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 wavelength

μ permeability of the medium

0 DC conductivity

 angular frequency
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1. Introduction

1.1 Automatic Identification

The benefits of the automatic identification of items have been widely acknowl-
edged over the decades such systems have been in use. Basically any object,
ranging from product packages, pallets and cargo containers to livestock and
people, can be tracked and traced using automatic identification technologies.
Over the past years, the concept of Internet of Things (IoT) has increased the
interest towards such technologies even more. In the IoT concept, the network-
ing of individual items requires a means of giving them an identity that is elec-
tronically and automatically readable. Therefore, radio frequency identification
or  RFID is  considered as  one of  the enabling technologies  of  the IoT [1],  [2].
However, RFID is not the only technology of automatic identification. In terms
of functionality and price, passive RFID falls between the two other technologies
used and still actively developed: optical codes and active short-range radio
transceivers. Each of these technologies has their benefits and thus also their
best suitable application areas. However, in many cases, the selection of the
technology is not obvious, as a consequence of which, these technologies are
also competitors to each other [3], [4].

Being the oldest of the technologies of automatic identification, optical codes
such as the EAN bar code or the QR code are widely used solutions for many
applications. The clearest advantage of an optical code is its low price. For prod-
uct packages that anyhow have printed text and figures on them, an optical code
does not cause any extra cost. The disadvantages, in turn, include a fairly short
read range and, as perhaps the most severe one, the vulnerability of the code
tag. Even though the tag would not be permanently damaged, even some tem-
porary dirt or dust on the top of the tag would prevent the reading from taking
place. In some applications, the price benefit can also be questionable; if the
tagged object is not a print product itself and a dedicated sticker or a plastic
plate  made of  a  durable  material  is  needed,  the price  benefit  over  e.g.  RFID-
based solutions is easily lost.

The active short-range radio transceivers, nowadays often referred to as IoT
radios, are typically based on communication protocols such as Bluetooth LE or
LoRa [5] - [7]. Actively transmitting radios enable very long read ranges of up
to about a kilometre [8]. An active transceiver requires a battery and is also oth-
erwise more complex than an RFID tag. The battery-powered devices are natu-
rally not maintenance-free, although, in some applications, depending on the
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transmit power and the duty cycle needed, the battery life can be extended up
to ten years [9].

Considering the applicable network and system topologies, active IoT radios
can be used to form a symmetric network in which each node can communicate
independently with another and nodes can even operate as links, transmitting
messages through the chain of nodes [1]. RFID readers and tags, instead, form
an asymmetrical system in which the reader communicates with the tags, but
the tags cannot communicate with each other. The reader is somewhat complex
and expensive, whereas the tags are simple and low-cost. Therefore, RFID is
especially practical in systems with a few reading points and a large number of
tags that as low-cost devices can also be of single-use type. From this point of
view, RFID and optical identification systems are quite similar [3].

1.2 RFID Technologies

RFID technologies can be categorized according to their operation frequency
into  three  classes:  LF,  HF  and  UHF  [10].  LF  technology  with  the  centre  fre-
quency of 125 - 134 kHz is used for the electrical identification of livestock, pets
and in some cases even people. The transponder is typically a small glass am-
poule that has a cylindrical coil and a microchip cast inside. Over the past years,
HF technology with the centre frequency of 13.56 MHz has gained popularity on
the consumer market due to its use in the near-field communication (NFC) con-
cept. NFC reader as a standard feature of a smart phone as well as the practical
everyday applications have made the concept successful. Such applications in-
clude e.g. mobile payment and identifying peripheral devices of a smart phone
in order to connect them safely and easily using Bluetooth [11], [12]. UHF RFID
operates at the frequencies between 865 MHz and 928 MHz. The allocated fre-
quencies vary between countries and continents; in Europe the frequency band
has been 865.6…867.6 MHz, in North America 902…928 MHz and e.g. in Japan
916.8…923.4  MHz  [13]  -  [15].  In  October  2018,  European  Commission  pub-
lished their decision on introducing the 915…921 MHz band for UHF RFID in
Europe, which was to be implemented by the beginning of February 2019 [16],
[17]. This together with the former decision of Japan in 2012 to abandon their
separate 955 MHz band and to shift to the middle of the US band has paved the
way for truly global UHF RFID hardware even in the case of very small tran-
sponders that are typically of narrowband type. In LF and HF technologies, the
power transfer and communication between the reader and the tag is based on
inductive near-field coupling. Due to the low frequency, this is practically the
only option. In a UHF RFID system, the predominant coupling method is the
radiating far-field. This is possible, since, with the wavelength being between 32
cm and 35 cm, antenna structures such as a half-wave dipole are of practical
size. The biggest benefit of the far-field coupling is the long read range. This is
due to the fact that the power delivered by the radiating field is inversely pro-
portional to the square of the distance between the reader and the transponder,
whereas in an inductively coupled system, if the distance between the coils is
large compared to their diameters, the power available decays with the sixth
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power of the distance [18]. This practically limits the read range of an induc-
tively  coupled system to  about  the diameter  of  the reader  or  the transponder
coil; in an NFC system, the read range is up to a few centimetres [10].

1.3 Challenges and Possibilities of UHF RFID Technology

The approval of the ISO 18 000 - 6c standard, commonly known as EPC Gen 2,
in 2006 provided a great boost for the UHF RFID technology, as the end users
could finally invest on internationally standardized systems instead of choosing
between the many proprietary systems in use before that. Being an overall sys-
tem standard, EPC Gen2 defines - not only the technology and its interfaces -
but also the format of the data stored in the tags [19]. Therefore, today, any in-
ternational operator will be able to use UHF RFID as the backbone of one’s lo-
gistics. The finalisation of the standard also activated the technology providers,
starting the competition in favour of the end users. Nowadays, the technology
users are able to choose the most sensitive tag microchips and the best readers
independently and change the key components even in the middle of their own
product generations. All the solutions presented in this thesis are based on the
EPC Gen2 standard. A relatively new acronym related to the UHF RFID tech-
nology is RAIN, which is derived simply from “RAdio frequency IdentificatioN”.
RAIN RFID is a global alliance that promotes the use of UHF RFID technology
based on the EPC Gen2 protocol [20].

