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ABSTRACT 

Radio frequency identification (RFID) is a form of automated identification technology 

that is nowadays widely used to replace bar codes in asset tracking and management. 

Looking ahead to the future, our lives will be surrounded by small, embedded and wire-

less electronic devices that provide information about everything for everybody through 

pervasive computing. At the core of this vision lie two key concepts of ubiquitous sensing 

and the Internet of Things. RFID technology is seen as one of the most prominent tech-

nologies of today for the implementation of these future concepts. 

Ubiquitous sensing describes a situation, where small embedded sensors monitoring vari-

ous environmental parameters are found everywhere. The second concept, the Internet of 

Things, requires that all objects, even the most insignificant everyday items, surrounding 

us should encompass computing and communication capabilities of some sort. In its sim-

plest form, such computing could be a transponder that allows the unique identification 

and tracking of the item. Together these future concepts could truly revolutionize our 

lives by delivering significantly more information from our living environment. 

The objectives of this thesis are twofold. Firstly, passive ultra-high frequency (UHF) 

RFID technology is utilized to develop low cost, completely passive, wireless sensor de-

vices for ubiquitous sensing applications. Secondly, inkjet-printed passive UHF RFID tag 

antennas are developed and optimization techniques are presented to lower the cost of 

such tag antenna implementations. The latter objective aims to facilitate the advancement 

of the Internet of Things by enabling tag antennas to be directly printed on or in to vari-

ous objects. 

As a result of the research work presented in this thesis, three different passive UHF 

RFID based sensor tags were developed. Two of these designs monitor temperature and 

one is developed for relative humidity measurements. For the first time, the applicability 

and accuracy of such passive sensor tags was demonstrated. The results show that UHF 

RFID sensor tags have potential to be utilized as low cost sensor devices in ubiquitous 

applications. In addition, this thesis presents methods to lower the costs of inkjet-printed 

tag antennas. A technique was developed to reduce the ink consumption significantly to 

produce high performance tag antennas. Moreover, a special type of tag antenna design 

consisting of very narrow lines was developed. Finally, novel electronic materials were 

used as tag antenna substrate materials for inkjet-printed tag antennas. The use of a high 

permittivity ceramic-polymer composite, wood veneer, paper and cardboard were demon-

strated. In each case, it was shown that inkjet-printing is a feasible form of fabrication on 

such materials, producing passive UHF RFID tags with long read ranges. This shows that 

tag antennas can be inkjet-printed directly on to various items to advance the realization 

of the Internet of Things. 
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1. Introduction 

“The most profound technologies are those that disappear. They weave themselves into 

the fabric of everyday life until they are indistinguishable from it.”  

– Mark Weiser 

These were the starting words of Mark Weiser’s “Computer of the 21
st

 century” article 

published in Scientific American in 1991 [1]. In his revolutionary article, Weiser de-

scribed the future of computing and how it is found everywhere. In such pervasive com-

puting, we will be surrounded by small electronic devices, mobile and stationary, which 

are equipped with some computing capabilities and use wireless or wired to communicate 

with adjacent devices. This kind of smart environment would unite the virtual and physi-

cal worlds together and all the information would be available to everyone by everything. 

[2] 

The concept of pervasive computing might have been just a wild vision of the future at 

the time of invention, but it is nowadays almost reality. Today our living environments 

contain numerous devices with computing capabilities, in other words we are surrounded 

by ambient intelligence. For example, laptops, Internet TV, smart phones, pads, intelli-

gent surveillance systems and remotely controlled home appliances are found almost eve-

ry home. The approaching dawn of pervasive computing is also highlighted by the arrival 

of Near Field Communication (NFC) modules to mobile phones [3] and by the revolu-

tionary idea by Google Inc. in the form of their Project Glass [4], which could truly inte-

grate physical and virtual worlds together. 

Nonetheless, true pervasive computing, as imagined by Weiser, is still far away. True 

pervasive computing requires that every device and object, even the simplest ones, should 

encompass some sort of built-in active or passive intelligence. In its simplest form, this 

intelligence is something that allows the environment to track and identify nearby devices 

or objects or provide some information about the application environment. Most im-

portantly, this intelligence should be easily embeddable to objects of everyday use and 

thus hidden from its users. These are challenging demands in terms of cost and integrabil-

ity. However, modern Radio Frequency Identification (RFID) technology, among others, 

has the capabilities to solve some of these challenges. [5] [6] 

1.1 Ubiquitous sensing and the Internet of Things 

At the heart of pervasive computing lies two key concepts required for the realization of 

such ambient intelligence. These are namely ubiquitous sensing and the Internet of 

Things. The term “ubiquitous” comes from the Latin word ubique meaning “everywhere 

[7]. As such, in ubiquitous sensing, the application environment would consist of sensors 
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all-around, but hidden from the user. These sensors could monitor different environmen-

tal parameters such as the temperature, humidity, air pressure or kinetic parameters like 

acceleration. The concept of the Internet of Things relates to a scenario, where uniquely 

identifiable objects could communicate with each other and share information wirelessly 

[8] [9].  

RFID and Wireless Sensor Network (WSN) technologies are currently the most widely 

recognized enabling technologies for realizing ubiquitous sensing and the Internet of 

Things [10] [7] [11] [12] [13]. Of the two, RFID has the biggest impact on the realization 

since it can be used to implement the majority of functions such as the tracing and identi-

fication of objects and people wirelessly, without the line of sight, from several meters 

away using totally passive and low cost electronic tags. If needed, RFID tags can be 

equipped with a variety of integrated sensors to provide sensory data in addition to the 

data related to identification purposes. These sensor tags can be fabricated with low cost 

and with reasonable sensor accuracy as it will be shown in this thesis later on. Further-

more, RFID technology is already well standardized and widely used in supply chains in 

a global scale – a crucial feature for the Internet of Things. Nonetheless, RFID currently 

lacks the key feature required for a truly pervasive technology: the ability to form ad-hoc 

networks. This feature is enabled by the integration of WSN to RFID networks. Such vi-

sionary networks are called Ubiquitous Sensor Networks (USNs) that could truly enable 

both ubiquitous sensing and the Internet of Things [14] [15] [16]. In these USNs, RFID 

based tags could be used as distributed elements for the tracking and identification of as-

sets and for low level item level sensing while WSN based smart nodes could be used for 

more local high precision sensing and computing. 

At the moment communication standards and regulations for both technologies do not 

allow the direct implementation of USNs. Though a possible solution this problem is be-

ing developed by the Institute of Electrical and Electronics Engineers (IEEE) in the form 

of the IEEE 1451 standard family. The new standard will allow the integration of various 

smart sensors implemented with different technologies, such as RFID and WSN, to be 

integrated together and with other communication networks [17]. This standardization 

can be considered as the first steps toward ubiquitous sensing – however implementing 

the Internet of Things will require further standardization and development of middleware 

in USNs.  

1.2 Overview of the passive UHF RFID system 

Radio-frequency identification technology is a growing form of an automated identifica-

tion that uses electromagnetic interaction to enable objects equipped with radio tran-

sponders, i.e. tags, to be identified and tracked wirelessly. RFID systems consist of three 

main components: tags, readers and reader antennas. Tags are small electronic labels, 

consisting of an integrated combination of an antenna and a microchip that are attached to 

the objects under identification. A reader unit is essentially a radio transceiver that is used 
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to provide the wireless communication link with the tag. The reader antenna is connected 

to the reader unit and it is used to transform the high frequency signal generated by the 

reader unit to a wireless electromagnetic wave. The reader unit is linked up with the end-

application, e.g. a database that is used to store data linked to the tag’s identification code. 

[18] [19] 

RFID systems can be divided based on the type of electromagnetic interaction to near-

field systems, which are based on capacitive (electric) or inductive (magnetic) coupling, 

and to far-field systems, which use propagating electromagnetic waves for communica-

tion. Near-field RFID systems operate commonly at 125 kHz or at 13.56 MHz center fre-

quencies, while the far-field systems utilize ultra-high frequencies (UHF), from 300 MHz 

to 3 GHz. The main practical difference between these systems is in the maximal attaina-

ble read ranges, i.e. the maximal distance between the reader antenna and tag at which the 

tag is still readable. The underlying physics behind near-fields limits the read range of 

such systems up to few tens of centimeters, while the read range of far-field systems 

ranges from a few meters up to hundreds of meters depending on the implementation of 

the tags. [18] 

The most common tag implementation in the UHF RFID systems is based on a passive 

approach, presented in Fig. 1. In the so called passive UHF RFID systems, the tags do not 

contain any external power supplies, e.g. batteries; instead they receive all their operating 

power as well as commands from the reader unit wirelessly and use modulated backscat-

tering to communicate back to the reader unit. The communication protocol utilized by 

these types of tags is standardized under the ISO-18000 family of standards [20]. 

Passive UHF RFID technology enables cost-efficient solutions to automatically identify 

and track assets rapidly from long ranges and wide areas. As the identification is based on 

the coupling of electromagnetic waves, there is no line-of-sight requirement between the 

tag and reader antenna. This allows the tags to be embedded in protective inlays or even 

inside the actual asset to provide shelter from the harmful environmental effects. An addi-

tional benefit of RFID technology in general is that the IC contains user accessible 

Power & Commands

Backscattered response

Rectifier

Modulator

Demodulator

Voltage 

multiplier

Non-volatile memory

Digital logic

Passive RFID IC

RF Power 

amplifier

Modulator

Demodulator

Baseband digital control

External I/O

Low-noise 

amplifier

UHF RFID Reader Unit

Fig. 1. Overview of the passive UHF RFID system. 
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memory that allows the storage of data also in the tag itself. These benefits have facilitat-

ed the adoption of passive UHF RFID technology and it is nowadays widely used in sup-

ply chain management, access control and in item level asset tracking instead of the more 

traditional bar code. In the future UHF RFID technology will be used in increasing 

amount of new applications that progress the development toward the Internet of Things 

and ubiquitous sensing. These include indoor positioning [21], environmental sensing 

[P1-P3], solutions for wearable ambient intelligence [22] and biomedical applications 

[23]. [24] [25] [26] [27]  

The operation principle of a passive UHF RFID system is as follows. The reader unit 

generates a high-frequency carrier signal that is transformed by the reader unit’s antenna 

into a propagating electromagnetic wave. This wave is received by the tag antenna, which 

relays it to the integrated circuit (IC), i.e. microchip. The IC uses its internal rectifiers and 

voltage multipliers to convert the alternating current to a direct current of sufficient volt-

age level. Once a sufficient voltage level is achieved, the digital logic in the IC is activat-

ed. Now, the tag is ready to receive commands from the reader, if the tag receives a que-

ry-command, it responds by sending a 96-bit long unique digital identification code 

known as the electronic product code (EPC). The response from the tag is generated by 

the internal modulator in the IC. The modulator, switches between two impedance states, 

which results in a modulated backscattered response. The communication by backscatter-

ing is discussed more in detail in Section 2.3. [24] [28] 

Passive UHF RFID systems are subject to regulations concerning their operating frequen-

cy and equivalent isotropically radiated power levels (EIRP). These regulations are geo-

graphic and are listed in Table 1. The regulations for maximal transmitted power cause 

the main limitations on the attainable read ranges from passive UHF RFID tags: common-

ly read ranges vary from a few meters up to fifteen meters although significantly higher 

read ranges are also attainable using special purpose tags. [29] [30] 

Table 1. Overview of regulations for passive UHF RFID systems. [31] 

Region Operating frequency [MHz] EIRP [W] 

Europe 865.6 - 867.6 3.28 

United States 902 – 928 4 

Japan 952 - 956.4 4 

China 840.5 - 844.5 & 920.5 - 924.5 3.28 

Russian Federation 866 - 867.6 3.28 

Despite the obvious benefits, the global adoption and pervasive use of UHF RFID tech-

nology still awaits, due to the many challenges related to it. The foremost challenge is the 

cost of the implementation. At the moment, the price of the whole system is too great in 

comparison with bar code systems. Especially the cost of tags needs to be lowered signif-

icantly. On the other hand, standardization is problematic since regulations concerning 
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RFID systems are vastly different depending on the geographical location. In addition, 

different materials such as liquids and metals cause significant changes in the operation 

characteristics of tags, e.g. operation frequency shifts, and lead to the need for applica-

tion-specific tag antennas. Therefore, the need for “universal” or platform-tolerant tags 

are imminent, i.e. tag that works at all frequencies on all materials, to reduce system 

complexity [32] [33]. In addition, the integration of UHF RFID tags directly on or in to 

objects needs novel solutions: at the moment, products are labeled with tags after they 

leave the production line, causing extra work and costs. In the ideal solution tags would 

be fabricated directly on the surface of the objects or even inside them at the production 

line. Other challenges related to the use of RFID in pervasive computing applications are 

related to tag collisions, data security and need for additional middleware. [34] [35] [36] 

[37] [38] 

1.3 Scope and objective of the thesis 

The work presented in this thesis is focused on advancing the deployment of passive UHF 

RFID technology in applications requiring low cost identification of objects or sensory 

functions for environmental monitoring. In a larger scale, this work can be seen as a part 

of providing methods by means of passive UHF RFID technology to realize the concepts 

of ubiquitous sensing, the Internet of Things and ultimately ambient intelligence by ena-

bling sensory functions and easing the integration of tags directly onto objects. 

