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ABSTRACT 

Radio frequency identification (RFID) provides great potential for different Internet of Things (IOT) applications. In the 
future, material choices in these IOT devices will have a huge effect on the environment and thus use of renewable ma-
terials is a growing trend. In this paper, passive ultra high frequency (UHF) RFID tags were inkjet-printed directly on 
wood, paper, and cardboard substrates, and their performance was evaluated by measuring two key properties: threshold 
power and theoretical read range. According to our measurements, the tags on wood showed read ranges of 7 - 8 meters, 
the tags on cardboard exhibited read ranges of 4 - 7 meters, and the tags printed on paper showed read ranges of 2 - 7 
meters through the global UHF RFID band. According to these results, the performance of these inkjet-printed UHF 
RFID tags is sufficient for many IOT devices and potential applications e.g. in construction and packaging industry. 
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1. Introduction 

Internet of Things (IOT) is a conceptual vision to connect 
everyday things and all kinds of devices in order to cre-
ate a ubiquitous computing world. It has a great potential 
e.g. in home automation, intelligent transportation, and 
healthcare [1,2]. In order to connect objects to large net- 
works, a simple, cost-effective, and reliable technology is 
crucial. Radio frequency identification (RFID) is an im- 
portant wireless technology that has wide variety of ap- 
plications and provides unlimited potential for IOT. In 
the future, material choices in these IOT devices will 
have a huge effect on the environment. This is why the 
use of renewable, environmental-friendly materials, such 
as wood and paper, is a growing trend. In addition, many 
industries are interested in novel smart products and 
great potential lies especially in construction and pack- 
aging industry, where wood and cardboard are typical 
materials. This makes integration of electronics and re- 
newable materials an interesting research area. 

In this paper, passive ultra high frequency (UHF) 
RFID tags were inkjet-printed directly on wood, paper 
and cardboard substrates and their performance was eva- 
luated by measuring two key properties: threshold power 
and theoretical read range. 

2. Passive UHF RFID System 

Passive UHF RFID systems, in Figure 1, operate around 
860 MHz to 960 MHz frequency band [3]. A typical sys- 
tem consists of three main components: readers, reader  

antennas and tags, which are attached to objects that are 
tracked and identified. A reader unit contains a trans-
ceiver, that is used to communicate wirelessly with the 
tags, and either an USB or an Ethernet port to communi-
cate with the end-application, e.g. a database. A tag con-
tains two components, an antenna and an integrated cir-
cuit (IC). The IC consists of a rectifier, modulator and 
non-volatile memory banks. The memory stores an elec-
tronic product code (EPC) that is the electronic finger-
print, a unique 96-bit long identification code [4-6]. 

The operation of passive UHF RFID systems is based 
on the coupling of electromagnetic waves. The reader 
unit generates a high frequency signal that is transformed 
into a wireless electromagnetic wave by the reader an-
tenna. This signal is sent out for the tag antenna, which 
receives it and forwards it to the tag IC. Since passive 
tags do not contain any dedicated power supplies, e.g. 
batteries, the signal from the reader unit is used to pro-
vide operation power for the IC. Once the IC has recti-
fied enough power to activate itself, the IC enables its 
modulator that switches between two loads in its input, a 
matched load and a non-matched load to generate a 
backscattered response containing the tag’s EPC.  

3. Considerations for Wood- and  
Paper-Based RFID Tag Substrates 

The substrate material affects the tag performance 
through its electrical properties such as loss tangent and 
relative permittivity. The relative permittivity describes 
the amount of energy stored by the medium when an  
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Figure 1. Passive UHF RFID system. 
 