The long read range of a UHF RFID system - with the state-of-the-art micro-
chips up to 20 metres - makes it the most versatile of the passive RFID technol-
ogies. Even though the utilization of the radiating far-field is the major solution
for power transfer and communication between the reader and the tag in a UHF
RFID system, inductive coupling is also an option. The high frequency is actu-
ally beneficial also in terms of inductive coupling; multi-turn coils used at lower
frequencies are not required, which makes a near-field UHF RFID transponder
extremely simple and low-cost [21].

Semi-passive or battery-assisted passive (BAP) UHF RFID technology is one
option to increase the read range of a passive UHF RFID system even further
[22]. It forms a category of its own between the passive RFID technology and
the active IoT radios. In a semi-passive RFID system, the communication from
the tag back to the reader is based on backscattering that is similar to a passive
system. The electricity to the tag microchip, instead, is taken from a battery.
There are tag microchips on the market, such as NXP Ucode G2iL +, that are
capable of operating both in the passive and the semi-passive modes. By using
the semi-passive mode, the read range can be extended up to about 44 metres
[23]. However, by adding a battery to a passive RFID tag, two of its main bene-
fits that are a simple structure and perpetual operation, are lost. Even though
the power consumption of an RFID microchip is low, the self-discharge of a bat-
tery limits the battery life to about the same as what can be achieved with a low-
energy IoT radio [9]. Therefore, as the author’s personal view, the semi-passive
technology does not increase the competitiveness of RFID against active IoT ra-
dios, and it is thus out of the scope of this thesis.



Introduction

24

On its way to larger adoption, UHF RFID has faced many practical challenges.
If a tag manufacturer promises the read range of ten metres and the end cus-
tomer reaches only one, the customer is understandably disappointed and the
targeted functionality is most likely not achieved. Unfortunately, this is quite a
common situation. The most likely explanation for this is that the used tag is not
electromagnetically compatible with the particular mounting platform or the
use environment [24]. Although the far-field operation of the UHF RFID system
enables a long read range, it also makes the tags sensitive to their near environ-
ment. In practice, this results in a large variation of the realized read range. In
order to tackle this challenge, tailored transponders can be designed for large-
volume special applications, but designing a custom tag for every use case is not
economically reasonable. Therefore, the market of UHF RFID tags will most
likely consist of general-purpose tags and ones for special applications also in
the future [25].

One of the greatest advantages of a passive RFID transponder is its simplicity:
the tag has essentially only two parts: the microchip and the antenna. Therefore,
the fabrication of passive tags does not necessarily need to rely on the conven-
tional fabrication methods of electronics. This provides a possibility for entirely
new fabrication methods and materials that are studied in this thesis.

1.4 Objectives and Contents of the Thesis

This thesis studies transponder solutions that aim at extending the usability of
passive UHF RFID technology, also into areas where the other means of auto-
matic identification have been used formerly. In practice, this means that, by
lowering the cost of a transponder, optical codes can be replaced by RFID and
by improving the read range, active radio or in some cases semipassive RFID
solutions can be replaced by passive RFID solutions. The poor results of intro-
ducing UHF RFID into new application areas have been caused mainly by the
use of unsuitable transponder types, which has led to wrong conclusions of the
suitability of the whole technology [24]. The tag market is also still evolving.
Therefore, the UHF RFID technology has lots of unused potential. Unleashing
some of this potential by proper tag design is the main goal of this thesis.

Chapter 1 gives an introduction to automatic identification technologies, dif-
ferent RFID technologies and the features of the UHF RFID technology in par-
ticular.

Chapter 2 of the thesis is about the theory, the background and the design
methodology of the transponders. This chapter introduces the principles and
equations, using which the tags presented in the following chapters are de-
signed, optimized and evaluated.

Chapter 3 - the first of the two chapters about practical tag implementations -
is dedicated to small all-platform tags. Small size of a transponder is a feature
that benefits all applications, but naturally, extending the use of RFID into
smaller objects than before requires the smallest possible tags. A big tran-
sponder also produces costs - not only by its own fabrication process, but also
by reserving space in the logistics of the tagged product. The small objects are
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also typically made of “dense” materials such as metals or high-permittivity di-
electric materials, which means that the small tags should be platform tolerant.
Considering the form factor, thickness is an especially important dimension as
any protruding part ruins the shape of the tagged object as well as is easily dam-
aged. As one of the key parameters - quite often the most important one - of a
means of automatic identification is the cost, all of the presented solutions are
designed for serial production. This means that the designs are made from the
very beginning for applicable mass-production methods. It also means that the
effect of dimensional variation that always occurs in mass production is studied
and taken into account in the designs. In Chapter 3, the proposed tag imple-
mentations are also compared to formerly published and commercial on-metal
tags of similar size.

Chapter 4 - the second implementation chapter - is about the use of alternative
conductor materials. Currently, practically all of the commercial RFID tags are
based on inlays on which the antenna pattern is formed by etching from alumin-
ium or copper. Large volumes together with highly developed process automa-
tion have lowered the price of an etched inlay into a level of a few eurocents. The
etching process, however, has its own shortcomings; it produces toxic waste and
consumes energy [26]. There are also applications for which metals are not ac-
cepted. Graphene is an interesting and emerging alternative to a metal conduc-
tor. Consisting of pure carbon, it is an eco-friendly material that can also be
printed. Its conductivity, however, is lower than that of the metallic alternatives,
which needs to be taken into account in the tag design. The second alternative
conductor material studied is aluminium-doped zinc oxide that makes it possi-
ble to implement transparent tags to be integrated e.g. into windows. Its con-
ductivity, however, is even lower than that of graphene.

