistance of a line, 25 μm in 
width, at normal plane with no tilting, was found to be 
35.5 Ω, across 1 mm length, compared to 190 Ω meas-
ured for a line of 10 μm in width of the same length. 

Pudas, et al. (2005) research group chose gravure offset 
printing for printing conductive inks. They added an 
intermediate, compressible cylinder that is inked dur-
ing its contact with the grooved cylinder and, subse-
quently, printing takes place on the flexible substrate. 
By using this approach, Pudas, et al. were able to print 
films in the thickness range from 8 µm to 12 µm. The 
effect of impression pressure was tested among the 
gravure configurations (Clark, 2010) while attempting 
to print lines of 40 µm in width. Direct printing with-
out an intermediate offset cylinder produced the best 
fidelity of line width. Clark observed a line widening 
by 55 % for direct gravure and 145 % for offset gra-
vure printing. Ink viscosity and print direction were 
also shown to influence line fidelity. The combination 
of higher ink viscosity and high impression pressure 
enabled printing of a line 50.7 ± 4 μm in width against 
a nominated line width of 30 μm. Lines printed parallel 
to the print direction showed better line fidelity than 
those printed perpendicular to the print direction.

3.  Comparison of tag features

Features of tags printed by inkjet, screen, flexographic 
and gravure printing processes are collected from liter-
ature and compared as shown in Appendix A. 

3.1  Printing comparison

3.1.1 Inkjet printing

Inkjet printers were found to print lines with electri-
cal conductivity comparable to tracks printed by other 
techniques due to the provision of overprinting capa-
bility. A 10-bit split ring resonator based tag was fab-
ricated by inkjet printing (Herrojo, et al., 2017a) with 
all bits set to “1” to indicate the presence of functional 
resonators.

A humidity sensor based on a chipless RFID tag was 
fabricated and tested (Borgese, et al., 2017). The tags 
which were classified as frequency-selective surface 
(FSS) resonators, were printed by a piezoelectric 
printer using conductive ink on a cardboard backed by 
a metallic ground plane without the need for sintering. 

A research group (Quddious, et al., 2016) fabricated 
a fully passive sensor operating in the 4–5 GHz band 
with capability to sense either humidity or gas through 
changes in conductivity. The integrated sensor elec-
trode antenna is a combination of a loop and a dipole, 
and enabled wireless sensing using the frequency 
domain chipless RFID technique. The outer-dipole arm 
of the antenna was used for chipless identification in 
the 2–3 GHz band. 

A research group of Khan, et al. (2015) reported the 
highest code density of 3.56 bits/cm2 (28.5 bits) for 
a two-layer chipless RFID tag printed on Teslin paper 
using a Dimatix inkjet printer and silver nanoparticle 
ink (UT Dots). Tags were printed on one layer and the 
ground plane was printed on the other layer. By print-
ing five single layers, each of 500 nm in thickness, over 
one another, they were able to form a thick layer, 2.5 µm 
in total thickness sufficient to eliminate any skin depth 
(1.6 µm) related effects which are mostly observed only 
at low frequencies and lower conductivities. The meas-
ured conductivity of the sintered tags was found to be 
6.3 × 106 S/m. The tags had shown high values of qual-
ity factor (Q) > 100.

Vena, et al. (2013a) fabricated “near-transparent” chi-
pless 3-bit RFID scatterer tags by using strip widths 
of 4 mm, 3 mm, and 2.5 mm, respectively, with a total 
of 6-bit encoding capacity. Using the flexible features 
available with the inkjet printer, they were able to print 
the chipless tag configuration in silver ink in the first 
step. In the second step, they were able to reconfigure 
the tags by printing an overlayer in organic ink with no 
need for further sintering. They devised a novel coding 
technique based on amplitude-shift keying linking it 
to the resistive properties of the organic ink. Another 
research group (Shao, et al., 2013) demonstrated the 
proof-of-concept for a novel “chipless RFID coplanar 
LC-resonator” based tag, printed on packaging paper 
for operation in the frequency range of 135 MHz to 
330 MHz. Using a phase-position modulation (PPM) 
coding technique, they were able to obtain a 4.25-bit 
encoding capability within a compact area.