The scope of this thesis covers the design and development of sensor tags as well as 

inkjet-printed tag antennas especially for passive UHF RFID systems. The integration of 

WSNs with RFID technology to realize Ubiquitous Sensing Networks and the further 

development of ambient intelligence lies outside of the scope of this thesis. The objec-

tives of the thesis can be listed as follows. 

• Enabling sensory functions using passive UHF RFID technology 

o Development of a passive humidity sensor tag  

o Development of a passive temperature sensor tags  

o Validation of passive sensor tag accuracy 

• Facilitating the integration of UHF RFID low cost tag antennas directly on 

objects using inkjet-printing 

o Low cost inkjet-printed tag antennas 

� Studies on optimizing cost-performance 

� New low cost antenna patterns 

o Tag antennas inkjet-printed on novel substrate materials 

� Wood veneer 

� Ceramic-polymer composites 

� Paper and cardboard 
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1.4 Structure of the thesis 

This thesis consists of seven publications and an introductory part to these publications 

comprising of chapters 1-5. The introductory part is divided into four distinct sections.  

Chapter 1, discusses the concepts of pervasive computing, ubiquitous sensing and the 

Internet of Things. In addition, the basics RFID technology is presented. 

Chapter 2, discusses the fundamental parameters of UHF RFID tags. In the first section, 

an overview is given to the general antenna parameters. This is followed by a short de-

scription of the importance of impedance matching in passive tag design. Next, the power 

transfer and backscattering communication are discussed. Finally, the performance indi-

cators for passive UHF RFID tags are presented. 

Chapter 3 focuses on sensor tags implemented using passive UHF RFID technology. In 

this section, the applications, classifications of UHF RFID based sensor tags as well as 

benefits and challenges related to completely passive sensor implementations are dis-

cussed. Moreover, two realizations of passive UHF RFID sensor tags capable of monitor-

ing environmental humidity [P1] and temperature [P2-P3] levels are presented.  

Chapter 4 is related to novel inkjet-printed tag designs and printing techniques for passive 

UHF RFID systems [P3-P7]. Firstly the section discusses the key benefits and challenges 

related to inkjet-printing UHF RFID tag antennas. Secondly, three different approaches to 

minimize production printing costs are presented by means of innovative deposition tech-

niques [P4] and new tag antenna patterns [P5].  Thirdly, it is demonstrated how inkjet-

printing can be used to fabricated tags directly onto novel, low cost electronic substrate 

materials such as wood veneer [P6], ceramic-polymer composites [P7] and paper based 

materials.  

In the fifth and final chapter, the work presented in this thesis is summarized and final 

conclusions are drawn. Publications [P1-P7] are appended at the end of the thesis. 
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2. Fundamental parameters of passive UHF RFID tags 

This chapter describes the fundamental parameters related to the design of UHF RFID tag 

antennas for passive systems. First, an overview is given to the general antenna parame-

ters. Next, wireless power transfer using the far-field electromagnetic waves is described 

and the theory of the communication by backscattering is presented. The final part of the 

chapter focuses on describing the performance indicators for passive UHF RFID tags. 

2.1 Overview of general antenna parameters 

An antenna is a special metallic device that radiates and receives electromagnetic waves. 

These electromagnetic waves are generated by time-varying currents that generate time-

varying electric and magnetic fields as stated by the Maxwell’s equations. These time-

harmonic electromagnetic field equations can be expressed as [39] 

� � �� � ������      (1) 

� ��� � ��	�� � 
 ̅     (2) 

� � �� �
�

�
       (3) 

� ��� � �       (4) 

� � 
 ̅� ����,       (5) 

where E  is the electric field and H the magnetic field intensity vector, ω is the angular 

frequency, ε and µ are the permittivity and permeability of the medium containing the 

fields, J   and ρ are the source current density vector and charge density. The electromag-

netic waves propagate spherically away from their source and allow the transfer of power 

and thus can be used in wireless communication. The complex time-average power emit-

ted by an antenna flowing out through a closed surface s is found generally from [39] 

��� �

�

�
∯ �� � ���
	

	��,     (6) 

where the integrand inside is defined as the Poynting vector

*

HES ×

2

1

= . 

Field regions 

The space surrounding an antenna can be divided into three regions: reactive near-field, 

radiating near-field and far-field. The division is based on the field structure in each re-

gion. The reactive near-field is defined as the portion of near-field that immediately sur-

rounds the antenna wherein the reactive field, electric or magnetic, predominates. The 
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radiating near-field exits in-between the far-field and reactive near-field regions wherein 

the radiating fields predominate. In general antennas used in the near-field are based on 

the coupling of electric or magnetic fields and the angular distribution of the fields are 

dependent on the distance from the antenna. Moreover, as these near-fields are composed 

of reactive fields, the Poynting vector in a near-field becomes imaginary. Therefore, near-

fields do not exhibit any time-average radial power flow, instead the near-field consists of 

standing waves that store energy. High-frequency (HF) RFID systems operating in near-

field regions are based on the coupling of electric or magnetic fields, this limits their read 

range as the reactive fields attenuate rapidly. [39] [40] 

The final region is known as the far-field. In the far-field, the angular field distribution is 

considered independent on the distance from the antenna, the waves resemble local plane 

waves and the field intensity follows the inverse square law. The Poynting vector of far-

field waves becomes real valued, indicating in-phase propagating waves that can be used 

to transmit power. UHF RFID systems operate by coupling the electromagnetic waves in 

the far-field as it allows long range readability. 

Table 2. Definition of radiation regions [39]. 

Region Distance from the antenna Power density attenuation* 

Reactive near-field 0 to λ/D.

3

620  

1/
5

r  

Radiating near-field 
λ/D.

3

620  to λ/D

2

2  

Far-field λ/D

2

2  to ∞ 1/
2

r

 

*

 For an ideal dipole antenna 

As described, the radiation regions are present at different distances from the radiating 

antenna. These distances are listed in Table 2, where D is the largest antenna dimension 

and λ is the wavelength. [39] 

Radiation pattern 

An ideal isotropical antenna would radiate the fields spherically in every direction; how-

ever such antennas are not realizable. Therefore, the radiation intensity from real antennas 

varies according to the observation point. Hence, special radiation patterns are needed to 

characterize the antenna radiation as a function of space coordinates. A radiation pattern 

is formally defined as a mathematical function or a graphical presentation of the radiation 

properties of an antenna as a function of space coordinates. Usually, the radiation pattern 

is defined in the far-field, where the field distribution is assumed to be independent on the 

distance from the antenna. Antennas are reciprocal elements, meaning that the radiation 

pattern is the same whether the antenna is transmitting or receiving electromagnetic 

waves. [40] 

Radiation patterns can be calculated or measured either by examining the received or 

transmitted power, i.e. power pattern, or variation in the spatial variation of the electric 
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field amplitude, i.e. field pattern, along a constant radius. In most cases, the radiation pat-

terns are normalized using the maximal values of obtained power levels or amplitudes. 

The normalized field pattern F(θ,ϕ) of the electric field and the normalized power pat-

terns P(θ,ϕ) can be calculated as [39] 

���	�� �

����

����
�����
, P(θ,ϕ)=|F(θ,ϕ)|

2

.   (7) 

The field patterns of linear polarized antennas can be divided into two principal planes: E 

and H planes. An E plane is the plane containing the electric-field vector and direction of 

maximum radiation, while H plane contains the magnetic-field vector and direction of 

maximum radiation. [40] 

In practice antennas exhibit two types of radiation patterns: omnidirectional and direc-

tional patterns. An omnidirectional radiation pattern is defined as having an essentially 

nondirectional pattern in a given plane and a directional pattern in any orthogonal plane. 

A directional pattern on the other hand indicates that the antenna is radiating or receiving 

power more effectively from some directions than from others. [40] 

Directivity and gain 

Another parameter to describe the radiation characteristics of an antenna is to define an-

tenna directivity D. Antenna directivity is defined as the ratio of the radiation intensity in 

a given direction from the antenna to the radiation intensity averaged over all directions. 

In other words, antenna directivity describes how well the antenna focuses its radiated 

power to a given direction. The radiation intensity needed in the definition of directivity 

is defined as the power radiated from an antenna per unit solid angle. In the far field, the 

radiation intensity U is given by [39] 

���	�� � �� �
�

�
������	��� � ����|���	��|

�
,    (8) 

where r is the distance from the radiator, S is the Poynting vector describing the power 

density of the radiation and Umax is the maximum  radiation intensity. The unit of radia-

tion intensity is Watts per solid angle. Using the radiation intensity in Eq. (8), the antenna 

directivity D can be defined as [39] 

���	�� �
�����

�
���

�

�����

�

��
� � �����

�

�
����	���

	�

�

,   (9) 

where Uave is the average radiation intensity. As it seen, antenna directivity is dimension-

less and given by the radiation pattern of the antenna. An isotropic antenna would have a 

directivity of unity, while all other non-isotropic antennas will exhibit directivities over 

unity. Usually, antenna directivity is expressed in dBi, which indicates the antenna di-

rectivity over the directivity of an isotropic antenna. 
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Antenna directivity assumes that the radiating antenna is lossless, i.e. it is made out of 

perfect conductors and is situated in a lossless media. In practice this is not the case and 

the losses in the antenna structure need to be taken into consideration. These losses are 

included by the antenna gain G [40] 

 ��	�� � ������	��, ��� �

�

��

�
�

	    (10) 

where ecd is the antenna radiation efficiency, which describes the relation between the 

antenna radiated power Prad and accepted power from the generator Pin. Finally, it should 

be noted that if no specific angles are given for the radiation intensity, directivity or gain, 

maximum values are implied. 

Input impedance 

The input impedance of an antenna is defined as the impedance presented by an antenna 

at its input terminals. The antenna input impedance can be expressed by Za=Ra+jXa, 

where Ra and Xa are the antenna resistance and reactance at the input terminals. The input 

resistance of the antenna can be divided into two parts Ra=Rr+RL, where Rr stands for the 

radiation resistance and RL as the loss resistance. Power dissipated in the radiation re-

sistance represents radiated power, while the power dissipated in the loss resistance is 

considered to dissipate as heat. [40] [39] 

2.2 Impedance matching 

The impedance matching between the generator and load, in the case of RFID: the tag 

antenna and RFID IC, determines the power transfer between them. To achieve the max-

imal power transfer, the load impedance needs to be the complex conjugate of the genera-

tor’s internal impedance. Any deviations from this arrangement will lead to additional 

power losses. Therefore, it is the up most importance to provide good impedance match-

ing between the IC and tag antenna in a passive UHF RFID tag to allow long read ranges.  

A passive UHF RFID tag can be represented by a simple equivalent circuit model, shown 

in Fig. 2. Here, the tag antenna, with an internal impedance of Za=Ra+jXa, generates a 

voltage Va and power Ptag. The tag antenna is connected to a load, the RFID IC with an 

input impedance of ZIC=RIC+jXIC.  

Fig. 2. Equivalent circuit model of a passive tag. 
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The current in the circuit can be written as 
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where                       � �
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Here Γ is the power wave reflection coefficient [41], which describes the mismatch be-

tween the antenna and IC impedances. The power delivered to the IC is then given by 
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where |�|� stands for the power reflection coefficient [42]. The power reflection coeffi-

cient describes what fraction of the maximum power available from the generator is not 

delivered to the load. It can be seen that the maximal power transfer to the IC is achieved 

when Za=ZIC

*

. An alternative coefficient to describe the power transfer between the IC 

and tag antenna is the power transmission coefficient  

" � 
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.     (14) 

In practice the UHF RFID ICs exhibit nonlinear input power and frequency dependent 

capacitive input impedances and therefore, to obtain maximal power transfer between the 

components the tag antenna input reactance needs be inductive [43]. However, the most 

commonly used tag antenna types, small dipoles, also exhibit capacitive input reactance 

[39]. Therefore, the input impedance of the tag antenna needs to be transformed to induc-

tive. To achieve such impedance transformation, several types of impedance matching 

network structures have been developed, e.g. small inductive loops or sections of mean-

der lines positioned in between the RFID IC and tag antenna input terminals. [44] [45] 

2.3 Power transmission and backscattering 

In passive UHF RFID systems, tags gather all their operating power wirelessly from the 

continuous signal sent by the reader unit. Once these passive tags have gathered enough 

power to activate themselves, they use modulated backscattering to generate a response to 

the reader. This section provides an overview for such power transmission in the passive 

UHF RFID systems.  