Chapter 5 concludes the thesis.
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2. Operation of a UHF RFID System

2.1 Overview

A schematic diagram of a passive RFID system consisting of a reader and a tag
is illustrated in Fig. 1. In an EPC system, the communication sequence is initi-
ated by the reader [19]. The reader transmits RF signal into which it has also
modulated the command to the tag. This direction of the RF signal is commonly
referred to as the “forward link”. The tag rectifies the DC power it needs from
this RF signal as well as extracts the command from the signal using its demod-
ulator. After successfully interpreting the command, the tag replies to the
reader. In case of a read command, the reply signal contains the data of a
memory address  specified by the reader  as  a  part  of  the read command.  The
communication from the tag to the reader, called “backward link”, is based on
backscattering. During the backward link communication, the modulator part
of the tag microchip changes the input impedance of the microchip between two
stages. This takes place synchronously to the zeros and ones produced by the
state machine of the microchip, thus modulating the data into the RF power that
scatters back from the tag to the reader. As a passive RFID tag does not have
any power supplies or storages of its own, the reader needs to transmit RF power
continuously from the start to the end of the communication sequence [27].

As a summary, for successful communication between the reader and the
tag, three criteria need to be met:

1. The tag needs to get enough power from the RF field generated by the
reader.

2. The tag needs to extract the command transmitted by the reader.
3. The reader needs to receive and interpret the weak response signal that

scatters back from the tag.
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Figure 1. Schematic diagram of an RFID system with a reader and a passive transponder.

2.2 Power Budget

The first criterion of communication defined above can be formulated in terms
of the forward link power budget. The simple and generic form of the forward
link power budget can be written [28]:𝑃  =  𝐻𝑃   (2.1)

where Prx is the power received by the tag microchip,  is the (power) coupling
efficiency and Ptx is the power transmitted by the reader. If Prx is replaced by the
sensitivity of the microchip PIC sens,  gives the power marginal of the forward
link Hmax. As an example, by using the conducted reader power of 30 dBm (1 W)
as Ptx and -20 dBm (10 μW), which is the read sensitivity of a state-of-the-art
RFID microchip, as Prx,  becomes -50 dB [29]. This can be compared to e.g.
the power marginal of a Bluetooth LE radio system implemented with a com-
mercial transceiver chip nRF51422 by Nordic Semiconductors [30]; the maxi-
mum Tx power +4 dBm and the receiver sensitivity -93 dBm produce a power
marginal of 97 dB. This difference explains the substantially longer read ranges
of the active radio systems as for the both, the free space attenuation is typically
the dominating term in the power budget.

It is very uncommon in practice that the tag would receive RF power levels
comparable to that transmitted by the reader at close-by frequencies. In prac-
tice, this means that the second criterion of successful communication that is
the extraction of the command from the RF signal transmitted by the reader is
tied to the first one. In other words, an RF signal that is strong enough to wake
up the tag ensures also an adequate signal-to-noise ratio for successful forward-
link communication.

The third criterion of successful communication can be formulated as the
backward link power budget. In terms of the coupling efficiency , the situation
is symmetric. Instead, the power that scatters back from the tag to the reader, is
affected by the change of the complex input impedance of the microchip due to
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modulation. The simple form of the backward link power budget can we written
[31]: 𝑃 ′ =  𝐻 𝑃 |Γ − Γ |   (2.2)

where Prx’ is the power received by the reader, as mod1 and mod2 are the reflec-
tion coefficients of the two modulation stages of the tag microchip. The reflec-
tion coefficients can be calculated from the input impedances of the two stages
of the microchip and the impedance of the tag antenna Ztag [31]:

Γ , = ,∗ , . (2.3)

In practice, with passive tags and today’s commercial readers, the forward link
that is the first of the three criteria listed in Sec. 2.1 is the limiting factor for the
communication. Consequently, in the case of far-field coupling, it also defines
the maximum read range. This is especially true for systems with narrow power
marginal that is with low Ptx and/or high PIC sens, which can be explained by the
equations, of which (2.2) contains  squared, whereas in (2.1)  is of the first
power. However, even with the large power marginal of the example given above
( = -50 dB) and the value of |Γ − Γ | = 0.8 given by the same chip man-
ufacturer [29], Prx’ becomes -72 dBm, which can be compared to the receiver
sensitivity of -84 dBm, specified for a typical today’s reader, Impinj Speedway
[32]. Therefore, in the following examples and implementations, the communi-
cation between the reader and the tag is assumed to be limited by the forward
link.

2.2.1 Far-Field Coupling

In the case of far-field coupling,  consists of the two antenna gain values, for
the reader and the transponder antennas, the impedance mismatch between the
microchip and the tag antenna, and the free space attenuation calculated by the
Friis’ transmission formula [31], [33]. H then yields:

𝛨 = 𝐺 𝐺 (1 − |Γ| ) , (2.4)

where Gtx is the gain of the reader antenna, Grx is the gain of the tag antenna, 
is the reflection coefficient between the tag microchip and the tag antenna, is
the wavelength and R is the distance between the reader antenna and the tag.
The reflection coefficient can be calculated from the complex impedances of the
tag antenna and the microchip, Ztag and ZIC [33]:

Γ = ∗
, (2.5)

In practice, ZIC is typically the same as one of the two impedances of the modu-
lation stages, Zmod1 or Zmod2. This is because, typically, during the backscatter
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modulation, the microchip alters its impedance between the matched and the
non-matched value. E.g, Impinj calls these two stages “absorbing” (matched)
and “reflective” stage [34]. However, as many other chip manufacturers specify
ZIC and |Γ − Γ | separately, this cannot be generalised.

The power transmitted by the reader is restricted by the authorities that con-
trol the use of radio spectrum. In Europe, ETSI has defined the maximum power
to be used as 2 W ERP, which sets the values Ptx = Ptx ERP = 2 W (33 dBm) and
Gtx = Ddipole = 1.64 (2.15 dB) [13]. The product of these is called the equivalent
isotropically radiated power Ptx EIRP [33]:𝑃   =  𝑃 𝐺 (2.6)

One should note that even though the equivalent radiated power is defined
using the gain of a dipole antenna, ETSI has defined a maximum beamwidth of
+/- 35 degrees for the reader antenna, which in practice, for a patch antenna, is
equivalent to a gain of about 6-9 dBi depending on the radiation efficiency [35].
For antennas with smaller directivity, the power limit is 0.5 W ERP. Defining
the maximum allowed reader power as ERP or EIRP means in practice that the
read range cannot be increased by increasing the gain of the reader antenna.