3.1.2 Screen printing

Jeon and co-researchers (Jeon, et al., 2017) screen-
printed chipless RFID tags based on dipole array struc-
tures onto plain paper using conductive ink. The tags 
encoded 3-bits of data by using spectral signature mod-
ulation over the frequency range 2.5–4 GHz. The tag 
functionality was analysed in terms of tag types, num-
ber of elements, reading range, and other parameters.

Researchers from Dresden University of Technology 
and Institute for Print and Media Technology, Chemnitz, 
Germany (Betancourt, et al., 2015) demonstrated tag 
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reading from a distance of 1.8 m using design method-
ologies of square-shaped chipless RFID tags based on 
FSS of plastic and paper. The application of such tags 
in an evacuation situation, for example in an event of a 
citizen’s security and crisis, was explored. 

The same researchers (Betancourt, et al., 2016) also 
reported on the design, development, fabrication and 
verification of octagon-shaped screen-printed tags. 
Besides morphological characterization and ID code 
verification, they undertook a complete study of the 
bending and folding effects on the tag. In this regard, 
a working tag with a bent curvature radius down to 
16 mm was reported.

Continuing their work, Betancourt, et al. (2017) demon-
strated a new working design of tags in the frequency 
range of 3–10 GHz. The design was based on genetic 
algorithm (GA) optimization technique. The tags were 
screen-printed with silver ink on low-cost substrates. 
They were able to operate a tag with 8-bit capacity by 
optimizing the frequency signature of the GA-based 
tags. The operated tag fits a frequency-shift key-
ing-based coding methodology.

Nair and group (Nair, et al., 2014) fabricated a 3-bit chi-
pless RFID tag by screen printing on a PET substrate. 
The proposed tag structure was formed by combining 
three dipoles-like structures. Microwave performance 
measurements were conducted in the frequency band 
of 2–5 GHz. Good agreement between simulation and 
measurement was reported for reading distance up to 
1 m for 3 dBm transmitted power (dBm is a decibel ref-
erenced to the power of one milliwatt). 

Blecha (2014) reported on the design, simulation and 
measurements of 4-bit binary-coded RFID tags fabri-
cated by screen printing on PET foil. Different geomet-
ric dimensions and tag substrates were tested to study 
their influence on the resonance frequency and signal 
attenuation. Blecha found that resonance frequencies 
of particular resonance circuits depended on the length 
of planar resonance loops. He also found that the signal 
attenuation extent was dependent on the quality factor.

3.1.3 Flexographic printing

Flexographic printing is well known for its capabil-
ity to print at high printing speeds of approximately 
600 m/min. Printed line widths in the range of 50 µm 
to 100 µm and ink thicknesses up to 5 µm can be depos-
ited at ease for any tag configuration. The technique is 
well suited for printing of chipless RFID tags requir-
ing electrical conductivities in the range of 105 S/m to 
107 S/m and read range distance of 1–3 m (Kattumenu, 
2008). The key attraction for flexographic printing is 
the low production cost which could be ~0.003 USD 

per tag, assuming the cost of silver ink to be 1 500 USD 
per liter (2012 price) for bulk orders (Haffarzadeh and 
Zervos, 2012). As a R2R printing process, it makes pos-
sible to use various low-cost materials such as paper, 
cardboard, and polymer film. 

The quality factor Q provides the link between the 
frequency selectivity of a resonator and the dielectric 
losses due to the substrate; Q should be as large as pos-
sible to maximize the coding capacity for frequency- 
-encoded chipless tags. It is related to the losses in the 
dielectric, the resistance losses in the conductors aris-
ing due to low metal content in the inks, and the radia-
tion losses, which become dominant for configurations 
based on multiple resonators (Kobe, et al., 2017). 