A reader unit initiates the communication procedure with a tag by emitting an average 

power density S, which is given at a distance R by [40] 
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,      (15) 

where the Pt is the time-average input power accepted by the reader antenna from the 

power amplifier, Gt is gain of the transmitting reader antenna. The power received by the 

tag antenna, located at distance R from the reader antenna, can be expressed by [40] [46] 
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where                #&''�� �
,	

 "
 $�%�
 � |�|��,                      (17) 

and     $()* � |%̂�-$ � %̂.-�|
�
�                (18) 

Aeff,r stands for the tag antenna effective aperture, Gtag is the gain of the tag antenna and 

$()* is the polarization loss factor. The polarization loss factor is determined by the mu-

tual alignment of the tag antenna,
ant

ρ̂ , and the incident wave,
inc
ρ̂ , electric field polariza-

tion vectors. The polarization loss is minimized by using a linearly polarized tag antenna, 

e.g. dipole, to receive linearly polarized electromagnetic waves transmitted by a linear 

reader antenna. 

Since the passive tags do not contain any radio transceivers that could generate RF power, 

the tags utilize their tag antennas as scatterers to reflect the incident power from the read-

er back toward it. The power reflected by the tag antenna, from distance R, and received 

by the reader antenna is given by the radar equation [40] [46] 
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where            '� �
,	

 "
 $�%
� |
 � �|�.          (20) 

The term σr is the radar-cross section of a tag antenna, which is used to describe the an-

tennas capability to scatter the incident power from the reader antenna. If the tag anten-

na’s radar-cross section would remain constant, the power from the reader antenna would 

be reflected back to the reader without any information added by the tag. In order to allow 

data from the tag IC’s memory to be sent, the radar-cross section of the tag antenna needs 

to change. This allows magnitude and phase variations in the signal received by the read-

er and thus data exchange. This kind of communication is known as communication by 

modulated backscattering. 

The RFID IC is responsible for modulating the tag antenna’s radar-cross section through 

load modulation. The modulation is implemented by the IC by switching its input imped-

ance between two states, absorbing and reflecting. In the absorbing state the tag antenna 

and IC are matched while on the reflecting state the components are mismatched and 

most of the power captured by the tag antenna is reradiated. These impedance states lead 

to two power wave reflection coefficients Γ1 and Γ2. This leads to a modulated radar-

cross section [47] [48] 
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where α is a modulation loss factor, which  depends on the impedance modulation 

scheme. The types of impedance states used in the load modulation determine if the 
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backscattered signal is amplitude or phase modulated. As both modulations are possible, 

the reader units are equipped with IQ-demodulators, which can decipher both types of 

modulation schemes. 

2.4 Performance indicators  

The performance of an RFID tag can be examined in different ways. The two most im-

portant performance indicators for passive UHF RFID tags are the transmit power re-

quired to activate the tag and the maximal read range of the tag. The transmit power re-

quired to activate a tag is often called tag threshold power, naturally a low threshold pow-

er is desired as it allows long read ranges. The tag read range gives the maximal distance 

between the reader antenna and tag. Often, in the case of passive UHF RFID tags, it is the 

power sensitivity of the RFID IC that limits the attainable read range. The abovemen-

tioned performance indicators are defined and measured as follows. [48] 

The power received by the RFID IC can be derived from Eq.(16) and recalling that 

PIC=τPtag 

/0 � "$�% � " $�% *
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The power required to activate the UHF RFID IC is obtainable from Eq.(22) by changing 

Pt to Pth. The power required to activate the tag from distance R is known as the tag 

threshold power and it is given by 
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where PIC,0 is the power sensitivity of the RFID IC. For example, the power-sensitivities 

of the ICs used in the studies presented in this thesis have been in the range of -14 dBm to 

-18 dBm [P1-P7]. The forward link read range is also obtainable from Eq.(16) and as-

suming a IC power-sensitivity of PIC,0 
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where EIRP is the maximal allowed equivalent isotropically radiated power. The term 

tag
Gτ is also sometimes referred as the realized gain of the tag antenna. The EIRP is dic-

tated by the local regulations and PIC,0 by the ICs internal design. Tag antenna design 

wise, the antenna designer can maximize the forward link read range by maximizing tag 

antenna gain and optimizing the impedance matching between the RFID IC and tag an-

tenna.  

In practice, measuring the maximum tag read range is difficult due to environmental mul-

tipath propagation and vicinity of dissipative materials. Therefore, in order to obtain 
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comparable read range results, all the read range results presented in publications [P1-P7] 

are obtained in artificial free space, i.e. in an anechoic chamber, using Tagformance 

measurement equipment, shown in Fig. 3. Tagformance is essentially a power and fre-

quency scalable UHF RFID reader unit with some advanced features. Tagformance 

measurement system is able to calculate the tag theoretical read range, which is based on 

the measured forward link path loss Lfwd and tag threshold Pth 

����,�.� �
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The term theoretical is due to the fact that the measurement is done in free space and the 

readings are obtained indirectly through the measured threshold power. Therefore, the 

actual attainable read range behavior can differ from the theoretical values, depending on 

the application environment. 

The path loss Lfwd in the forward link is obtained through a calibration step: where the 

user places a reference tag on the location where the actual tag under test would be 

placed, next the system performs a threshold sweep on the reference tag. The system 

stores the information about the precise amount of power required at the reference tag to 

activate it if it would be connected directly to the transmit port, any deviations from these 

values are considered as the path loss. The path loss includes the cable losses, polarization 

losses, reader antenna gain and losses caused by signal attenuation in free space.  

Another type of performance metric offered by the Tagformance measurement system for 

passive UHF RFID tags is the power-on-tag. The power-on-tag describes the amount of 

power required at the tag antenna terminals to activate the tag under test assuming it is 

equipped with a power matched 0 dBi tag antenna 

������� � �������.      (26) 

Fig. 3. Measurement equipment used to perform UHF RFID tag perfor-

mance measurements. 
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The benefit of the power-on-tag is that it enables comparable results between tags that are 

measured from different distances and in different measurement setups. In addition, the 

effects of possible multipath propagation on the measurement results are minimized. 

2.5 Common tag antenna types 

A variety of different tag antenna types can be used in passive UHF RFID tags as differ-

ent applications place varying demands on the tag antennas. The main constraints in gen-

eral are the cost, size and readability performance (radiation pattern, directivity, etc.) [49]. 

This section focuses on discussing the three most common types of tag antennas: the di-

pole, slot and microstrip patch antennas. These common tag antennas are illustrated in 

Fig. 4 and their main parameters are listed in Table 3. 

 

Fig. 4. Common tag antenna types found in UHF RFID tags. 

Table 3. Basic parameters for common tag antenna types in passive UHF RFID tags. 

 Dipole [40] [39] Slot [40] [39] Microstrip patch [55] 

Directivity 2.15 dBi 2.15 dBi 4-9 dBi 

Radiator length L <λ/4 <λ/4 <λ/4 

Radiation pattern Omnidirectional Omnidirectional Directional 

Input reactance* Capacitive Inductive Inductive 

Cost Low Intermediate High 

*

 Typically at frequencies below self-resonance. 
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Dipole antennas are the most widely used type of tag antennas, e.g. in [P1, P3-P7], since 

they can be fabricated flexible with low costs and they offer omnidirectional readability 

in the H plane. The low fabrication costs of dipoles are due to their simple planar con-

struction and small foot prints. Usually, the lengths of dipole antennas found in UHF 

RFID tags are less than quarter wavelength long; however, the length and foot prints can 

be miniaturized below this using different folding or loading techniques [50]. The down-

side of the dipole antenna is that its input reactance is capacitive at frequencies below its 

self-resonance, which is usually the frequency range where it is used in RFID applica-

tions. Therefore, impedance matching techniques need to be utilized to provide good tag 

readability [44]. In addition the input impedance and radiation characteristics of a dipole 

are strongly affected by nearby dielectric and conductive materials. This can create read-

ability problems and to obtain maximal readability dipole tag antennas need to be opti-

mized for specific material types. [24] 

A second common type of planar tag antenna is a slot antenna, e.g. in [P2]; [51] [52], 

where the radiation is produced by a slot in a larger metallic plane. The slot antenna is 

also known as the complementary dipole as it has similar properties as the dipole, but 

with a few exceptions. Firstly, the input reactance of the slot antenna is inductive at fre-

quencies below its self-resonance. This removes the need for additional impedance 

matching networks as long as the shape of the slot is optimized to produce enough in-

ductance. Another difference is that the principal planes of the slot are orthogonal com-

pared to the dipole. The drawback of the slot antenna is that it usually requires signifi-

cantly larger foot prints as the dipole. This is due to the fact that the metallic plane around 

the radiation slot, which is commonly around quarter wavelength long, needs to be much 

larger than the width and length of the slot. The size constraint and the higher fabrication 

costs due to it place limitations on the applicability of slot antennas. [40] [39] 

The third type of common tag antenna found in passive UHF RFID tags is the microstrip 

patch antenna, e.g. in [P3]. The microstrip patch antenna consists of a radiating patch on a 

substrate material, which is backed by a larger ground plane. Commonly, the length of the 

radiating patch found in passive UHF RFID tags is around or below a quarter wavelength. 

However, in order to achieve good performance, the overall size of the antenna is larger 

due to the demands of the ground plane: The ground plane needs to larger than the radiat-

ing patch to accommodate the fringing fields [53]. The overall size of the antenna can be 

miniaturized by increasing the permittivity of the substrate material or by slotting the ra-

diating patch [50]. Usually the input reactance of a patch antenna is inductive, though in 

some applications additional impedance matching networks are needed for good tag per-

formance. The main benefit of the patch antenna is that it exhibits high directivity, which 

allows long attainable read ranges. Moreover, the ground plane of the patch is electrically 

isolating the antenna from the materials behind the ground plane. Therefore, patch anten-

nas are especially used in on-metal applications or on top of highly dissipative materials 

[54]. On the downside, the fabrication costs of patch antennas are usually high. [24] [55] 
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3. Passive sensor integrated UHF RFID tags 

Ubiquitous sensing can be achieved by the wide spread utilization of sensor devices eve-

rywhere. The challenges related to such scenario are mainly the overall cost and integra-

bility of the sensors to the application environment and objects. Passive UHF RFID tech-

nology can solve the cost and integrability issues in many cases as it can be utilized to 

enable low cost passive sensors that do not need any maintenance procedures. Such sen-

sor tags can be made compact, which eases their integrability to the objects of everyday 

life. Moreover, the long read range enabled by the use of UHF RFID technology reduces 

the number of required reader units and thus lowers overall system cost in comparison 

with sensor systems based on HF RFID technology. 

3.1 Implementation methods 

Passive UHF RFID sensor tags can be implemented using different methods. In this con-

text, the implementation method is related to the integration of the sensor element to the 

UHF RFID tag. The different methods for integrating sensors into passive UHF RFID 

tags can be listed as follows.  

• Tag antenna based sensing. The lowest cost implementation: the tag antenna is 

used as the sensor. Thus, no specific sensors, such as discrete components are re-

quired. Tag antenna based sensing can be divided into two subcategories of self-

sensing and antenna-integrated sensors. In self-sensing, no specific sensor mate-

rials are utilized, i.e. ordinary tags can be used as sensors. In the antenna-

integrated sensors, a specific sensor element, usually a material with electrical 

properties dependent on the physical quantity under sensing, are added as parts of 

the tag antenna. [P1-P4]; [56] [57] [58] [59] 

• External discrete sensors. Discrete sensor components are placed in series or in 

parallel with the RFID IC and the tag antenna. [60] [61] 

• Sensor integrated RFID ICs. The sensor components are integrated directly into 

the RFID IC. [62] [63] [64] 

• Microcontroller based smart sensors. An advanced sensor tag that is equipped 

with a microcontroller instead of an RFID IC. The improved computing capabili-

ties of a microcontroller allow the use of multiple sensors with better resolution 

and accuracy. [65] 
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Fig. 5. Classifications of implementation methods of passive sensor tags based on UHF RFID 

technology. 