If the radiation propagates trough some media other than free space or air that
is electrically close to vacuum, or there is some obstacle on the propagation
path, the respective attenuation terms need to be added to (2.4). However, in
the following, it is assumed that the propagation takes place in free space.

A commonly used figure of merit for a far-field UHF RFID tag is its forward-
link limited maximum read range. The equation for the read range can be solved
from the power budget that is from (2.1) and (2.4) by using the maximum al-
lowed power for the reader and the threshold power of the read operation for
the microchip that is: Ptx * Gtx = 2 W * 1.64 and Prx = PIC sens [36].

𝑅 = 𝑃  𝐷 𝜂(1 − |Γ| )/𝑃   , (2.7)

where Grx has been separated into its two factors, directivity Drx and the radia-
tion efficiency : 𝐺  =  𝐷 𝜂  (2.8)

The radiation efficiency can be written with the partial resistances of the an-
tenna [33]:

𝜂 = = = , (2.9)

where Prad is the power radiated by the antenna, Pa is the RF power coupled to
the antenna, Rrad is the radiation resistance of the antenna, Ra is the input re-
sistance of the antenna and Rloss is the loss resistance of the antenna.

Defining the theoretical  maximum read range by a  measurement  is  a  com-
monly used method to evaluate tags in practice [28]. This method used also in
[P1] - [P6] is based on varying the transmitted power, based on which the
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threshold power of tag activation is determined. This is typically made as a func-
tion of frequency, which then also reveals the frequency response of the tag un-
der test. Tagformance™ by Voyantic is a commercially available measurement
device tailored for this purpose [37].

As tag antennas are typically small, large directivities can rarely be achieved
and for practical use cases, a narrow beamwidth would not be an advantageous
feature of a tag, either. Therefore, from the tag antenna designer’s point of view,
the antenna parameters that determine the read range of a tag are the radiation
efficiency and the impedance match between the microchip and the tag antenna
[38]. The sensitivity of the RFID microchips has improved over the years of their
production, improving the read range achievable by tag design. Fig. 2 shows the
development of the read sensitivity (PIC sens)  over  the  generations  of  Impinj
Monza tag microchip together with the achievable read range. “Tag 1” is calcu-
lated for a very ideal dipole tag with Gtag = 2 dBi and a perfect conjugate imped-
ance match.  “Tag 2” is calculated for the small on-metal tag of [P1] with Gtag =
-12.3 dBi [29], [34], [39] - [42].

Figure 2. Development of the read sensitivity of the family of Impinj Monza® tag microchips over
the product generations from 2005 (Monza 1a) to 2018 (Monza R6) and the corresponding read
ranges for two example transponders: “tag 1” with Grx= 2 dBi and “tag 2” with Grx = -12.3 dBi [P1].

2.2.2 Inductive Near-Field Coupling

Even though the radiating far-field is the main coupling method of UHF RFID
technology that enables the long read range, the use of inductive near-field is a
good option for e.g. item level tagging of small objects, where the tag needs to
be small and a long read range is not required. As an additional benefit, the tag
is not as sensitive to its dielectric environment as far-field tags are [21], [43].

For inductive near-field coupling, the reader and transponder antennas are
replaced by coils that are coupled to each other via magnetic field. In an induc-
tively coupled system, the coupling efficiency  can be calculated [44], [45]:

𝛨 =    (2.10)
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where kc is the coupling factor between the coils. Qr and Qt are Q factors of the
reader and transponder coils, respectively. Rtx is the output resistance of the
reader and Rr is the resistance of the reader coil. Rt is the resistance of the tag
coil and RIC is the real part of the complex impedance of the tag microchip. The
coupling factor can be calculated from the mutual inductance M and the self-
inductances of the reader and the tag coils, Lr and Lt, respectively:

𝑘 = , (2.11)

It should be noted that (2.10) assumes reactive impedance match between the
reader coil and the reader, as well as between the tag coil and the tag microchip.
This is typically the way inductive near-field systems are designed; reactances
are matched, but the resistances, especially on the tag side, are of different mag-
nitude.

For round-shaped single-turn loop coils, the mutual inductance can be calcu-
lated: 𝑀 = ( ) ( ) , (2.12)

where μ is the permeability of the medium, rt is the radius of the tag coil, rr is
the radius of the reader coil and dm is the distance between the coils.

Simple loop coils are commonly used for inductive coupling in near-field UHF
RFID systems [21]. The concept of inductive coupling, however, enables also
more complex geometries, the analytical calculation of which may be challeng-
ing. Other factors increasing the complexity include eddy currents induced to
conductive nearby objects, dielectric losses and magnetic losses. Eddy currents
cause losses as well as deform the magnetic field [46]. In such, more compli-
cated cases, the analysis can be made numerically e.g. with the help of an ap-
propriate simulation tool. The principle of this approach is to first solve the
magnetic flux distribution induced by the primary coil and then integrate the
field the secondary coil captures. According to the Biot-Savart Law, when cur-
rent I is fed to the conductor of the primary coil, each infinitesimal element of
length dL of the conductor generates a magnetic flux density element of dB at
the distance of r from the conductor element. By integrating these elements
along the current route C, the magnetic flux can be written in a vector form as a
function of position: 𝐵(𝑟) = ∫ ⃗× ̂ , (2.13)

where the position vector 𝑟 is defined from the current element to the observa-
tion point where the magnetic flux element is calculated. �̂� is a unit vector in the
direction of the position vector. This magnetic flux induces an open loop voltage
U0 to the secondary coil. Based on the Faraday’s law, this voltage can be calcu-
lated by integrating the magnetic flux over the area of the coil S:𝑈 = −𝑗𝜔 ∫ 𝐵 ∙ 𝑛 𝑑𝑆, (2.14)
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where  is the angular frequency and 𝑛 is the unit normal vector of the plane of
the loop.