Vena, et al. (2013b) using a frequency-shift coding tech-
nique tested five C-shaped resonators in the 2–8 GHz 
frequency range. They fabricated copper tags using a 
chemical etching process on a flame resistant (FR-4) 
fiberglass substrate and compared their performance 
with those printed using an inkjet catalyst on PET film. 

The performance was also compared with silver tags 
printed by flexography on cardboard and glossy paper. 
The measured sheet resistance was 0.03 Ω/sq for cop-
per tags compared to 0.67 Ω/sq for silver-based tags. 
The silver tags were not sintered but were only dried at 
ambient temperature. The R2R production technique 
enabled fabrication of a 19-bit chipless tag on paper 
substrate.

3.1.4 Gravure printing

Gravure offset printing method provides an econom-
ically viable method for large volume production of 
fine-line electrical conductors. Pudas, Hagberg and 
Leppävuori (2004), by using gravure offset printing 
process and Ag-filled polymer conductive ink, were 
able to print 150 µm and 300 µm wide lines, with 
measured sheet resistance of 0.03 Ω/sq and 0.02 Ω/sq, 
respectively, for 7–8 μm thick tracks matching conduc-
tivity requirement for fabrication of chipless tags. 

In further work, Pudas, et al. (2005) printed conductive 
tracks, 4–7 µm in thickness, having sheet resistance 
~0.05 Ω/sq, by engraving 20–60 µm deep grooves in 
a gravure cylinder. They found that thick layers can be 
printed using high impression pressure and low print 
speeds. Pudas research group compared the ink thick-
ness for gravure printing and rotary screen-printing 
processes. They found that the screen-printing process 
can only print 3–9 µm thick lines. However, the yield 
touched 100 % for tracks > 350 µm in width. The meas-
ured sheet resistance of 0.61 Ω/sq was found to be high 
and unsuitable for tag fabrication. Pudas, et al. (2005) 
found improved results for inductors printed by gra-
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vure offset process on PET films using polymer filled 
silver ink. These inductors showed 2–3 times higher 
losses (Q > 10) compared to reference capacitors made 
in copper metal. The losses were thought to be caused 
by rough line edges and are mainly associated with 
poorly conducting polymer-filled silver inks. It is dif-
ficult to completely burn out the polymer component 
in silver inks at sintering temperatures below 150 °C. 

3.2  Sintering

Conductive inks can be sintered at different tempera-
tures as shown by data in Column 4 of Appendix A. The 
product data for inks obtained from various suppliers, 
contain information relating to the sintering conditions 
for a range of substrates. The recommended tempera-
ture for thin sheets of biaxially-oriented polypropylene 
(BOPP), polyvinyl chloride (PVC) and paper is approxi-
mately 100 °C. For nylon and textile substrates, the safe 
temperature for sintering is < 70 °C. The PET and poly-
ester films can be heated to 140–150 °C.

3.3  Tag reading, configuration, coding 
and signal losses

Studies on tag reading (Herrojo, et al., 2017b) based on 
the near-field coupling between a chain of printed and 
identical split-ring resonators (SRRs) acting as the tag 
and a reader were reported. Encoding was achieved by 
the presence or absence of SRRs at predefined (equi-
distant) positions in the chain, and tag identification 
was based on sequential bit reading. In a study of Jeon, 
et al. (2017) using a dipole array structure, the possibil-
ity of overcoming the limitations of ink conductivity to 
extend the read range to 2 m was reported.

In a publication by Betancourt, et al. (2015) tags were 
read for several rotation and tilt angles both inside and 
outside the anechoic chamber at a reading distance up 
to 1.8 m. In another publication (Vena, et al., 2013b) 
peak widening and overlapping of adjacent resonant 
modes was reported for a tag with a coding capacity of 
approximately 19.9 bits at a reading distance of 50 cm 
and 0 dBm transmitting power.