The sensor integration method has a major effect on the sensor and tag performance and 

on to the overall cost of the sensor tag: as the complexity of the sensor tag increases, the 

fabrication costs and sensor performance are usually increased, while the maximal read 

range of the tag is decreased. These trade-offs are approximated in Fig. 5. In environ-

ments with true ubiquitous sensing capabilities, all implementation methods of passive 

sensor tags will be needed. The sensor tags utilizing tag antenna based sensing would be 

deployed in macro sensing, due to their low cost. Sensor tags with sensor integrated RFID 

ICs, external sensor components and microcontrollers would be used in more sparsely, in 

applications requiring higher levels of resolution and accuracy. [66] 

3.2 Applications 

In a true ubiquitously sensed world, passive sensor tags would be used everywhere. Their 

tasks would vary from monitoring the temperature local small objects to supervising the 

air quality around large areas. This section, presents some examples of possible applica-

tions for sensor tags to illustrate their potential benefits. As examples, applications from 

logistics, healthcare and smart homes are discussed for sensor tags based on passive UHF 

RFID technology. 
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3.2.1 Logistics 

Supply chain management is currently the biggest application of regular UHF RFID tags 

worldwide. Integrating sensors into these tags would bring new functionality to the sup-

ply management systems.  Firstly, sensor tags can enable the monitoring of product con-

dition at the item level. For example, equipping perishable products with sensor tags at 

the packaging line, allows the supervision of temperatures and humidity levels experi-

enced by the product. This is especially beneficiary in applications where there is a need 

to guarantee the completeness of cold chains to improve product quality and safety. On 

the other hand, sensor tags can be used with valuable products to monitor the shock and 

vibration levels experienced by them [12] [67]. In addition, sensor tags can be used in the 

automatic detection of product tampering. Equipping tags, for example, with mechanical 

sensors that detect if the product package has been breached, aids in the battle against 

smuggling and counterfeiting.   

3.2.2 Healthcare 

Monitoring of treatment quality regardless of the location of the patient is one of the big-

gest benefits of sensor tags if utilized within the healthcare sector. These sensor tags 

could monitor patient’s physiological conditions wirelessly all-around the clock if need-

ed. They could, for example, monitor the heart rate, blood pressure and detect if the pa-

tient falls or stays still for too long [67]. Occurring seizures or other symptoms would be 

detected in real time and patients could be located instantly. The low cost of RFID-based 

sensor tag devices would allow patients with and without chronic diseases to be tagged. 

Detection of fatal illnesses can be seen as an additional functionality especially for pa-

tients belonging with the risk of developing such diseases. For example, small sensor tags 

could be implanted inside humans using stents or by performing small surgeries. These 

sensor tags could then be used to detect possible of brain edemas or stenosis inside blood 

veins [68].  Thirdly, the monitoring and quality control of medication can be made more 

accurate by the use of sensor tags. Sensor tags can aid medical personnel in the monitor-

ing of medication by logging which medicine and the amount of dosage the patient has 

consumed. Situations, where the patient has received wrong mediation or an overdose can 

be therefore avoided. On the other hand, since sensor tags can be integrated with individ-

ual packages of medicine, the quality of the medicine can be also controlled. This is 

achieved by logging the temperature, humidity and possible UV exposure of the medicine 

using embedded sensor tags in the packages [69]. 

3.2.3 Smart homes and environments 

Passive sensor tags could be utilized also in homes and in other environments to improve 

the quality of life by aiding people in their daily activities or by quarantining healthy and 

safe living environments. For example, sensor tags, with sensors for the temperature, hu-

midity or gas monitoring, could be embedded in various structures, such as floors, walls 
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and ceilings. These tags would be used to minimize energy consumption [70]; [P2-P3], to 

provide early warnings of possible structural damages, e.g. water damages [P1] or to warn 

about the presence of toxic gases [71]. Another crucial feature of pervasive computing is 

its ability to monitor, track and identify activities performed by humans in different envi-

ronments. Features such as these are enabled by UHF RFID based sensor tags [72] [73]. 

For example, sensor tags with pressure sensors embedded in the floors of houses could 

detect the location of humans or animals alike. Likewise, sensor tags, as well as ordinary 

RFID tags, could be used to detect which objects are used or to locate objects needed by 

the users [74]. Moreover, sensor tags could be used to provide information about the state 

of things to other smart devices such as home appliances or autonomous robots [75].  

3.3 Tag antenna based sensing: theory and case studies 

The most straightforward and lowest cost approach to implement passive sensor tags is to 

utilize the tag antenna as the sensor itself, i.e. tag antenna based sensing, to detect chang-

es in the electrical properties of surrounding materials and objects or changes in some 

physical parameters.  In the simplest implementations even ordinary passive UHF RFID 

tags, without any specific sensor components, can be used as sensor tags. Such tags used 

for sensing applications are referred to as self-sensing. Self-sensing tags can be used to 

detect changes in the electrical properties of objects on which they are attached to. This 

enables sensing of such things as detecting the amount of substances inside containers or 

the detection of conductive metals [76]. [76] 

However, in many cases the self-sensing nature of UHF RFID tags is not capable enough 

to be used to detect certain physical phenomena. For example, detecting the ambient tem-

perature, humidity, UV-radiation, strain or different types of gasses is not possible by just 

using self-sensing tags. In such cases, a specific sensor element needs to be added to the 

tag design. In the so called antenna-integrated sensor tag designs, a specific sensing ele-

ment, material or structure, is integrated into the antenna itself or into the substrate mate-

rial of the tag.  

3.3.1 Intrinsic sensing mechanisms 

Passive sensor tags utilizing tag antenna based sensing can monitor environmental pa-

rameters throughout either the material loading of the tag antenna or through tag antenna 

deformation in a manner illustrated in Fig. 6. Exploiting material loading as the sensing 

mechanism allows the detection of changes in the electrical properties of materials sur-

rounding the tag antenna. Material loading can be utilized, for example, in the detection 

of ambient temperature, humidity or gasses if a special type of tag antenna substrate ma-

terial, which reacts to these parameters by changing its permittivity, permeability or con-

ductivity is utilized [P1-P3]. The material loading causes redistribution of electric and 

magnetic energy levels in the reactive near field of a tag antenna. This redistribution is 

specifically caused by the permittivity, permeability and conductivity of the 
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material placed in the reactive near field. The effect of reactive near field loading leads to 

alterations in the current distribution in the antenna structure.   

Deforming the tag antenna can be used especially to detect various physical changes such 

strain or pressure [77]. This sensing mechanism is based on the tag antenna deformation, 

i.e. antenna dimensions are changed, by the parameter that it sensed. For example, to 

monitor strain, the substrate material can be made elastic. The reshaping can increase or 

decrease the physical length, width or thickness of the antenna, causing changes in the 

current distribution.  

Both sensing mechanisms inflict various changes in the tag antenna input impedance and 

gain.  The changes in the tag antenna’s input impedance are visible both in the real and 

imaginary parts [78]. The real part of the input impedance is affected due to changes in 

the radiation resistance, while the imaginary part is altered due changes in self-

capacitance and self-inductance produced by the geometry of the tag antenna and the im-

pedance matching network due to changes in the electric and magnetic fields as well as in 

Fig. 6. Tag antenna self-sensing mechanisms and their effect on the measurable tag performance. 



3. Passive sensor integrated UHF RFID tags 

22 

 

the electrical length of the components. Tag antenna directivity is affected by the changes 

in the electrical length of the tag antenna and impedance matching network: electrical 

length is increased as the tag antenna is loaded with dielectric materials or as the tag is 

stretched. Also, the radiation efficiency is affected by the material loading if dissipative 

materials are loading the antenna or if the antenna is deformed. 

Ultimately, the changes induced by either the material loading of antenna deforming are 

visible in the measurable tag performance indicators, e.g. threshold power, optimum op-

erating frequency, read range, and thus allow the wireless readout of sensor data. 

3.3.2 Wireless readout of sensor data 

The sensor data from passive sensor tags utilizing tag antenna based sensing is obtained 

wirelessly by measuring certain tag performance indicators, for example tag threshold or 

backscattered power. The key is to link these performance indicators with the sensor 

stimulus, e.g. temperature or humidity, by obtaining the specific sensor transfer function 

through calibration. After calibration, the magnitude of sensor stimulus is obtainable by 

measuring the tag performance metric and applying the known transfer function. 

Two types of wireless sensor data readout methods exist. The first approach is based on 

measuring the magnitude of a measurable tag performance indicator, e.g. threshold power 

or backscattered power level, at a certain frequency. In an alternative approach, the opti-

mum operating frequencies are measured. Here, the optimum operating frequency point 

refers to the frequency point at which the measurable tag performance indicator is at its 

optimal level, e.g. the lowest threshold power level. The creation of the transfer function 

from both readout methods is illustrated in Fig. 7. 

Both readout methods have their benefits and drawbacks. The benefit of the magnitude 

based method is that requires only transmit power sweeping capabilities from the reader 

unit, allowing for low cost system components, while the readout method based on the 

frequency plane on the other hand needs both power and frequency sweeping capabilities. 

The main drawback of the magnitude based readout is that it dependent on the distance 

between the reader and sensor tag, thus only static measurements are possible. On the 

other hand, the readout based on the optimal operating frequency is not dependent on the 

distance and allows dynamic measurements.  

Passive sensor tag performance can be characterized mainly by the sensitivity, accuracy, 

dynamic range and resolution of the sensor. The two latter ones are limited by the regula-

tions concerning passive UHF RFID systems as well as by the reader unit hardware. The 

dynamic range of the magnitude based readout is limited by the EIRP levels while the 

allowable bandwidth limits the dynamic range of the optimum operating frequency meth-

od. The sensor resolution, i.e. the smallest measurable difference in the obtained sensor 

stimulus, is mainly limited by the reader hardware. In the magnitude readout, the mini-

mum transmit and received power steps limit resolution while in the optimum operating 
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frequency point readout, the minimum transmit and received power steps as well as the 

smallest transmit frequency step affect the readout resolution. 

The main challenges related to the use of sensor tags utilizing tag antenna based sensing 

are induced by the disruptive environmental factors. These factors are multipath propaga-

tion, unwanted tag antenna loading and mutual coupling with adjacent tags. These factors 

cause changes to the sensor transfer function, which is usually characterized in the ab-

sence of the harmful environmental factors. Thus, false sensor readings are possible if 

special care is not taken into consideration. 

In order to provide added robustness against the distortions by the application environ-

ment two improved readout methods have been developed. In [76], the authors suggest 

that the ratio between the threshold power and backscattered power levels should be used 

to extract sensor data. The benefit is that ideally, the effects of reader antenna to sensor 

tag distance and multipath propagation are removed. An alternative novel readout method 

called a dual port sensing concept for more robust sensor data readout is suggested in 

[P1].  The readout method in [P1] is based on equipping the sensor tag with two ports: a 

sensor port and a reference port. The sensor port, an RFID IC, is connected to a tag an-

tenna which is affected by certain stimulus, while the reference port is connected to an 

antenna immune to the stimulus. This allows the measurement of relative differences in 

between the port operating parameters. The advantage of this readout method is that the 

effects of parasitic tag antenna loading by the surrounding materials and adjacent tags are 

minimized as both tag antennas are exposed to similar de-tuning effects. In other words, 

the relative differences in the operating characteristics should remain the same. Alterna-

tively, the reference tag can be used to perform on-site calibrations to minimize the ef-

fects of multipath propagation and parasitic material loading. 

An additional method to increase sensor tag robustness toward environmental interference 

is to use retrodirective antenna topologies [79] [80] to reduce the tag’s threshold power 

dependency on the angle of incidence of power from the reader unit. This allows sensor 

tags to be queried from a wider reader antenna to tag angles. 

Fig. 7. Illustration of the calibration procedure. The sensor is exposed to different amount of 

sensor stimulus T1-T3. The tag performance indicators are measured at each stage, which allows 

the creation of transfer function linking tag performance metric to the sensor stimulus. 
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3.4 Case studies 

Passive humidity sensor tag  

A passive humidity sensor tag, shown in Fig. 8, was developed in [P1]. The sensor tag 

was especially designed to be embedded inside or in between walls, floors and ceilings to 

monitor their humidity levels. This would allow the early detection of possible water 

damages. The sensor tag could be also used to detect changes in air humidity. The passive 

humidity sensor tag is equipped with a dipole-type tag antenna and Higgs-3 passive RFID 

IC from Alien Technology. Kapton
®

 HN500, 125 µm thick a polyimide film is used as 

the tag substrate. The overall dimensions of the tag are 106 mm by 39 mm.  

The humidity-sensing feature of the tag is based on tag antenna material loading by its 

polyimide substrate material Kapton
®

 HN. Polyimides have high water absorption rates 

and once they absorb moisture from the air, their permittivity changes. The change in the 

permittivity of polyimides is due to a hydrolysis effect, which causes the polyimid’s car-

bon-nitrogen bonds to break, allowing for greater electrical polarization [81]. The de-

pendency between the relative permittivity of Kapton HN εr(H) and relative air humidity 

H is given by  

	���� � ���� � ����� � ��     (27) 

The humidity-dependent substrate permittivity is transformed into humidity-dependent 

capacitance produced by the novel two sided tag antenna design that utilizes a series of 

parallel plate capacitors. The increased substrate permittivity loads the capacitors, altering 

the input impedance of the tag antenna accordingly. Ultimately, this leads to a humidity-

dependent tag threshold power. 

The overall dimensions and the amount of the parallel plates were optimized to produce 

maximal changes in the input impedance of the tag antenna, while offering good imped-

ance matching. To increase the read range of the tag, additional length was added to the 

Fig. 8. Structure of the passive humidity sensor tag. [P1]. 
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dipole arms to increase the tag antenna gain. Finally, a T-type impedance matching net-

work was added to prove complex-conjugate matching with the input impedance of the 

RFID IC.  