external electric field is applied. The loss tangent is 
quantity which is used to describe the losses in the di-
electric material. The loss tangent is a measure of the 
conversion of the reactive power to the real power, dis-
sipated as heat. Porous substrates also have an indirect 
effect on the tag through the ink film morphology, which 
depends on the printing method, substrate, and composi-
tion of the ink. On porous substrates, the ink can be par-
tially absorbed into the substrate and the average thick-
ness of the printed film depends thus on the substrate 
material. The cross-section area of the conductive film is 
an important parameter that affects the electrical per-
formance of films printed with conductive inks. Both 
surface profile and thickness of the film have an effect on 
the cross-section area, and thus the substrate affects the 
ink film’s electrical performance. The loading effects of 
the materials surrounding the antenna need to be taken 
into consideration if high read ranges are desirable from 
a tag antenna in a given environment or on a given sub-
strate material. Any materials, dielectric or metal, in the 
vicinity of the tag antenna will load the antenna causing 
changes in the input impedance as well as in the electri-
cal length of the antenna. If such effects are not consid-
ered at the design stage of the antenna, the operation 
frequency is shifted and read range degraded. The di-
electric properties, especially the loss tangent are closely 
related to the molecular structure of materials. The 
smaller the dipole moment (or polarity), the smaller is 
the value of the loss tangent of the material [7-10]. 

Some values for relative permittivity and loss tangent 
for paper reported in publications [11-13] are introduced 
in Table 1. In our case, the most relevant measured val-
ues for paper substrate are the ones reported in article [11] 
where the dielectric characteristics of paper were inves-
tigated in the UHF range. The relative permittivity and 
loss tangent of commercial paper were studied by using 
the microstrip ring resonator. It should also be noted that 
the reported values are not constant and they will vary  

with frequency, temperature, and humidity [12,14-19]. 
The relative permittivity of a 1.8 cm thick birch ply-

wood slab was measured using an Agilent 85070E di-
electric probe kit from 0.5 GHz to 3 GHz (Figure 2). The 
temperature of the slab was measured to be 23˚C and the 
moisture content was found to be 12% wt using a mate-
rial moisture meter. The acquired relative permittivity of 
2.5 at the global UHF RFID band (860 MHz to 960 MHz) 
and loss tangent are in good agreement with results for 
birch/beech type woods found in various related publica-
tions. However, the dielectric constant and loss tangent 
of wood are also highly dependent from the water con-
tent and temperature. 

4. Design Considerations for Inkjet-Printing  
on Wood- and Paper-Based Surfaces 

Wood and paper-based surfaces are challenging for ink-
jet-printing due to their porosity and high surface rough-
ness. The ink droplets are easily absorbed by the wood 
and paper, preventing the nanoscale metallization parti-
cles, which are contained within by the ink, to form a 
conductive layer. Paper and especially wood are also 
relatively new materials in the electronics industry and 
the electrical properties of various different paper and 
wood qualities are not yet extensively defined especially 
at different frequencies. This is why printing RF applica-
tions on wood, cardboard, and paper requires extra work 
to achieve suitable performance. 

A unique characteristic of wood surfaces are their 
grain. A close-up examination of the grain reveals that 
the surface has grooves that vary according to the grain. 
In the direction of the grain such variations in the surface 
roughness are relatively low, whereas against the grain 
variations in the surface roughness are significant. 
Therefore, to maximize the performance and fabrication 
process throughput, the tag antennas should be printed in 
the direction and against the grain to properly fill the 
grain with conductive mate ial. In fact, tag antennas  r   
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Figure 2. Dielectric properties of the birch based plywood, 23˚C and 12% wt. 
 

Table 1. Electrical properties of paper materials. 

Relative permittivity Loss tangent Frequency 

1.9 - 2.9 [12] 0.005 [12] 50 Hz 

3.5 [13] 0.007 [12] kHz 

3.2 - 3.5 [11] 0.006 - 0.008 [11] 0.5 – 2 GHz 

 
printed only in one direction did not function even with 
several layers on ink.  

Our preliminary tests showed that tag antennas which 
were printed on wood along the grain showed the best 
performance, i.e. dipole was in line with the grain. Tag 
antennas printed on wood should be therefore designed 
so that most of the surface area in the antenna is located 
on one axis, to the direction of the grain. The one axis 
design rule has been one of the main design aspects in 
the tag antenna presented in this paper. The spread of the 
ink on wood, cardboard, and paper surface is also a ma-
jor concern. In addition, on wood surface, the ink spread 
is highest in the direction of the grain. Therefore, tag 
antenna designs should be optimized so that there are no 
narrow gaps in the direction of the grain as the ink spread 
can cause short circuits in these areas. The amount of ink 
spread is related to the size of the grain as well as on the 
printing resolution, which should be kept as low as pos-
sible. 