Demonstration of time domain tags based on uni-
form micro-strip line (UML) and linearly-tapered 
micro-strip line (LTML) configuration were reported 
(Shao, et al., 2010). The UML tags were found unread-
able, but LTML tags were readable. A tag composed of 
three dual-rhombic loop resonators in a total size of 
7 cm × 4 cm was successfully fabricated (Vena, et al., 
2013a) and operated within the 3–6 GHz band.

Periodical-like structure based tags were fabricated 
and reported (Betancourt, et al., 2016) as an effective 
way to increase the read range distance to 3.5 m using 

a peak-based codification technique. A special printing 
method using a hybrid of analog and digital printing 
system was reported for printing of an unique anten-
nae (Chopra, Kazmaier and Smith, 2009). The tag fab-
rication comprised printing of a RFID antenna pattern 
with disconnected wire segments as a first step, fol-
lowed by a second step of printing aiming to intercon-
nect the disconnected wire segments to the final RFID 
antenna. 

Signal losses from a tag due to poor conductivity and 
methods to compensate losses, by printing large track 
widths of 4 mm, 3 mm and 2.5 mm were reported 
(Vena, et al., 2013a). The large track widths were found 
not feasible for designing compact-sized tags with high 
data bit density. 

In some cases, substrate roughness can affect the tag 
performance (Shao, et al., 2013). These researchers 
were able to obtain an increase in electrical conductiv-
ity of the tracks by reducing the paper substrate rough-
ness by overprinting.

4.  Study of printing variables

Some of the key tag printing issues and available ap- 
proaches to overcome them are summarized in Table 1.

Printing parameters that influence tag performance 
were reviewed in Anee, et al. (2012). Conductive inks 
(Oldenzijl, Gaitens and Dixon, 2010) can be water or 
solvent-based but must meet the occupational health 
and safety requirements. A study of the influence of ink 
conductivity on RF performance was reported (Islam 
and Karmakar, 2015) for a dual polarized chipless tag. 
They observed that low conductivity tracks resulted 
in an increase in resonant bandwidth, a decrease in 
the frequency depth notch and a shift in the resonant 
frequency.

Inks with low metal content also caused a loss of elec-
tromagnetic (EM) response. A decrease in electrical 
conductivity from 3 × 106 S/m to 3 × 105 S/m with a 
3-dB loss in the EM response, has been reported (Vena, 
et al., 2013b).

The following selection criteria for conductive inks can 
be used as a guideline to fabricate printed RFID tags 
with reasonable microwave performance, according to 
Anee, et al. (2012):

• Electrical conductivity ≥ 106 S/m to 107 S/m
• Sheet resistance ≤ 5 mΩ/sq to 10 mΩ/sq
• Metal pigment content > 50 % 
• Sintering temperature < 150 °C 
• Sintering time 1 min to 30 min.
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The substrate dielectric permittivity and loss tangent 
has direct influence on the microwave performance of 
the printed tags. Increase in the resonant bandwidth, 
attenuation level and resonant frequency has been 
observed (Islam and Karmakar, 2015) on tags printed 
over substrates with low permittivity (εr). The loss 
tangent (tan δ) representing the RF signal loss was 
found to depend on the substrate material. Islam and 
Karmakar also observed attenuation of frequency 
notch depth from 35 dBsm at tan δ = 0.002 to 10 dBsm 
at tan δ = 0.1 (dBsm is a decibel value referenced to a 
square meter). Poor print adhesion is often the result 
of incorrect ink sintering conditions. As a rule, ink with 
low surface tension will adhere better to any substrate 
with high surface energy. For this reason, substrates 
are plasma corona discharge treated before printing 
and it is a standard practice throughout the printing 
industry. 

In Appendix B we listed few solvent-based screen 
printing inks. In Appendix C, we summarized key ink, 
printing and substrate related parameters and design 
considerations influencing the tag performance.