The sensor tag was fabricated on the Kapton
®

 HN film using inkjet-printed Harima NPS-J 

silver nanoparticle ink. Inkjet-printing was needed as the accurate alignment of the oppos-

ing parallel plates was crucial for correct operation in terms of operation frequency and 

humidity-sensitivity. The humidity sensor tag could be also fabricated using copper. This 

would increase the attainable read ranges as copper has higher conductivity than the silver 

nanoparticle ink (33 MS/m vs. 58 MS/m). 

A transfer function, linking the optimum power-on-tag frequency point and ambient air 

humidity was created by a series of humidity controlled measurements in an anechoic 

chamber. The characterization was done at 24 ˚C in four different relative air humidity 

levels, 11%, 33%, 75% and 97% using saturated salt solutions with different equilibrium 

relative humidity levels [82]. The relation between the lowest power-on-tag frequency 

and relative air humidity was found to be a linear function given by 

-�.-�(6� � ����
��� � � � ���������	���.   (28) 

The transfer function is also presented in Fig. 9. The measured sensor performance pa-

rameters are listed in Table 3. 

Table 4. Measured sensor performance parameters [P1]. 

Sensitivity Accuracy Resolution 

198.8 kHz/%RH ± 4.0 %RH 0.5 %RH
*

 

*

 with 100 kHz transmit frequency steps 
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Fig. 9. Measured humidity-sensitivity and theoretical read range at 24 ˚C in 

different relative humidity levels. [P1]. 
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The theoretical read range of the passive humidity sensor tag was also measured as a 

function frequency at different air humidity levels. The maximal read range of the sensor 

tag was found to vary between 7.6 meters and 8.7 meters in free space.  

Passive dipole-type temperature sensor tag 

A novel passive dipole-type temperature sensor tag was developed in [P2]. The tempera-

ture sensor, shown in Fig. 10, tag finds applications in structural and object temperature 

monitoring. Thus, it could be used ubiquitously inside walls and floors in homes, to detect 

the surrounding temperature. Linking this sensor data with the central heating system 

could be used to reduce energy consumption in smart home applications. Alternatively, it 

can be used for cold chain monitoring in supply chains. 

The passive temperature sensor uses a passive Higgs-3 RFID IC and a copper made di-

pole-type tag antenna as its main components. The impedance matching is implemented 

using sections of meander lines and T-type matching. Distilled water contained inside a 

container made out of polymer is situated on top of the impedance matching section. Low 

cost FR-4 was used as the tag substrate. The overall dimensions of the tag are 96 mm by 

32 mm. 

The operation principle of the sensor tag in [P2] is based on the loading of the tag anten-

na’s impedance matching network with distilled water. Distilled water is an excellent 

ultra low cost and environmentally safe temperature-sensing substance as its permittivity 

is a linear function of temperature at the global UHF RFID band [83], see Fig. 10. Using 

distilled water does not cause significant radiation losses and allows long attainable read 

ranges. The range of measurable temperatures is limited by the freezing and boiling 

points of water. Although, the use of water was demonstrated in [P2], any other low loss 

materials with permittivity variations due to the temperature could be used. 

The varying permittivity of water is sensed by the sections of meander-lines and T-type 

impedance matching network. As the permittivity of water changes, the self-capacitance 

Fig. 10.  One the left: layout of the sensor tag. On the right: dielectric properties of distilled water

at 900 MHz [82]. [P2] 
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and inductance produced by these sections is altered. Thus, the power transfer between 

the tag antenna and RFID IC is temperature-dependent, allowing for a wireless measure-

ment of temperature using the threshold power or backscattered power. The measured 

power-on-tag and the obtained transfer function are presented in Fig. 11. 

In [P2], the frequency point of the lowest power-on-tag, i.e. the optimum operating fre-

quency point, was used to monitor changes in the ambient air temperature. The depend-

ency of the frequency of the lowest power-on-tag level was characterized as a function of 

ambient temperature in an anechoic chamber. The function  relating the frequency point 

of the lowest power-on-tag to the temperature was found to be linear and given by 

-�.-�(6� � ������� � . � ���������/�0.   (29) 

The measured sensor performance parameters for the dipole type-temperature sensor tag 

are listed in Table 3. 

Table 5. Measured sensor performance parameters [P2]. 

Sensitivity Accuracy Resolution Response time 

729.5 kHz/˚C ± 0.5˚C 0.14 ˚C
*

 16 s/˚C
**

 

* 

with 100 kHz transmit frequency steps 

** 

in still air 

The dipole antenna allows the temperature tag to be read omnidirectionally in the H plane 

from a maximal distance of 7.5 meters. The read range of the sensor tag is varied by ap-

proximately 0.5 meters depending on the temperature.  

Passive dual port temperature sensor tag 

A further developed temperature sensor tag is presented in [P3]. Its capability to sense 

temperature is also enabled by the material loading by distilled water or by any other ma-

terial with a temperature-dependent permittivity. The sensor tag exploits the “dual port 
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sensing” concept presented in Section 3.3.2 and its structure is presented in Fig. 12. The 

overall dimensions of the sensor tag are 90 mm by 78 mm by 6.8 mm. 

The dual port temperature sensor tag consists of two tags integrated together. The temper-

ature is sensed by a patch-type tag antenna, which has a distilled water filled cavity within 

its substrate. A slot antenna attached to the backside of the patch antenna acts as the ref-

erence. Both tag antennas are equipped with a Higgs-2 passive UHF RFID ICs. The IC 

connected to the patch is called the sensor port and the IC connected to the slot is known 

as the reference port. The changes in the temperature are obtained by measuring the rela-

tive differences in the operation characteristics of the two ports. 

The use of high permittivity water allows significant miniaturization of the patch. Usual-

ly, the sizes of patch antennas are around λ/2, but the use of high permittivity water and 

substrate allows reduces the size to around λ/5. The impedance matching between the 

patch antenna and Higgs-2 RFID IC was implemented with meander lining. The patch 

antenna was fed directly from the edge of the patch since it resulted in a sufficient amount 

of inductive reactance. The drawback of this solution was the high real part of the patch 

antenna input impedance. It was found that the quality of the impedance matching con-

trols the tag’s temperature-sensitivity: increasing the power transfer between the IC and 

antenna reduced the temperature sensitivity and vice versa. A choice was made to provide 

good impedance matching, as the use of dissipative distilled water would already reduce 

the attainable read ranges. 

Fig. 12. Structure of the dual port temperature sensor tag [P3]. 
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The choice to use a slot antenna as the reference was due to the close proximity of the 

patch antenna’s ground plane, which introduces additional self-capacitance. The inherent 

inductive input impedance of the slot antenna made the impedance matching less compli-

cated and allowed relatively simple antenna geometry. An additional air gap was needed 

to reduce the coupling between the patch and slot antennas as well as to increase the slot 

antenna’s radiation efficiency sufficiently. The mutual coupling between the ports plays 

an important role in the overall accuracy of the sensor tag, if the coupling is too great, the 

accuracy of the sensor decreases. In simulations, the coupling between the two ports was 

below -28 dB at the operation band of the sensor, which is sufficient to enable high sensor 

accuracy [P3]. 

The measured, normalized threshold power radiation patterns [84] of both tags in [P3] 

confirm that the reference port is also readable from the broadside direction of the patch, 

even though it is located behind the patch antenna’s ground plane. The presence of the 

slot antenna also causes the patch antenna to be readable from its backside. 

The temperature characterization performed on the sensor tag, showed that the threshold 

power of the patch-type tag changes with the temperature while the slot-type tag’s thresh-

old remains fairly stable. Transfer functions linking the relative differences in port 

threshold power levels (∆Pth), at 940 MHz, and optimum operating frequencies (∆fopt) 

with ambient temperature are listed in Table 6 and shown in Fig. 13. 

Table 6. Measured sensor performance parameters [P3]. 

Readout method Transfer function Sensitivity Accuracy Resolution 

ΔP
th 4914-0.28 .T  0.28 dB/˚C ± 1.6 ˚C 0.36 ˚C (0.1 dB steps) 

Δf
opt

 321+620- .T.  620 kHz/˚C ± 2.4 ˚C 0.81 ˚C (0.5 MHz steps) 

 

Fig. 13. Transfer functions of the dual port temperature sensor tag [P3]. 
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The maximal theoretical read range of the sensor varies between 3.4 to 4.6 meters in free 

space. However, the read range can be easily increased by utilizing a more sensitive RFID 

IC. For example RFID IC used in the design Higgs-2 has a power sensitivity of -14 dBm, 

while a newer Higgs-3 has a power sensitivity of -18 dBm. 

The practical performance of the dual port temperature sensor tag was examined in three 

different environments, shown in Fig. 14. These environments are all electromagnetically 

different, with different amounts of external interference. The readings produced by the 

sensor tag were compared against a traditional digital thermocouple thermometer. In all 

test cases, the sensor tag produced readings comparable to the digital thermometer, see 

Table 7. Of the two readout methods studied, the port threshold level difference was 

found to produce temperature readings closer to the digital thermometer. The basement 

environment showed the largest deviations in the readings between the sensor tag and 

digital thermometer. This was due to the high level of reflections and multipath propaga-

tion inside the room with walls, floors and ceilings made out of steel reinforced concrete. 

Table 7. Measured temperature levels in different environments [P3]. 

Environment 

Thermocouple 

reading 

Sensor tag reading 

(ΔP
th

) 

Sensor tag reading 

(Δf
opt

) 

Basement (20.4 ± 1.1) ˚C (17.6 ± 1.9) ˚C (17.2 ± 2.6) ˚C 

Office (21.6 ± 1.1) ˚C (21.8 ± 1.9) ˚C (23.9 ± 2.6) ˚C 

Outdoor (27.5 ± 1.1) ˚C (27.4 ± 1.9) ˚C (27.8 ± 2.6) ˚C 

 

Fig. 14. Testing locations: (a) basement (b) office (c) outdoors [P3]. 
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4. Inkjet-Printed UHF RFID tag antennas 

In the concept of Internet of Things all the objects in the world would be uniquely identi-

fiable, they would contain information that could be queried by mobile, hand held, or 

stationary reader devices. Some of these objects could communicate and share infor-

mation between them, without the presence of specific reader units. As it was already 

noted in Section 1.1, UHF RFID is one of the technologies of today that could enable the 

Internet of Things.  

However, many challenges related to the pervasive use of UHF RFID technology still 

exist [85]. Most of the challenges are related to system level issues, such a communica-

tion protocols and standardization. Issues regarding hardware level include the cost of 

tags and their integrability of tags to various everyday objects, which arises from the 

modern fabrication methods of tag antennas. 

Photolithography is widely used to fabricate the RFID tag antennas of today, which are 

typically made out of copper or aluminum. Photolithography requires many steps such 

applying and developing the photoresist, etching, electroplating etc. Photolithography 

generates great amounts of wastage, leading to inefficient use of materials. Furthermore, 

the solvents used in the process are corrosive. This limits the types of substrates suitable 

for photolithography. To solve this problem, RFID tags are fabricated on polymer inlays, 

which are compatible with the photolithography process. After fabricating and embedding 

the tags into a polymer, an adhesive layer is applied on one of the outer sides of the pol-

ymer inlay. This allows the RFID label to be attached to various products. However, la-

beling products with RFID tags after they have left the production line causes extra costs 

and delays. This issue can be seen as one of the major obstacles in the way of the Internet 

of Things. 

Additive, direct write fabrication methods, i.e. printed electronics, are capable of produc-

ing low cost tags directly on a wide variety of substrate materials. In printed electronics, 

circuits and components are fabricated using conductive inks by screen printing, flexog-

raphy, gravure, offset lithography or inkjet-printing. These fabrication methods are con-

sidered to be additive as ink is selectively deposited onto substrate materials to form cir-

cuits and components. The additive nature of printed electronics, which results in low 

material wastage, is one of the reasons for its low cost. Another fact reducing the cost of 

fabricated components is that printable electronics allows the use of novel low cost sub-

strate materials for electronics manufacturing, e.g. renewable materials such as wood and 

paper. Thus, the use of printable fabrication methods alleviates the challenges in the inte-

grability of RFID tags directly into typical objects of everyday use as the need for trou-

blesome tag labeling is removed. 
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4.1 Fundamentals of drop-on-demand inkjet-printing  

Inkjet-printing is a form of direct writing technology for digitally controlled, non-impact, 

no-mask deposition of functional materials. Inkjet-based direct writing involves the for-

mation and deposition of a sequence of droplets of liquid material, often called an ink or 

fluid. Two types of inkjet-printing methods exist: continuous and drop-on-demand 

(DOD). In the continuous method ink droplets are continuously formed and guided to 

place using electric fields, while in the DOD inkjet-printing droplets are formed only as 

they are needed [86]. Now on, DOD inkjet-printing is focused as it was the method of 

choice in the work presented in [P4-P7].  