5. Tag Fabrication Process 

5.1. Tag Antenna Design 

The tag antenna design to be printed on renewable mate-
rials was designed to exhibit wide operating bandwidth,  

referred as wide band tag antenna, while obeying the one 
axis rule. Tag layout shown in Figure 3 and key dimen-
sions listed in Table 2. The wide operating bandwidth 
was achieved by using an inductive loop type impedance 
matching network that provides the complex-conjugate 
matching [20]. The antenna is originally designed espe-
cially for wood substrate. 

5.2. Key Parameters of the Inkjet-Printing  
Process 

Samples for all three substrates were inkjet-printed using 
a Dimatix DMP-2800 material printer [21] equipped with 
10 pl print head nozzles. Harima NPS-JL [22], a silver 
nanoparticle ink, was used as the conductive ink. The key 
parameters are listed in Table 3. 

NPS-JL is especially suitable for renewable materials 
fabrication process as it requires low sintering tempera-
tures, 120˚C minimum. Sintering is required for the nano- 
particles to adhere to each other thus forming a conduc-
tive layer. The resistivity of NPS-JL is dependent on the 
sintering temperature and ranges from 4 - 6 µΩ·cm, this 
is approximately three times higher than the resistivity of 
bulk silver.  

5.3. Printing and Curing of the Tags 

The substrate materials used in this research were birch 
veneer, normal packaging cardboard, and silk surface art 
paper (Figure 4).  

When printing on wood veneer substrate, the tag an-
tennas were first printed in the direction of the grain us-
ing five layers of ink. In the second stage, the tag anten-
nas were rotated 90 degrees counter-clock wise and five  
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Figure 3. The wide band tag antenna design. 
 

 

Figure 4. Inkjet-printed tags with ICs on (A) paper; (B) wood; and (C) cardboard. 
 

Table 2. The key dimensions of the tag antenna. 

Dimension mm 

A1 123.9 

A2 13.2 

A3 9.2 

A4 45.1 

A5 4.8 

A6 5.1 

A7 20 

A8 2 

 
more ink layers were added against the grain. This en-
sures that the wood grain is fully filled with ink. It was 
found that without the second stage, samples printed on 
pure wood were not working, not even with ten layers of  

Table 3. Key parameters of the inkjet-printing process. 

Parameter Value 

Jetting voltage 24 V 

Jetting frequency 9 kHz 

Cartridge temperature 40˚C 

Platen temperature 60˚C 

Drop volume 10 pl 

Printing resolution 
423 dpi (60 µm drop  

spacing) 

 
ink printed in the direction of the grain. After the second 
stage, samples were sintered at 150˚C for 60 minutes. 
After sintering, the above mentioned process was re-
peated a second time. This was made to ensure sufficient 
conductor thickness for the antennas. In the case of print-
ing tags on cardboard substrate, all layers were printed to  
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same direction. There were two kinds of tags printed on 
cardboard; tags with twenty layers of ink and subsequent 
sintering and tags with ten layers of ink and subsequent 
sintering, repeated two times. The tags were sintered at 
150˚C for 60 minutes. The tags printed on paper were 
manufactured by printing 15 layers of ink to same direc-
tion and then sintering at 150˚C for 60 minutes. Manu-
facturing parameters of all printed tags can be seen in 
Table 4. 

After printing and curing, Higgs-3 RFID ICs (tags 
printed on wood) and NXP RFID ICs (tags printed on 
paper and cardboard) were attached to the samples using 
a conductive silver epoxy resin. It should be noted that 
the antenna was originally designed for Higgs-3 IC. Both 
of these IC’ have the sensitivity of ~18 dBm but the input 
impedance is different, which may cause differences in 
results. Figure 4 shows a picture taken from fully fab- 
ricated, inkjet-printed tags on paper, wood, and card- 
board.  

6. Evaluation of the Tags 

6.1. Measurements  

This section presents results from measurements that 
were performed to characterize the performance of the 
printed tags on different substrates. All of the measure-
ments made for this study were performed using Tag-
formance, an RFID measurement unit. It was used to 
measure the key properties of passive UHF RFID tags: 
threshold power and theoretical read range.  