5.  Conclusions

Printed tags have issues with tag detection mainly 
because of low electrical conductivity arising from 
low print thickness. It is possible to fabricate chipless 
RFID tags on any plastic or paper substrate by screen 
printing conductive inks in a simple setup at reduced 
cost. Inkjet printing is a popular technique and offers 
savings on ink usage, cost of substrate heating, and has 
the flexibility for overprinting to build up print thick-
ness. Gravure and flexographic printing are suited for 
low-cost R2R manufacturing due to their ability to 
print at high speeds, up to 600 m/min. The perfor-
mance of printed tags showing considerable spread 
of RCS response is directly associated with low track 
conductivity. The ink market is flooded with a vari-
ety of conductive inks and pastes to suit a variety of 
printing techniques and intended applications. In our 
knowledge, conductive inks that can dry at ≤ 70 °C on 
press and are suitable for high-speed gravure and flex-
ographic printing process are not commercially availa-
ble. For this reason, fully printed multibit chipless RFID 
tags at < 1 cent price per tag cannot be realized.

Table 1: Some common printing issues and solutions

Issue Solution

Ink spreads into the gaps between lines for thicker tags 
printed by screen, flexographic and gravure printing.

Use inkjet printing technique and overprint to increase 
thickness.

Tags printed by screen, flexo and gravure printing 
processes display low electrical conductivity.

Use low resolution flexography printing process to 
obtain higher electrical conductivity. Increase cylinder 
groove depth in gravure printing. Use low count mesh 
in screen printing.

Resin-based inks need sintering at 140 °C to obtain high 
electrical conductivity from printed tracks and therefore 
are unsuitable for certain substrates.

Use binder-free conductive printing inks that offer 
flexibility to sinter at low temperatures. Alternatively, 
use high-power laser cutting technique for cutting tag 
patterns from a metal foil.

Tags printed with conductive inks with ≤ 50 % metal 
content display low Q factors.

Use inks with metal content ≥ 70 % to obtain high Q 
factors. Alternatively, consider using metal foils if cost 
is not an issue.

Difficulty in replication to obtain higher RCS and long 
reading range.

Use high metal content inks, metal foils and additive 
printing techniques.
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Substrate 
type

Printer 
make

Sintering 
temperature 
(°C) 

Printed Ag 
thickness 
(μm) 

Sheet 
resistance 
(Ω/sq)

Conduct. 
(S/m)

Tag 
geometry

Freq. range 
(GHz)/ 
No. of bits

Literature 
reference

Inkjet printing

PET Ceradrop 
CeraPrinter

Room 
temperature 
dried

3.3–3.5 0.04 7.3 × 106 Split ring 
resonator

3–6/10 Herrojo, 
et al., 2017a

Paper Brother 
printer

Not sintered – – – Three 
concentric 
loops

2–8/3 Borgese, 
et al., 2017

Photo paper Dimatix 
printer

120 2 0.08 6.0 × 106 Antenna 
and balloon

2–3/1 Quddious, 
et al., 2016

Paper Dimatix 
printer

120 2.5 0.06 6.3 × 106 Nested loop 
resonator

3–9/28.5 Khan, 
et al., 2015

Polyimide Dimatix 
printer

150 2 0.08 6.3 × 106 Dual-
rhombic 
loop 
resonator

3–6/3 (Vena, 
et al., 2013a)

Packaging 
paper 
(four types)

Dimatix 
printer

150 – – – LC 
resonator

0.1–0.4/ 
4.25

Shao, 
et al., 2013

Screen printing
Plain paper Standard 

screen 
printer

150 5–10 0.02 5.0 × 106 
to 107

Dipole array 
structure

2.5–4/3 Jeon, 
et al., 2017

PET Semiauto 
printer 

120–140 4.3 0.11 2.0 × 104 Frequency 
domain 
QR like 
appearance 

3–10/8 Betancourt, 
et al., 2017

135 g/m2 
paper, PET

Semiauto 
printer

120–140 4.4 (paper) 
4.3 (PET)

0.11 2.0 × 104 Octagonal 
shaped tags

3–10/5 Betancourt, 
et al., 2017

135 g/m2 
paper, PET

Semiauto 
printer

120–140 4.4 (paper) 
4.3 (PET)