A DOD inkjet-printer, in Fig. 15-16, consists of an ink reservoir connected to print head 

and a platen that carries the printing substrate. Ink droplets are formed by the print head 

through thermal, piezoelectric, electrostatic or acoustic excitation. The most common 

method in order to form droplets is through electrically driven piezoelectric element in-

side the print head. In such excitation, the ink from the ink reservoir is poured into a cavi-

ty inside the print head. A droplet is ejected from the nozzle of the printed as external 

voltage pulse is applied over the piezoelectric material, typically lead zirconium titanate. 

The applied voltage causes a physical deformation in the piezoelectric material, which in 

turn generates a pressure wave inside the print head cavity and ejects the droplet. The 

volume of the droplet is covered by the volume of the print head and it can vary between 

500 fl to 2 nl [86]. The platen, carrying the printing substrate, is located under the print 

head. The platen and print head can be moved by electric precision motors and thus lines 

can be printed on the substrate. The diameter of the landed droplet depends on several 

process parameters such as: ink viscosity, ink temperature, jetting voltages and frequency 

as well as the surface properties and temperature of the substrate material. After the fea-

tures have been formed on the substrate the ink needs to be cured or sintered to make it 

solid (in case of dielectrics) or conductive (in inks with metallic content).  

Fig. 15. Simplified schematic of a drop-on-demand inkjet-printer. 
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Inks used in the inkjet-printing process can be of conductive, semi-conductive or dielec-

tric nature. Inks utilized in inkjet-printing need to be low viscous liquid phase materials 

[86]. Typically, conductive inks are metallic nanoparticle suspensions consisting of nano-

particles of metals and solvents or conductive polymers. Metallic suspensions exhibit 

higher conductivities, but they are also more expensive than the conductive polymers. 

Due to their better conductivity, metallic suspensions are generally used over conductive 

polymers. 

Typically, the metals used in the conductive inks are silver, copper or gold nanoparticles 

with 2-4 times higher resistivities than their bulk counterparts. Table 8 lists some of the 

common inkjet-printable metallic suspensions. Silver is preferred due its high conductivi-

ty and anti-oxidation properties [87]. The drawback of silver and gold is their price, 

which makes them less attractive to be used in mass production. Copper, on the other 

hand, is cheaper, but has lower conductivity and is easily oxidized. The use of tiny metal-

lic nanoparticles is favored as it increases the stability of the suspension: small particles 

are less likely to sediment and clog the nozzles. In addition, using small particles with 

high surface to volume rations reduces the sintering temperatures [88].  

In the sintering stage, the small nanosized metallic particles bond together to form a solid 

layer of metallization, see Fig. 17. Sintering is a relatively low temperature process; the 

melting point of bulk silver is around 960 ˚C, whereas the melting point of silver nanopar-

Fig. 16. Dimatix DMP-2800 a DOD inkjet-printer used to fabricate tag anten-

na samples in [P4,P6-P7]. 

Fig. 17. Example of silver ink sintering: a) before sintering b) sintering at 180°C for 10 

minutes. [114] 
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ticles is between 150 ˚C to 300 ˚C, depending on the particle diameter. The sintering tem-

perature and time have an effect on the resistivity of the metallic layer: higher tempera-

tures and longer exposure times lead to lower resistivity. The sintering can be done using 

traditional or convection ovens or by laser if shorter sintering times are required [89]. [90] 

Table 8. Properties of typical conductive inks for inkjet-printers. 

Ink 

Particle 

size [nm] 

Metal con-

tent [wt%] 

Resistivity 

[µΩ·cm] 

Skin depth at 

900 MHz [µm] 

Sintering condi-

tions [˚C, min] 

NPS-J (silver) 

[91] 

12 nm 62-67 3 2.9 220, 60 

NPS-JL (silver) 

[91] 

7 nm 52-57 4-6 3.4 - 4.1 120-150, 60 

CCI-300 (silver) 

[92] 

Few nm 19-21 4-80 3.4 - 15.0 100-350, 60 

NPG-J (gold) 

[91] 

7 nm 50-55 12 5.8 250, 60 

4.2 Inkjet-printing in UHF RFID tag antenna fabrication 

Inkjet-printing UHF RFID tag antennas promises to bring to big benefits that can aid 

RFID technology to become more wide spread and eventually to enable the existence of 

Internet of Things. The biggest benefit of inkjet-technology is that it allows tag antennas, 

or in the future even the whole tag [93], to be printed directly on to products or product 

packages already at the production lines. The use of inkjet-printing allows tags to be 

printed on flexible or rigid, planar or even 3-D, smooth or rough surfaces. In addition, as 

the method is non-impact, non-corrosive and low temperature, it allows the utilization of 

sensitive and low cost substrate materials: for example, the use of ultra-low cost paper 

and wood is demonstrated in Section 4.4. Furthermore, new the use of a ceramic-polymer 

composite as a tag antenna substrate is validated in the same section.  

Another benefit of inkjet-printing in tag antenna production is that it allows rapid proto-

typing with low cost. This is due to the fact that patterns formed by inkjet-printing are 

formed from digital images that can be switched in an instant to fabricate other designs. 

No masks are needed which also speeds up prototyping and enables low cost setup costs. 

In addition, inkjet-printing enables the fabrication of low cost application-specific tag 

antennas: these types of tags are designed to operate specifically on certain substrate, or 

on a certain sized or shaped object. 

The main challenge related to inkjet-printed tags at the moment is the cost of conductive 

inks as noted before. However, the current development of conductive inks, suitable for 

inkjet-printing aims to bring low cost inks with higher conductivities. Development ef-

forts are targeted toward the use of graphene and copper. These advancements suggest 
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that the cost of inkjet-printable inks should be dramatically lowered in the future. None-

theless, inkjet-printed tags suffer also from a fundamental property of the fabrication 

method:  an inherent property of inkjet-printed conductors is that their thickness is in the 

order of a few micrometers at most and that their conductivity is well below the bulk val-

ue of the metal particles. This creates challenges fabricating antennas with high efficien-

cies due to the power losses in the inkjet-printed conductors.  

In general, power losses in arbitrary conductors can be calculated using the time-average 

power entering the conductor. Assuming an interface between a lossless medium and per-

fect conductor, with a cross-section S, where the field is incident from z<0 and propagates 

into the conductor at z>0, the time-average dissipated power becomes [94] 
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where E and H  are the incident electric and magnetic field intensity vectors, Ht and Js are 

the tangential magnetic and surface currents on the conductor, Rs stands for the sheet re-

sistance *
9

�

+. The sheet resistance of a rectangular conductor, conducting direct current 

(DC), can be calculated using [95] 
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where σ is the conductivity of the material and t is the thickness of the conducting layer. 

At DC, the whole cross-section of the conductor carries the current. However, once alter-

nating current is driven through the conductor, the current flows mainly on the surface of 

the conductor due to the skin effect. At high frequencies, the electric field entering the 

conductor attenuates exponentially. Again if a x-polarized electric field is incident on a 

conductor with conductivity σ that occupies z>0, the electric field can be stated as [95] 

����� � ��<�
�=>

,     (32) 

This leads to exponentially decreasing current density within the conductor [95] 
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where Ex0 is the magnitude of the electric field on the surface of the conductor and α is 

the attenuation constant, which in good conductors can be defined as α=23-�'. The in-

verse of the attenuation constant is called the skin depth of the conductor δ, which de-

scribes the distance from the conductor’s surface where the current density has dropped to 

1/e from its initial magnitude. The total current flowing I through a conductor with a 

cross-sectional area S can be calculated by integrating the current density over the 

face! � 1 
����. For a rectangular conductor with thickness t, width w and length L, the 

integration yields [95] 
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The resistance of such rectangular conductor can be calculated by [95] 

� �
�

�
�

�
��
�

���
��
�����

	
��
�

�

������
	�/��

�

�
� ��

�

 
,    (35) 

From Eq. (35) it is visible that is the conductor has low thickness compared to the skin 

depth of the conductor, the effective resistance and power losses of the line will increase. 

[96] 

In Fig. 18, the sheet resistance of a non-magnetic conductor with 20 MS/m conductivity is 

plotted as a function of its thickness in terms of skin depths at 900 MHz (skin depth for 

such conductor at 900 MHz is 3.75 µm).  The minimal sheet resistance of a given conduc-

tor can be calculated by Rs=1/σδ. Fig. 18 shows that once the thickness of the conductor 

is around five times the skin depth, the increased resistance due to skin effect is nearly 

removed. Therefore, to fabricate low loss conductors from a given conducting material, 

their thickness should be around four to five times the skin depth.  

The abovementioned discussion about the power losses is valid for conductors with rec-

tangular cross-sectional areas. The cross-sectional area of an inkjet-printed conductor is 

usually quite irregular and depends heavily on the printing process parameters [97]. 

Nonetheless, the effects of conductor thickness and conductivity are similar in inkjet-

printed conductors as well. 

Typically, the thickness of inkjet-printed conductors ranges between 0.5 µm to 2 µm per 

printed layer [97]. For example, in [P4] it was found that with the particular settings the 

silver ink metallization was around 1.4 µm per layer as shown in Fig. 18. The thickness of 

the conductor is affected by several process parameters such as, type of ink and substrate, 

substrate surface tension, printing resolution, drop volume, jetting waveform and the tem-

perature of the substrate. The data in Table 8 shows that the skin depth of inkjet-printed 

conductors and especially their low loss thickness (5δ) are several times thicker than the 

thickness of a single layer of ink. This implies that to produce relative low loss inkjet-

Fig. 18. On the left: Micrograph from a cross-section of an inkjet-printed conductor. 

On the right: Sheet resistance of a non-magnetic conductor (20 MS/m) at 900 MHz. 
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printed tag antennas they need to be printed using several ink layers [98].  

The final challenge of inkjet-printed UHF RFID tag antennas is related to the mass pro-

duction of tag antennas. The production speed of inkjet-printing, at least at the moment, is 

quite low compared to other methods of printed electronics, e.g. roll-to-roll gravure print-

ing. This is due to the movement speed and nozzle count of print heads. At the moment, 

the movement speed of the print head is around 1 m/s. On the other hand, increasing the 

amount of nozzles depositing ink will lead to faster production. Moreover, sintering takes 

time, but advanced laser sintering could be used to reduce the required time. 

4.3 Optimization techniques for improved cost-efficiency 

This section presents work, which introduces a selective deposition method [P4] and a 

novel tag antenna structure [P5] to reduce the cost of inkjet-printed UHF RFID tag anten-

nas, while maintaining sufficient read range performance. The cost reduction is done by 

minimizing the amount of ink needed to fabricate tag antenna structures. 

4.3.1 Selective deposition of tag antennas 

In order to reduce the amount ink required to fabricate high performance tags, a selective 

ink deposition method is presented in [P4]. The method relies on the identification of are-

as on the tag antenna, which exhibit high current density levels using an electromagnetic 

simulator. In the selective deposition, the antenna pattern is first printed fully using a sin-

gle layer, then additional layers of conductive ink are added to the areas with high current 

density levels. In theory, most of the power dissipation occurs in these areas and the addi-

tion of ink to these areas should yield the biggest impacts on the antenna efficiency – thus 

improving the cost-performance ratio of the tag antenna.  

In [P4], the selective deposition method was evaluated on the small dipole-type tag an-

tenna geometry presented, later referred as the test tag antenna. Ansoft HFSS, a finite 

element based EM simulator was used to identify the areas with high current densities on 

the test tag antenna. The main challenge in the selective deposition of tag antennas is to 

identify the areas with sufficient current density levels, which justify the increase in ink 

thickness: too low level results in the inefficient use of ink, while selecting excessively 

high level leads to poor performance. The solution to this challenge in [P4] was to create 

several different deposition masks based on different current density levels. Three differ-

ent masks were created, all based on different levels of surface current density. These 

masks add ink onto areas which exhibit 5, 10 and 40 times higher current density levels 

than the current density found in the center regions of the dipole arm ends. Furthermore, 

two masks were created for additional comparison. These masks are not based on any 

simulations, but on empirical knowledge. They add ink to the areas of the impedance 

matching network, as it exhibits the highest current density levels and to the dipole arms 

only. The masks used in [P4] are presented in Fig. 19. 
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Fig. 19. Selective deposition masks used in [P4], the red color indicates high surface current den-

sity levels that exceed the given threshold indicated within the brackets. 

The effectiveness of the selective deposition was compared against a method, where the 

full antenna pattern was printed using multiple layers or ink.  Samples of tag antennas 

fabricated using selective and full deposition were printed using a Dimatix DMP-2800 

inkjet-printer with 10 pl nozzle heads on to 50 µm thick Kapton
®

 HN polyimide substrate. 