Threshold power describes the minimum transmit 
power, at the transmit port, to activate the tag. Theoreti-
cal read range describes the maximal distance between 
the tag and reader antenna in free space, i.e. environment 
without reflections or external disturbances; hence the 
term theoretical read range. The measurement system is 
able to calculate the theoretical read range of a tag using 
its measured threshold power along with the measured 
forward losses. The forward loss, i.e. loss from the 
transmit port to the tag, is calculated using a reference 
tag. Furthermore, the system assumes that the read range 
is limited by the allowed transmitted power levels. The 
measurement system calculates the theoretical read range  

based on the measured path-loss and threshold power, i.e. 
transmit power level at the generator output required to 
activate the tag under test. This calculation is made ac-
cording to the following equation 

4πTag
TS fwd

EIRP
d

P L


            (1) 

where EIRP is the maximal allowed equivalent radiated 
power by the regulations (3.28 W in Europe), PTS is the 
threshold power of the tag under test and Lfwd is the 
measured path-loss in the forward link in the measure-
ment setup. 

6.2. Results and Discussion 

The threshold power and theoretical read ranges of the 
samples were measured from 800 MHz to 1000 MHz in a 
compact anechoic chamber. The measurement unit was 
used in conjugation with a 6 dBi linear patch antenna. 
The measurement distance was 45 cm. According to our 
measurements, tags on both wood and cardboard sub-
strates showed good performance throughout the global 
UHF RFID band. The tags printed on paper showed suf-
ficient performance, but the performance changed sig-
nificantly through the UHF RFID band. The threshold 
power and theoretical read ranges of tags printed on 
wood, paper and cardboard can be seen in Figure 5.  

The optimum frequency for tags printed on wood 
seems to be between 880 - 940 MHz while the optimum 
frequency for tags printed on cardboard can be found 
between 900 - 960 MHz (20 layers) and 920 - 970 MHz 
(10 + 10 layers). The optimum frequency for tags printed 
on paper is around 980 MHz. 

The tags printed on pure wood showed read ranges of 7 - 
8 meters throughout the global UHF RFID band. These 
read ranges are long enough for many future IOT applica- 
tions and for needs of packaging and construction industry. 
The tags printed on cardboard using directly 20 layers of 
ink and only one sintering showed read ranges of 5 - 6 
meters and tags printed on cardboard by printing 10 + 10 
layers showed read ranges of 4 - 7 meters through the 
UHF RFID band. Thus, also read ranges of tags printed on 

 
Table 4. Manufacturing parameters of all tags. 

Substrate Printing Sintering 

Cardboard 10 layers in the same direction, sintering (×2) 150˚C, 60 min 

Cardboard 20 layers in the same direction, sintering (×1) 150˚C, 60 min 

Paper 15 layers in the same direction, sintering (×1) 150˚C, 60 min 

Wood 5 layers in the direction of the grain, 5 layers against the grain, sintering (×2) 150˚C, 60 min 
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Figure 5. Performance of tags printed on paper, cardboard, and wood. 
 
cardboard offer a great potential for many future applica-
tions. The read range of tags printed on paper changed 
between 2 - 7 meters through the UFH RFID band. More 
research is needed in order to find the right parameters 
for manufacturing. However, also these results are prom-
ising, especially considering that the antenna was origi-
nally designed for Higgs-3 IC and wood substrate. 

7. Conclusion 

The use of renewable, environmental-friendly materials, 
such as wood and paper-based materials as a substrate for 
electronics is an interesting research area, especially con-
sidering the material choices in many future devices. In 
this paper, passive UHF RFID tags were inkjet printed on 
wood, paper, and cardboard. According to our measure-
ments, the tags on wood showed read ranges of 7 - 8 me-
ters, the tags on cardboard exhibited read ranges of 4 - 7 
meters, and the tags printed on paper showed read ranges 
of 2 - 7 meters through the global UHF RFID band. Ac-
cording to these results, the performance of these inkjet 
printed UHF RFID tags is sufficient for many real life 
devices and potential applications e.g. in construction 
and packaging industry. Next step is to optimize the 
amount of used ink. 
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