An ideal inductor has uniform current over the whole length of the conductor,
which means that the length of the conductor should be small compared to the
wavelength. The simple tag coils are small enough to satisfy this condition quite
adequately, but if the magnetic flux needs to extend further away from the coil,
which is the case with many practical reader coils, a larger coil area is needed.
Simply increasing the size of the loop would turn the structure from an inductor
into a radiating antenna. To avoid this and to keep the magnetic flux as uniform
as possible, the conductor of the coil can be cut into shorter-length pieces that
are connected to each other with series capacitors [47] - [51]. The capacitors
shift the phase so that the net current over the coil conductor is more uniform.
Figure 3 shows the structure of a commercial reader coil, Impinj Matchbox™
that is used as the reader coil in [P3] and [P5] [52]. Capacitors C1, C2 and C3
are used to implement the needed phase shift between the coil segments. Their
Q values have been intentionally lowered with the parallel resistors R1, R2 and
R3 to optimize the current distribution. Inductors L1 and L2 as well as the ca-
pacitors C4 and C5 around the input form the impedance matching network that
matches the coil to the 50  coaxial cable that is connected to the reader.

Figure 3. Structure of Impinj Matchbox™ commercial near-field UHF RFID reader coil with its
outer dimensions in millimetres. The component values are C1, C2, C3 = 0.5 pF; R1, R3 = 1300
; R2 = 1000 ; C4, C5 = 1.5 pF; L1, L2 = 9.7 nH.

2.2.3 Hybrid Operation

In practice, (2.7) and (2.5) predict the forward-link limited read range quite ac-
curately when operating in the radiating far-field. For inductive near-field cou-
pling the situation is often more complex. For very close distances, (2.10) -
(2.14) apply well. However, as UHF RFID systems can work both in the near-
field and the far-field mode, many tag antennas can also operate in both [53].
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The practical coils do also radiate that is, in spite of their targeted operation as
inductors, they have radiation resistance and radiation efficiency values larger
than zero. In practice, this results in often longer read ranges than what (2.10) -
(2.14) predict,  especially if  a far-field antenna is used on the reader side. The
commonly used estimate for the distance limit between the near-field and the
far-field of an antenna can be calculated [33]:

𝑟  = , (2.15)

where D is the largest dimension of the antenna or the coil. rnf, referred to also
as the Rayleigh distance, is naturally a rough estimate; in practice the transition
between the dominating modes takes place gradually as the field impedance in-
creases from the low value of inductive near-field to the far-field value of 377 .
The radiation resistance of a small loop can be estimated [54]:

𝑅 = 320𝜋 , (2.16)

where A is the area of the loop and  is the wavelength.

2.3 Antenna Types

The two main antenna types used in UHF RFID transponders are the two-di-
mensional electric dipole and the on-metal or all-platform antenna that is based
on a monopole antenna, magnetic dipole or a microstrip structure. Different
electrical properties of these antennas can be explained by their field distribu-
tions. Fig. 4 illustrates the near electric and magnetic field distribution of three
antennas: a planar electric dipole antenna (a), a PIFA (planar inverted-F an-
tenna) (b) and a small vertical loop antenna (c). The blue lines represent the
electric field lines whereas the red lines represent the flow lines of the magnetic
field. PIFA and the vertical loop fall under the category of 3D on-metal or all-
platform antennas and in Fig. 4 their field distributions are drawn for case in
which they are placed on a large ground plane, even though the drawn ground
plane is relatively small for illustrative purposes. In the following, the properties
and design challenges of these antenna types are explained.



Operation of a UHF RFID System

34

Figure 4. Near-field distributions of three antenna types: a) planar dipole antenna, b) planar in-
verted-F antenna (PIFA) and c) vertical loop antenna. Electric field lines are in blue and magnetic
flux lines in red.

2.3.1 Electric Dipole Antenna

The very first UHF RFID transponders were based on an electric dipole antenna,
which is still the predominant solution for the low-cost transponders that are
produced in large quantities using roll-to-roll processes [10]. Tags based on a
dipole antenna still have development potential, e.g. when combined with new
ways of attaching the microchip, tags with a slender, yarn-like form factor can
be implemented to be used in e.g. textiles [55]. However, the limitations of an
electric dipole antenna were realized fairly soon along with the need to tag me-
tallic objects [56]. Fig. 4 a) shows how the electric field of the dipole antenna
extends around the structure, penetrating into any dielectric material near the
antenna. Consequently, the antenna is sensitive to its electric near environment.
Even though metal can be considered as the most difficult mounting platform
for a simple planar dipole antenna, also the variation of the permittivity of the
mounting platform and the near environment sets a challenge. Electric dipole
antennas work on dielectric surfaces, but they are tuned for some permittivity
value or range of values that is typically a compromise based on the best guess
about the typical use environment [57], [58]. Especially, if the antenna has a
casing around it, the tuning can be made for a rather large variation of permit-
tivity, which is the case with e.g. tagging logs, the moisture content of which
varies [59], [60]. However, tagging a water bottle made of plastic is a good ex-
ample of a case in which the variation of permittivity sets an extreme challenge.
When the bottle is empty, there is a few millimetres thick layer of plastic beneath
the tag, whose relative permittivity is about two. The relative permittivity of wa-
ter, instead, is about 80, which changes the tuning of the antenna drastically as
the bottle is filled. Additionally to the high permittivity, also the conductivity of
many water-based liquids makes them a challenging platform for a UHF RFID
tag [61], [62]. Even though pure, distilled water is quite a poor conductor, al-
ready small amounts of impurities, especially ionic compounds, make water
conductive [63]. Therefore, for long read range, the all-platform tags and for
low-cost and low-profile solution, the inductive near-field tags are the ones that
can be used on water bottles in practice.
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2.3.2 3D Antennas

Soon as the mismatch between planar dipole antennas and metallic or high-per-
mittivity mounting platforms was acknowledged, the first on-metal or all-plat-
form transponders were introduced. These were and still are based on 3D mi-
crostrip antenna structures such as the planar inverted-F antennas (PIFA) [64]
- [66]. The added complexity of the transponder naturally increased its price,
compromising one of the targeted benefits of the RFID technology.