Harima NPS-JL was used as the conductive ink. The printing resolution was set to 282 

dpi as it was found optimal for the combination of Kapton
®

 HN and NPS-JL. A passive 

Higgs-3 RFID IC was attached to the inkjet-printed tag antennas using a conductive 

epoxy resin. The tag antennas with full layers were printed using one to five layers of ink, 

while the selective deposition, on top of the single full layer, was done using one to four 

layers. The antennas were sintered at 200 ˚C for 40 minutes between each printed layer. 

Cross-sectional images, shown in Fig. 18, of the inkjet-printed samples in [P4] revealed 

that the mean thickness of a single layer of ink was around 1.4 µm close to the impedance 

matching network, which is about a third of the skin depth at 900 MHz. At five printed 

layers, the silver layer was around 1.7 times the skin depth. However, it should be noted 

that the thickness of the conductive layer may have large variations from the measured 

values in different parts of the tag antenna and depending on the printing direction.  

Fig. 20 presents the measured theoretical read range of the tag’s equipped with the test tag 

antenna printed using selective deposition masks as well as with full layers. The dots rep-

resent measured values, the solid lines are polynomial fits of the measured data and the 

dashed lines illustrate the estimated increase in the tag’s read range if more ink would be 

added using the particular mask.  

The results show that the tag samples with tag antennas printed using full layers had the 

highest read range after printing five layers in total. The 5 mask selective deposition is the 
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highest performing selective deposition mask. The estimated trend of the read range 

performance of 5 mask shows that it could match the read range of the full increase case 

is more layers would be added. All samples printed with the 5, 10 or 40 selective deposi-

tion masks exhibit greater peak range to ink consumption ratios, i.e. cost-performance 

ratios, than samples printed with multiple full antenna layers. The highest cost-

performance ratio is obtained by using the 10 mask selective deposition as it produces 

relatively long read range with low ink consumption. The effectiveness of the selective 

deposition is validated by examining the results obtained from the samples printed using 

the matching network and dipole arm increase masks. Increasing the ink layer on the 

matching layer is less efficient than 10 mask and 40 mask increases. The worst perform-

ing selective deposition mask is the dipole arm increase. 

Table 9. Calculated reduction in total ink consumption at different performance criteria [P4]. 

Performance criteria Selected deposition mask 

Possible savings in ink consump-

tion vs. full increase 

7 m 5 mask (projected) 22.1 % 

6 m 5 mask 31.1 % 

5 m 10 mask 49.8 % 

4 m 10 mask 41.6 % 

The measurement results from Fig. 20 allow the determination of the amount of possible 

ink savings due to the use of selective deposition. The amount of ink savings can be cal-

culated against the full increase assuming different performance criteria for the tag read 

range, as shown in Table 9. The assumption of different performance criteria is justified 

since not all applications require the maximal read range from a given tag design. Table 9 

0 0.25 0.5 0.75 1 1.25 1.5 1.75 2 2.25 2.5

3

3.5

4

4.5

5

5.5

6

6.5

7

7.5

Printed ink volume [μl]

M
e
a
s
u
r
e
d
 
p
e
a
k
 
r
e
a
d
 
r
a
n
g
e
 
[
m

]

 

 

Full increase

5 mask

10 mask

40 mask

Dipole arm increase

Matching network increase

Fig. 20. Measured peak read range of the samples as a function of ink consumption [P4]. 
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shows that significant reductions in the total amount of ink are available by utilizing the 

selective deposition. This reduction in the ink consumption can be related directly to the 

cost of a tag antenna.  

An alternative method for reducing ink consumption is presented in [99]. In this method, 

the tag antenna is divided into grids and only the edges of the grids are printed. The au-

thors have reported reductions of over 50 % in the antenna surfaces areas. The drawback 

of such gridding compared with the selective deposition is that it reduces antenna effi-

ciency and alters the input impedance of the antenna. These changes increase as the an-

tenna is divided into smaller and smaller grids. Eventually the antenna’s radiation effi-

ciency and impedance matching to the load, e.g. RFID IC, are degraded to a point, which 

do not enable reliable tag operation.  

4.3.2 Narrow-line UHF RFID tag antennas 

In addition to the selective deposition method, novel tag antenna structures can be utilized 

to minimize the consumption of conductive inks. One example of such tag antenna’s, 

called the narrow-line tag antenna is presented in [P5]. The design methodology was to 

develop a dipole-type tag antenna for UHF RFID systems that utilizes the fine line print-

ing capabilities of inkjet-printers. Commonly, one of the design aspects of UHF RFID tag 

antennas is to minimize their physical size. In the case of the narrow line tag, an alterna-

tive approach was used. The overall size of the tag antenna was kept fairly large, to offer 

good performance, while minimizing the widths of the dipole arms to reduce its surface 

area and thus ink consumption.  The small line widths and surface area also allow for 

extremely fast production time by inkjet-printing. 

The narrow-line tag antenna, depicted in Fig. 21 is roughly half-wave length long. The 

physical foot print of the antenna was slightly reduced by folding the dipole arms from 

Fig. 21. Narrow-line tag antenna geometry and key dimensions [P5]. 
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their ends. The overall dimensions of the tag antenna are L=100 mm and W=7.6 mm. The 

dipole arms were fabricated with three different line widths (w): 50 µm, 125 µm and 200 

µm. The arm width affects the tag antenna’s input impedance and thus each width needed 

optimizations in to the tag antenna’s key dimensions. The optimization was done using 

Ansys HFSS 12. In the optimization, the antenna and impedance matching network (dou-

ble T-matching network [100]) dimensions were tuned to provide good impedance match-

ing to the input impedance of the RFID IC of choice, Higgs-3. Reducing the arm width 

increases the tag antenna’s input resistance and inductance, making the complex-

conjugate matching challenging. This is especially apparent in the case where the arms 

were 50 µm wide as only 70 % of the simulated power available from the antenna is 

transferred to the IC.  

The narrow-line tag antennas were fabricated using ITI XY MDS 2.0 inkjet-printer. The 

conductive ink was the NPS-J silver nanoparticle ink and it was deposited on a 50 µm 

thick Kapton HN polyimide film using 600 dpi as the resolution. Samples with all three 

different arm widths were printed using one to four ink layers and sintered after applying 

the final conductive layer at 200 ˚C for 60 minutes. 

The measured theoretical read ranges of the inkjet-printed narrow-line tag antenna sam-

ples are presented in Fig. 22. The read range levels behave as excepted: thicker lines and 

conductive layers reduce the amount of power losses in the antenna and enable longer 

read ranges. However, the long distances of the read ranges are very surprising. Samples 

with 50 µm arm width exhibit peak read ranges from one meter to 4 meters. The peak 
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read range of samples with 125 µm arm width ranged from 3.5 to 5.1 meters. Narrow-line 

tags with 200 µm arm width were readable from distances between 5.1 to 7.2 meters. In-

terestingly, the read range performance of the 200 µm arm width samples was already 

saturated after two layers of NPS-J silver nanoparticle ink. 

A read range comparison was performed in [P5] between a tag equipped with the inkjet-

printed narrow-line tag (200 µm arm width, 3 layers of ink) and a high performance 

commercial copper-made dipole-type tag ALN-9640. Both tags are equipped with a pas-

sive Higgs-3 RFID IC. The peak read range of the ALN-9640 is slightly over three meters 

longer than the peak read range of tag with the inkjet-printed narrow-line tag antenna. 

However, at the U.S. band the read range difference is less than one meter. The perfor-

mance of the inkjet-printed narrow-line tag antenna is exceptional taking into account that 

the ALN-9640 is made out of copper and that the narrow-line tag requires 83% less con-

ductor surface area. Assuming that both antennas would be inkjet-printed, the narrow-line 

tag antenna would be almost five times cheaper in terms of ink costs and faster to fabri-

cate. 

The results in [P6] show that high performance inkjet-printed tag antennas can be de-

signed with extremely narrow line width and low conductor thickness. The good read 

range performance of the inkjet-printed narrow-line tags was also verified in practical 

applications, once attached to different objects [101]. 

4.4 Inkjet-printed tag antennas on novel antenna substrate ma-

terials 

This section presents work, where inkjet-printing has been used to form tag antennas di-

rectly on novel antenna substrate materials, which would not tolerate the traditional cor-

rosive fabrication methods or enable novel tag antenna implementations. The demonstrat-

ed materials are birch veneer [P6], a ceramic-polymer composite [P7], ordinary paper and 

cardboard. These materials are all low-cost, but challenging as substrate materials for 

inkjet-printing. Utilization of these materials expands the applicability of UHF RFID 

technology significantly and provides further advancements toward the Internet of 

Things. 

4.4.1 Birch veneer and plywood-embedded tag antennas 

Plywood-based products are found everywhere. It is widely used as a construction mate-

rial of houses, furniture, product packages and boxes. It is estimated that the global ply-

wood market will reach 75.9 million cubic meters by 2015 [102]. Identifying and tracking 

all these products of plywood, individually using embedded passive UHF RFID technolo-

gy, could bring several benefits to our everyday lives.  

For example, in case of product defects, the origins of the product are easily discoverable. 

Similarly, product counterfeiting can be avoided by embedding the tag in to the product 
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itself: as the tag is embedded inside the plywood, product tampering is extremely chal-

lenging. In addition, embedding “dumb” wood with smart RFID labels, could enable the 

wide spread use of smart furniture and smart surfaces [103] [104]. For the manufacturers 

of the wood-based products, embedding the tags into the products could help keeping 

track of stock levels and allow the products to be tracked throughout the whole supply 

chain automatically at the item level. 

However, embedding plywood with typical passive UHF RFID tags is rather difficult. 

Plywood is made out of thin sheets of wood veneer that is bonded together with adjacent 

plies having their grain at right angles to each other [105]. The wood veneer itself causes 

major challenges to the implementation of embedded UHF RFID tags. Wood does not 

withstand high temperatures or corrosive chemicals. Traditional lithography directly on 

wooden surfaces to create the antenna pattern is therefore not an option. The use of UHF 

RFID tags in polymer-based inlays is also impossible due to the popping of the plywood: 

The adhesives used in the plywood manufacturing process do not offer sufficient adhe-

sion to such polymeric surfaces. Moreover, the thickness of such tags is often too great to 

allow them to be embedded inside plywood. 

A novel solution this problem was proposed in [P6], where for the first time, tag antennas 

where inkjet-printed directly on to pure, non-coated, 0.4 mm thick birch veneer. It was 

found that the conductive silver nanoparticle ink was compatible with the adhesives used 

in the veneer bonding process and the plywood did not pop. Furthermore, the extremely 

thin thickness of the inkjet-printed tag antennas facilitated the successful embedding pro-

cess. The RFID IC is the thickest component in the tag, approximately 100 to 200 µm in 

height. However, the foot print of the IC and its package are small enough to prevent any 

popping to take place. 

The grain of the wood plays an important role in the tag implementation. It was found 

that tags printed along the grain showed higher read ranges than the ones printed against 

the grain. This finding is explained by the fact that by depositing ink in the direction of 

the grain leads to thicker conductive surfaces. Moreover, it was found that to maximize 

the tag antenna performance and process throughput of functional antennas, most of the 

tag antenna geometry should lie on one axis (in the direction of the grain) – to align the 

antenna currents with the thicker ink traces. This design aspect was named as the one axis 

design rule, which allows the fabrication of high performance tag antenna designs on 

wooden surfaces.   

Two different tag antenna designs, based on the one axis design rule, were developed for 

birch wood veneer in [P6], these are presented in Fig. 23. The first design is called a wide 

band tag antenna as it was designed to exhibit a wide operation band. The second tag 

design, called compact tag antenna, was designed to occupy less space with the cost of a 

more narrow operation band. The key dimensions as well as the simulated power trans-

mission coefficients and realized gains are listed in [P6]. Although, the antennas were 
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printed on birch veneer, in their end application the veneers containing the antennas will 

be embedded inside plywood. Therefore tag antennas were designed explicitly for birch 

veneer substrate and their operation characteristics were optimized using HFSS EM simu-

lator while embedded inside 2 mm thick plywood.  

The inkjet-printing process of tag antennas on pure, non-coated, birch veneer involves the 

use of multiple ink layers at right angles to each other. This is done to fill the wood grain 

with ink to ensure good conductivity. The inkjet-printing process is described in detail in 

[P6]. In the final assembly of the tags, passive Higgs-3 RFID ICs were attached to the tag 

antennas using conductive epoxy resin. Both tags were later embedded inside a 2mm 

thick plywood board using a pressure of 10 bar for 300 seconds at 140 ˚C. The wide band 

tag was bonded using a wet adhesive, while the compact tag was bonded using dry sheet 

glue. This was done to validate that both adhesives can adhere to the silver ink layer to 

prevent the popping of the plywood.  

Fig. 24 presents the measured threshold power levels and theoretical read ranges of both 

tag antenna designs while on the birch veneer substrate and while embedded inside 2 mm 

thick plywood boards. On the veneer, the wide band tag is readable from distances over 

7.8 meters throughout the whole global UHF RFID band (860 MHz to 960 MHz) while 

the compact tag is readable from over 3 meters on the same band.  