0.11 2.0 × 104 Metallic 
square rings

2–5/4 Betancourt, 
et al., 2017

PET Standard 
printer

– – 0.08 – Spiral 
resonator

1.5–2.5/4 Blecha, 2014

PET Semiauto 
Printer

130 10 0.07 1.4 × 106 Dipole 
Structure

2–5/3 Nair, 
et al., 2014

Flexography printing
Cardboard, 
glossy 
paper

Standard 
printer

Room 
temperatur

5 0.03 3.0 × 105 C-like 
& loop 
resonator

2–8/5 Vena, 
et al., 2013b

Gravure printing
PET, 
Melinex, 
paper

IGT printer 70–120 10 0.05 2.0 × 105 35 mm dia 
inductor 
coil

0.915 
(inductor)

Pudas, 
et al., 2005

Appendix A

Comparison of chipless RFID conductive silver tag features produced by inkjet, screen, flexography and gravure printing 
techniques
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Appendix B

List of conductive inks used in screen printing

Ink name Sheet resistance
Conductivity 
(S/m)

Metal content 
(%) Viscosity

Processing 
temperature

NovaCentrix 
[HPS-021]

2.6 mΩ/sq
(at 1 mil*)

1.50 × 107 65 > 1 Pa∙s 150 °C / 30 min

NovaCentrix 
[PSI-219]

< 40 mΩ/sq 
(at 3 µm DFT**)

8.33 × 106 44 ± 2 5–10 Pa∙s at 10 s−1 15–90 s, 140 °C, 
> 2 min at 80 °C

Creative Materials 
[118-09A]

0.019 Ω/sq/mil 2.07 × 106 85 – 80° C / 4 h; 
100 °C / 1 h; 
125 °C / 20 min

Advanced nano 
products [DGP-No]

0.01–0.05 Ω/sq/mil – 70–80 50–150 Pa∙s 120–150 °C

Ink-Tec 
[TEC-PA-010]

– – > 70 7–7.5 Pa∙s 140 °C (5 min) 
120–170 ˚C (2–5 min)

*mil – 0.001 inch (25.4 µm)
**DFT – Dry Film Thickness

Appendix C

List of parameters influencing the tag performance

Ink-related parameters Ink metal content

Sintering condition

Ink viscosity

High metal content based inks are preferable to obtain tracks with 
high electrical conductivity.
Low sintering temperatures are preferred for low melting point 
substrates. Sintering temperature can be elevated for high melting 
point substrates.
Ink viscosity should be appropriate for the chosen printing 
technique. Viscosity is to be checked and adjusted before printing.

Printing parameters Impression pressure 
(flexography, gravure 
and screen printing)
Printing speed 
(flexography 
and gravure printing)

Impression pressure has to be adequate to obtain uniform and best 
printing quality. Excessive pressures may damage the substrate. 
Has direct impact on amount of ink transfer to the substrate. Low 
speeds transfer more ink to the substrate, and high speeds less ink. 
Uniform prints are obtained at high speeds (> 60 m/min).

Substrate parameters Dielectric permittivity

Loss tangent
Substrate height
Melting point

Surface energy

Frequency shift occurs due to difference in dielectric permittivity 
of substrates. The calculation of resonant frequency can be 
performed via equation given in Islam and Karmakar (2015).
Low values are preferred.
Affects specific tag configurations that need a ground plane.
Higher melting point substrates are preferred for effective 
sintering of printed ink.
Ink with lower surface tension than the substrate surface energy is 
preferred for best adhesion to the substrate.

Design considerations Line width (LW) 
and line slot width (LS)

Printing techniques have their own limitations of printable line width:
LW 60 µm / LS 20 µm for inkjet printing, 
LW 30 µm / LS 300 µm for gravure printing, 
LW 30 µm / LS 30 µm for flexography printing, 
and LW 60 µm / LS 60 µm for screen printing. 
Advisable is to ensure that electrical conductivity of the printed 
lines is in the optimum range for tag detection.