PIFA and other microstrip antennas

PIFA is a quarter-wavelength microstrip antenna based on a monopole radiator
[33] [67]. It has a magnetic and an electric field end. The magnetic field end is
formed by a short circuit between the two metal plates. Fig. 4 b) illustrates how
the magnetic near-field of the PIFA extends around the structure on the left-
hand side and the electric field is mostly enclosed inside the structure between
the metal plates on the right-hand side. Due to enclosing the electric field inside
the structure, the antenna is robust against changes in its electric near environ-
ment. PIFA is fed from a point between the two ends; the input impedance can
be tuned by the selection of the feed point. Several variations of PIFA exist; such
have been developed e.g. to implement multiband resonances or to get rid of the
two contacts between the metal layers [68], [69]. An antenna with only one con-
tact between the metal plates is called PAFFA (planar asymmetrically fed folded
antenna), which was originally developed to enable the fabrication of an on-
metal RFID tag by folding an inlay around a plastic brick [70], [71]. Also a half-
wave patch antenna that is commonly used as a reader antenna is a theoretical
option for an on-metal tag, but due to its large size, it is not a very practical one.

Vertical loop antenna

A practical disadvantage of the PIFA structure is its size as a quarter-wavelength
structure. By using a high-permittivity material between the metal plates, it can
be made smaller, but special materials with high permittivity and low losses are
typically expensive. Therefore, using a magnetic dipole that is in practice a small
loop antenna is an attractive option. Placing the loop vertically, as shown in Fig.
4 c), on a metal plate, forms an on-metal antenna. From the operational point
of view, this structure can be compared to the left side of the PIFA antenna of
Fig. 4 b). Being a magnetic dipole type of a radiator, its biggest advantage is the
robustness against dielectric variation of the near environment - the realistic
environments are electrically varying, but magnetically quite stable at the oper-
ation frequency of UHF RFID. However, the biggest disadvantage of the mag-
netic dipole antenna is the impedance; the input impedance of a small loop is
reactive with very low real part, which is impractical for RFID microchips. Also
the radiation efficiency of a small antenna is typically low [72]. The advantages
of small size and robustness against its near environment, combined with some
possibilities to match the input impedance to that of an RFID microchip, make
the small loop antenna an attractive option for the implementation of very small
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on-metal or all-platform tags. Therefore, it has been selected as the basis of the
small tags presented in this thesis.

Effect of the ground plane

The antennas of Figs 4 b) and c) that is PIFAs and vertical loop antennas operate
on a metallic ground plane. In the theoretical analyses of such antennas, the
ground plane is typically assumed to be of infinite area. Understandably, this is
not the case for realistic antennas - especially for RFID tags that need to be as
small as possible. In practice, the effective ground plane consists of two parts:
the ground layer that is a part of the antenna itself and the possible metallic
mounting platform. The ground layer of the antenna is typically just that much
bigger than the top metal part of the antenna that is needed to stabilize the input
impedance when changing from a mounting platform to another. For the small-
est of the on-metal tags, even that may not be achieved. From the electromag-
netic point of view, the mounting platform becomes a part of the antenna as
currents are induced into it. As the size of the effective ground plane changes,
the current distribution on it changes, which affects the radiation and imped-
ance characteristics of the antenna. Distributing the currents over a larger area
typically decreases the ohmic losses, especially for the smallest of the antennas.
Consequently, the radiation efficiency may increase quite dramatically when the
tag is placed on a metallic platform [P1], [P2]. Large ground plane also directs
all the radiation on the top side of the antenna, which, due to the increased di-
rectivity, improves the read range calculated by (2.7) even further [73], [74].

The metallic mounting platform beneath the antenna may also resonate. This
takes place when, in the direction of the polarization vector, the dimension of
the metal plate is a multiple of half the wavelength. This phenomenon typically
increases the effective radiation efficiency of the antenna. Therefore, in the prac-
tical cases studied in this thesis, the size of the metal plate beneath the antenna
is selected to be compact, but not a multiple of half the wavelength. By avoiding
the resonance of the metal plate, the results between different antennas are
more comparable with each other. The metallic mounting platform used in the
simulations and measurements presented in this thesis - that is in [P1] and [P2]
- is a 1 mm thick copper plate with the size of 230 mm * 230 mm. In the meas-
urements, the tag is attached in the middle of the plate with a 0.5 mm thick two-
sided foam tape. The same distance between the tag and the mounting platform
is used in the simulation models.

2.4 Design Methodology of a Tag

Fig. 5 illustrates the flow of the tag design process that has been used in the
design cases of this thesis. The starting point is the first specification. The typical
specification includes the maximum size of the tag, the intended mounting plat-
form, the operation environment, the targeted performance, the frequency
range, the fabrication process and the microchip. For far-field tags, the perfor-
mance is specified as a targeted read range, which is defined on a certain mount-
ing platform. From the technical point of view, with the focus at the best possible
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performance, the most sensitive microchip should always be used, but in reality,
there are also other factors such as cost, availability and lead-time that may af-
fect the decision. Some special applications also need a special chip, such as one
with a large memory or sensor capabilities. The market of these special chips is
smaller than that of conventional EPC Gen2 memory chips, which makes the
selection process easier. Any extension of the chip electronics also typically in-
creases the power consumption, which reduces the achievable read range. Ad-
ditionally to the expected performance and the physical connection to the an-
tenna, the selected microchip defines the targeted input impedance of the an-
tenna [75].

Based on the initial specification, an electromagnetic simulation model is
built. The model should include the mounting platform and the near environ-
ment at least within the near-field region of the tag, as estimated by (2.15). In
order to be able to calculate the far-field parameters properly, also the simula-
tion software requires that the edge of the model is at least quarter of a wave-
length apart from the radiating parts. The simulations of this thesis have been
made using Ansys HFSS electromagnetic simulation software that is based on
the finite element method (FEM) [76].

During the simulation, the antenna is optimized e.g. in terms of the input im-
pedance, radiation efficiency, sensitivity to the mounting platform and sensitiv-
ity to dimensional variation of the fabrication process. The resulting structure
will be then evaluated against the original specification and the specification is
changed if needed. The customer may also want to abort the development if e.g.
adequate performance is not achieved.

If the design is accepted, a prototype series is fabricated. As a simulation
model is never totally accurate, a parametric sweep is typically included in the
first prototype series. As the impedance match of the tag is especially sensitive
to the reactance, at least the input reactance is typically varied in this series.
With certain antenna types, the Q value can also be varied. Especially in the case
of new and experimental fabrication methods, the variation of certain parame-
ters is not necessarily known beforehand and consequently, their effect cannot
be analysed properly by simulations. Therefore, if possible, the first prototype
series should also include tags with similar dimensioning, which gives an esti-
mate of the repeatability of the process.