Results show that once embedded, the operation bands of both tags have shifted toward 

lower frequencies due to the material loading effects. This effect highlights the need for a 

wide band or robust tag antenna designs as the electrical properties of plywood are heavi-

ly dependent on the temperature and humidity [106]- [107]. If a narrow band antenna is 

used, the tag’s readability can severely degrade at certain environmental conditions due to 

the changes of wood properties that modify the input impedance and radiation efficiency 

of the antenna. The peak read ranges of the plywood-embedded wide band tag and com-

pact tag are 10.3 meters and 7.9 meters correspondingly. Increasing the plywood layer 

thickness around the tags will reduce their read ranges due to added signal attenuation. In 

Fig. 23. Picture of directly inkjet-printed UHF RFID tag antennas on birch 

veneer. On top: wide band tag antenna. On bottom: compact tag antenna

[P6]. 
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addition, it was found that the bandwidth of the compact tag is increased, while the 

bandwidth of the wide band tag is decreased as more plywood is added around the tags. 

The tag antenna radiation patterns were also affected by the added plywood, the omnidi-

rectionality of the dipole antennas was lost in some cases, especially if the tags were 

placed asymmetrically within the plywood. 

In conclusion, it was shown in [P6] that high performance passive UHF RFID tags are 

inkjet-printable directly on to veneer and embeddable into plywood. The performances of 

the tags are more than sufficient for the requirements of the plywood industry and for the 

end users of plywood-made products: tags are readable from a few meters away even 

when stacked in tall piles of plywood or embedded inside thick layers of plywood.  

4.4.2 Ceramic-polymer composite  

Novel composite materials consisting of a base polymer doped with high permittivity 

ceramics enable significant antenna miniaturization as well as on-metal operation. In 

[P7], the use of PDMS-BaTiO3 ceramic-polymer composite was demonstrated as a flexi-

ble high permittivity substrate for an electrically small inkjet-printed tag antenna. Poly-

dimethylsiloxane (PDMS) [108] is a most widely used type of a silicon based organic 

polymer, belonging to a group of siloxanes. PDMS material has high thermal stability, 

low surface tension, and bulk viscosity. Moreover, PDMS has extremely low conductivi-

ty, making it a low loss antenna substrate material. It is transparent in nature, durable at 
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high temperatures, and hydrophobic. In elastomeric form PDMS is suitable for flexible 

substrates. Barium Titanate (BaTiO
3
) is a high permittivity ferroelectric ceramic, usually 

available in powder form. Its permittivity depends on several factors, such as grain size, 

shape and size of the crystals, impurities, and on other processing techniques. Typically, 

the relative permittivity of BaTIO
3 

ranges between ε
r
=2000...4500 [109].  

The composite can be doped with varying volume based ratios of BaTIO
3 

to control the 

permittivity and losses of the composite. In [P7] the PDMS was doped using 20 %wt of 

BaTIO
3
 with a mean grain size of 120 nm. It was estimated that the relative permittivity 

of the composite was around ε
r
=15 at the global UHF RFID band. A small circular dipole 

tag antenna was designed for the composite, presented in Fig. 25. The diameter of the tag 

antenna is 26.5 mm (~0.08λ), more detailed dimensions are found in [P7].The tag antenna 

was inkjet-printed on the composite using Dimatix DMP-2800 printer with NPS-JL silver 

nanoparticle ink. The drop volume was 10 pl and the optimal printing resolution was 

found to be 847 dpi (30 µm drop spacing). The printing was done as follows: first two 

layers of silver nanoparticle ink was deposited, this was followed by a sintering stage in 

170 ˚C for 40 minutes, after sintering two more layers were added and sintered one more 

time. Multiple layers of ink were needed to guarantee high conductivity as the high sur-

face energy of the composite caused uneven ink distribution. After printing, the tag an-

tenna was equipped with a Higgs-3 passive UHF RFID IC using conductive epoxy resin. 

The measured threshold power level, from a distance of 45 cm, and theoretical read range 

of the circular tag antenna on the composite is shown in Fig. 25. The tag is operating at 

the global UHF RFID band. Its peak theoretical in free space read range is around 2.5 

meters at 940 MHz. The optimal operating frequency could be tuned to the European or 

U.S. UHF RFID bands by adjusting the dimensions of the tag antenna’s impedance 

Fig. 25. On the left: measured threshold power level and theoretical read range of the inkjet-

printed tag equipped with a Higgs-3 RFID IC on the composite substrate. On the right: tag anten-

na layout and picture of the inkjet-printed sample. [P7] 
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matching network. The finished tag could be shielded by an additional superstrate layer of 

PDMS to protect the IC and the inkjet-printed antenna. In a such configuration, he devel-

oped tag could be used as a robust, flexible UHF RFID label for small, possibly even me-

tallic objects that is able to endure harsh environmental conditions. 

4.4.3 Paper and cardboard 

Integrating passive UHF RFID tags directly into paper and cardboard made products is 

also a challenge for the more traditional corrosive tag antenna fabrication methods. At the 

moment, the most feasible way of labeling books, magazines and cardboard boxes is to 

equip them with tags on a sticker. Such process is time consuming and generates extra 

costs. The best option would be to label the products while they are being fabricated.  

A solution to this is also brought by the fabrication methods of printable electronics. Tag 

antennas can be printed on the products while they are on the production-line using silk 

screen printing, gravure printing or inkjet-printing. In fact, the same machinery used to 

print the patterns, e.g. text and logos, on the paper-based products could be used to add 

the conductive ink or paste to form the tag antenna. Only the automated attachment of the 

RFID IC would require additional machinery. The additional benefit is that paper is an 

ultra-low cost, renewable and environmentally friendly antenna substrate material. Thus, 

paper could be used in some applications as a substrate material for the sticker-type UHF 

RFID tags instead of more high cost polymers.  

The use of silk screen printing and inkjet-printing has been demonstrated successfully on 

paper-based substrates for UHF RFID tag antenna fabrication [110] [111]. A major chal-

lenge, especially with inkjet-printing on paper-based materials is the absorption of ink. 

Paper can be coated to provide a fully hydrophobic surface for inks, as in [111]. However, 

tag antenna inkjet-printing can be done on water-absorbing paper as well [112]. 

Fig. 26. Inkjet-printed wide band tag antennas on fine quality art paper (top) and 

on regular packaging grade cardboard (bottom). 
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Fig. 27 presents the measured theoretical read ranges of an inkjet-printed wide band tag, 

layout presented in Section 4.4.1, on water-absorbing paper and cardboard. The paper 

substrate was a coated fine quality art 100 g/m
2

 paper. Although the paper had a coating it 

was highly water-absorbing. The art paper provides a cheaper alternative to fully hydro-

phobic paper qualities. The cardboard was a UV-coated water-absorbing quality, used in 

typical product packages. The tags were printed using DMP-2800 printer with NPS-JL 

silver nanoparticle ink at 423 dpi resolution. The drop volume was 10 pl. The amount of 

ink layers and the RFID IC attached to the antenna are indicated in the figure legends. 

The ICs used, Higgs-3 and NXP GiL2 [113], have similar power sensitivity levels (-18 

dBm), but slightly different input impedances. The notation ‘10+10’ layers in the figure 

legend indicates that the tag antenna was printed using 10 ink layers, followed by addi-

tional 10 layers. Sintering at 150 ˚C for 60 minutes was done after printing ten and twenty 

layers.  

The results show that it is possible to print high performance passive UHF RFID tag an-

tennas on pure, water-absorbing, paper-based materials [112]. Even with four layers of 

ink, the tag antenna exhibits a read range of over six meters throughout the whole global 

UHF RFID band. Using 15 layers of ink, the peak read range is nearly ten meters. On 

cardboard the performance is slightly lower and more ink is required for high perfor-

mance due to greater absorption of ink by the cardboard. It should be noted that the 

abovementioned study did not focus on determining the minimum amount of ink required 

to produce a fully operational tag antenna. Thus, the amount of ink layers could be de-

creased with the compromise of decreasing the tag peak read range. 
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Fig. 27. Measured theoretical read ranges of the inkjet-printed wide band tag on water-

absorbing paper and cardboard. 
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5. Conclusions and final remarks 

In the future, our lives will be surrounded by pervasive computing environments, where 

all the information will be available to everyone by everything. At the core of such ambi-

ent intelligence are ubiquitously deployed sensors, which gather information about their 

environment and forward it to the users, and smart objects, which are uniquely identifia-

ble, traceable and in some cases able to communicate with each other. Radio frequency 

identification technology, along with other technologies offering wireless low-power 

communication, is seen as one of the enabling technologies for such ubiquitous sensing 

and Internet of Things. Passive UHF RFID technology, especially, is capable of offering 

low-cost, integral labels that are hidden from their users and able to prove automated long 

range identification and tracking of various things. In addition, passive UHF RFID can be 

used as one of the implementation methods of completely passive and wireless low-cost 

sensor devices for ubiquitous sensing applications. Although, passive UHF RFID pro-

vides many capabilities and solutions to pervasive computing applications, the true reali-

zation of pervasive computing requires a combination of different technologies, such as 

HF RFID and wireless sensor networks. 

The main challenges related to the abovementioned capabilities of passive UHF RFID are 

the integrability and cost of the tags. In order for the technology to become ubiquitous the 

tag fabrication and integration costs should be as low as possible. In addition, a major 

obstacle for the current fabrication methods for RFID tags is that the products are labeled 

manually after leaving the production lines. Finally, the implementation of sensory func-

tions to completely passive RFID tags is challenging. The work presented in this thesis 

was especially designed to provide solutions to these challenges. 

First, it was shown that passive wireless sensor tags can be implemented using passive 

UHF RFID technology by the ingenious use of material properties. The implementation 

method of the sensor tags presented in this thesis is the lowest cost solution available at 

the moment: tag antenna based sensing, which removes the need for any discrete sensor 

components or specific ICs with sensory functions. The studies performed on the sensor 

tags in this thesis proved, for the first time, that such low-cost sensor tags able to provide 

sufficient levels of accuracy in many applications.  Tag antenna based sensing allows the 

monitoring of various parameters, such as the temperature, humidity, air quality and 

strain. The sensor tags are based on the ISO-18000-C standard, which eases the integra-

tion and enables these special purpose tags to be operated by low-cost reader units. In the 

future, as ultra low-cost chipless RFID technology becomes more standardized, the same 

sensor development methods, presented in this thesis, can be used to create chipless sen-

sor tags. The use of low cost passive sensor tags utilizing tag antenna based sensing does 

not come without challenges. The main issue is that the surrounding environment can 

have significant effects on the accuracy and readability of such tags. These issues can be 
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minimized by careful tag design, local on-site calibration procedures and by the further 

development of more robust wireless sensor data readout methods and antenna topolo-

gies. One such method, the dual port sensing concept, was presented in this thesis. In ad-

dition, local regulations concerning the bandwidth and allowed transmit power levels 

place limitations on the dynamic range of sensor tags utilizing tag antenna based sensing. 

This could be changed in the future, if the future potential of these tags can be validated.  

The second part of this thesis was focused on inkjet-printed tag antennas. Inkjet-printing, 

along with other printable electronics fabrication methods, promises to ease the tag inte-

gration to the products already at the production lines. These methods, could be used, for 

example, to add the tag directly on or in to the product packages, removing the time-

consuming and manual tag attachment process that is done nowadays. Inkjet-technology 

is especially interesting as a tag fabrication method since it can be used to manufacture 

application-specific tag antennas quickly and with low cost on to novel rigid, flexible and 

sensitive substrate materials. Also, in the future, the development of printable materials 

could allow the whole tag to be inkjet-printed. The major problem nowadays is the cost of 

the conductive inks used to create the tag antennas. This thesis has provided solutions to 

lower these costs. First, a selective deposition method was presented, which was shown to 

as much as half the amount of ink required to fabricate a high performance tag antenna. 

Secondly, a special tag antenna design made out of extremely narrow lines was presented. 

The tag antenna was shown to exhibit long read ranges, while requiring significantly less 

conductor surface area than a typical commercial tag antenna. These results show that 

narrow lines and low conductor thicknesses are able to provide low cost tag antennas, 

which is against the common conception. This thesis also showed that inkjet-printing can 

be used to create high performance tag antennas directly on to ultra low-cost and envi-

ronmentally friendly substrate materials such as birch veneer, paper and cardboard. As we 

known, countless items are made out of paper and wood based materials, equipping these 

items with embedded passive UHF RFID tags could truly aid in the realization of the In-

ternet of Things. 

All in all, the innovative use of both novel and traditional engineering materials that ena-

ble passive sensor integration into passive UHF RFID tag antennas and the development 

of cost-efficient inkjet-printed tag antennas embeddable directly to various objects are 

key factors in the realization of concepts such as the Internet of Things and ubiquitous 

sensing that will revolutionize the way of life in the future. 
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