In order to evaluate the prototypes, their response is measured as a function
of frequency. In the cases of this thesis, this has been done using Tagformance™
system described in Sec. 2.2.1. As an alternative method that measures practi-
cally only the relative frequency response that is the centre frequency and the
bandwidth, but not the read range, the method of radar cross section can be
applied [77]. If the prototype series is adequately large with the right parameters
varied, the measurements reveal the best performance of a tag, its dependence
on certain dimensions and the variation between the similarly dimensioned
tags. If the Q value of the antenna is varied, one can also estimate the best com-
promise between the maximum read range and the guaranteed read range.
Based on the measurement results, a new and extended prototype series may be
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needed or if a large and systematic difference between the simulation and meas-
urement results is found, a new simulation round with a corrected model should
be made. Finally, one of the prototype tags can be accepted for large-scale fab-
rication or, e.g. if the variation is at unacceptable level for a commercial product,
the concept is abandoned at least until some improvements are made.

Figure 5. Flowchart of a typical design process of an RFID tag.
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3. Small All-Platform Transponders

The definition of small is understandably relative, but when it comes to UHF
RFID tags that comprise an antenna for radiating far-field coupling, the size of
the antenna in relation to the wavelength provides a way of definition. One-
tenth or 1/(2) of a free-space wavelength, about 32 mm or 51 mm in this case,
are commonly used thumb rules for a limit between a small and a typical radia-
tor [72]. The maximum dimension of all of the tag structures presented in this
chapter are below these limits.

In practice, the maximum size is typically specified by the industry requiring
a tag for a certain application. When it comes to the specifications for small on-
metal or all-platform tags, aviation industry has been active due to its strategic
decision to use UHF RFID in maintenance and logistics [78] - [80]. The combi-
nation of small size and all-platform operation has led to selecting the small
vertical loop of Fig. 4 c) as the radiator for the tags presented in this chapter.

3.1 Fabrication Methods

The fabrication process and its ability to realize the benefits of a particular tag
design is what finally determines the value of a tag as a product. Therefore, the
potential fabrication methods should be taken into account already in the design
phase of a tag. The materials and the assembly process should be realizable and
low-cost, but, as the tags get smaller, probably the greatest challenge becomes
about the fabrication tolerances. Nowadays, advanced and fast production line
testing devices are available to exclude the tags that are out of specification [81].
However, in order to keep the production costs down, the yield should still be
kept as high as possible. From the design point of view, this means that the
structure should be somewhat robust against the dimensional variation. The
two fabrication methods studied here are the printed circuit board (PCB) tech-
nology and the inlay technology.

3.1.1 Printed Circuit Board Technology

As a fabrication method of 3D RFID tags, printed circuit board (PCB) technol-
ogy has many advantages, including the possibility to implement multilayer
structures and a good dimensional stability, especially in the stacking direction
of the layers. The process is also very flexible; additionally to multiple dielectric
and conductor layers, different types of connections, including blind or buried
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vias, can be implemented between the conductor layers [26].  The microchip can
also be embedded inside the structure [82]. The dielectric layers can be of dif-
ferent materials, which helps to optimise the structure in terms of performance
and price.

However, PCB process may be considered expensive, especially as embedding
the microchip into the structure may require customised processes. The low-
loss substrates, which are typically needed due to the poor RF properties of FR4,
can also be expensive [83].

3.1.2 Inlay Technology

The etching process of metallised PET foil, combined with the chip attachment
by anisotropic conductive adhesive (ACA) bonding is the “workhorse” of RFID
industry [84], [85]. This technology is commonly used for producing NFC and
UHF label tags, but also inlays for 3D structures. As a standard option, these
inlays are produced with adhesive backing. These self-adhesive labels are called
“wet inlays”. The commonly used method of producing 3D on-metal or all-plat-
form tags is to wrap a wet inlay around a plastic brick [71]. Many low-cost plas-
tics such as polyethylene (PE) or polypropylene (PP) have very low loss tangent
at UHF frequencies, which makes them both economically and electrically ideal
substrates for 3D RFID tags. This is a clear benefit when compared to the PCB
technology, where the low-loss substrates are often expensive.

If the tag is relatively large, i.e. horizontally close to one quarter of the wave-
length and several millimetres thick, good performance and yield can typically
be achieved with the inlay method. Instead, if the tag gets smaller, the repeata-
bility of the wrapping process becomes a challenge. Therefore, in the case of in-
lay technology, special focus should be put both on the robustness of the struc-
ture and the final assembly process.

3.2 Electrical Optimization

As formulated by (2.7)  and (2.8)  and stated in  Sec.  2.2.1,  the  key parameters
affecting the antenna performance and thus the read range of a tag, are the input
impedance and the radiation efficiency. The third important characteristic pa-
rameter of an antenna is the Q value. Even though it does not directly relate to
the coupling efficiency as in the case of inductive coupling, it affects the band-
width of the antenna [86], [87]. The bandwidth, in turn, is an important param-
eter especially related to the robustness of the tag against variation of the fabri-
cation process.

3.2.1 Impedance Match

In order to obtain a long read range, the impedance match between the micro-
chip and the antenna is equally important as the radiation efficiency. Large elec-
tric dipole antennas as well as PIFA antennas can typically be dimensioned to
provide the right impedance as they are, but a small loop antenna requires an
impedance matching network [65]. Fig. 6 presents alternative topologies using
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which the impedance of a typical UHF RFID microchip can be matched to that
of a small loop antenna [P2]. As a small loop antenna is inductive with a small
real part, it can be modelled as a series connection of a resistor Ra and an induc-
tor La. The microchip can be modelled with a capacitor Cc and a resistor Rc in
parallel. In such case, the impedances of the two can be matched to one another
using capacitive L circuits shown in Fig. 6 a) and b). However, with the aim at
the low price and easy fabrication, implementing such with discrete components
is not practical. Instead, realising the components with structural parts of the
antenna is a viable option [88].

Figure 6. Alternative topologies for impedance matching between a small loop antenna and a
microchip [P2].

For the topology of Fig. 6 a), the capacitance values Cp and Cs for conjugate
impedance match can be calculated from the other component values and the
angular frequency :

𝐶 = ( ) ( )  ( )( )   and (3.1)

𝐶 = [ ( ) ] − . (3.2)

For the topology of Fig. 6 b), the capacitance values for conjugate impedance
match can be calculated:

𝐶 = 𝜔 𝐿 − 𝜔 𝑅 𝑅 − 𝑅 and (3.3)

𝐶 = − 𝐶 . (3.4)
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Using the topology of Fig. 6 c), the conjugate impedance match can be achieved
only in specific cases. As the absolute value of the reactance of an RFID micro-
chip is typically considerably higher than its resistance, the best compromise in
using the topology c) is achieved by matching only the reactances between the
antenna and the microchip. In such case, Cp can be calculated:𝐶 = ( ) − 𝐶 (3.5)

Implementing other types of impedance matching than the perfect conjugate
one with the circuit topologies of Fig. 6 is studied in Section 3.2.2.

3.2.2 Q Value

Another important parameter of an antenna is its Q value [86] [87]. By defini-
tion, the Q value is the ratio between the energy stored in the structure and the
energy dissipated by losses and radiation. As the energy is stored in the reactive
fields of the antenna and dissipated by the resistance, in the case of a simple
equivalent circuit, the Q value can be calculated from the reactance and re-
sistance values. For the series model of the antenna used in Fig. 6, its Q value
Qa can be calculated: 𝑄 = = , (3.6)

where Wa is the energy stored in the antenna. For the parallel model used for
the microchip, its Q value Qc can be calculated:𝑄 = = 𝜔𝑅 𝐶 , (3.7)

where WC is the energy stored in the microchip and PC is the power dissipated
by the microchip. In a general case, the loaded Q value of the tag QT can be cal-
culated from the partial Q values Q1, Q2 …:

𝑄 = + + ⋯ (3.8)

In order to calculate QT, the circuit topologies of Fig. 6 can be divided into two
parts: the inductive antenna part and the capacitive part that is the rest of the
circuit. The loaded Q value of the tag then becomes:

𝑄 = + = , (3.9)

where Qs is the Q value of the matching network and the microchip combined.
In the conjugately matched case, Qa and Qs are equal, which leads to a simple
calculation of QT:
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𝑄 = . (3.10)

In a general case, Qs can be calculated for the topology of Fig. 6 a):𝑄 = 𝐶 + 𝐶 + 𝜔 𝑅 𝐶 𝐶 + 𝐶 + 2𝐶 𝐶 𝐶 + 𝐶 𝐶 + 𝐶    (3.11)

For the topology of Fig. 6 b), Qs becomes:𝑄 = + 𝐶 + 𝐶 𝐶 + 𝐶 + 𝐶 . (3.12)

For the topology of Fig. 6 c), Qs simply becomes:𝑄 = 𝜔𝑅 𝐶 + 𝐶 . (3.13)

This equation can be derived also by setting the value of Cs to infinity in (3.11)
or (3.12).

The most practical consequence of the Q value of the tag is the bandwidth. The
relative -3 dB bandwidth of a tag is inversely proportional to the value of QT:

∆ = , (3.14)

where f-3dB is the absolute -3 dB bandwidth of the tag and f0 is the centre fre-
quency.

The low resistance but considerable inductance of a small loop antenna equals
high Qa, which, in the case of conjugate impedance match, leads also to high QT.

This may result in an extremely narrow bandwidth. Due to the latest harmoni-
sation of UHF RFID frequencies between countries, narrow bandwidth is not
necessarily an issue for the implementation of global tags per se, but it may set
a serious challenge due to fabrication tolerances. Also, e.g, if a tag is targeted for
the US market, where the frequency band allocated for UHF RFID is 26 MHz
wide (as compared to the 2 MHz wide 867 MHz and the new 6 MHz wide 917
MHz bands used in Europe), the whole band may not be covered with an ade-
quate read range [13] - [17]. Therefore, it may be worthwhile to lower QT from
the theoretical optimum by lowering Qs. By doing so, the bandwidth of the tag
can be increased at the cost of the maximum read range. As, when adjusting Qs

and thus QT to enhance the bandwidth, the centre frequency is kept the same,
the reactive impedance match remains but the real parts are intentionally set at
different levels; the real part visible to the antenna is higher than in the case of
conjugate match and the real part visible to the microchip is lower. After select-
ing the targeted new value of QT, named QT’, the capacitance values Cp and Cs

can be recalculated using (3.1) and (3.2), or (3.3) and (3.4) by replacing Ra in
them with the effective resistance value Ra’, which is calculated:

𝑅 ′ = 𝑅 . (3.15)
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Considering the Q values implementable with the matching network topolo-
gies  of  Fig.  6,  the  lower  limit  of  Q  value  is  met  when  the  circuit  topology  is
changed from Fig. 6 a) or b) to c).

3.2.3 Radiation Efficiency

In reality, small antennas are never good radiators, but their radiation efficiency
can still be optimized by proper design and materials. The radiation efficiency
of an antenna is defined by (2.9) and the radiation resistance of a small loop
antenna  can  be  estimated  by  (2.16).  Considering  the  terms  of  the  input  re-
sistance of the antenna defined by (2.9), Rrad is proportional to the area of the
loop squared, but Rloss, instead, is roughly proportional to the length of the con-
ductor. Therefore, increasing the loop area enhances the radiation efficiency
very rapidly and within the size constraints of the tag, the loop area should be
maximized. The loss resistance can be minimized e.g. by using a relatively wide
conductor as is done in Fig. 4 c). However, instead of an even distribution, the
high-frequency current concentrates on the surface and edges due to a phenom-
enon called “skin effect”. The magnitude of this effect can be estimated by a pa-
rameter called skin depth, which defines the depth at which the current density
has decreased to 1/e (~ 37 %) portion of its on-surface maximum. The skin depth
dskin can be calculated [89]:

 0

1
f

dskin  , (3.16)

where 0 is the DC conductivity of the material. At the frequency of 867 MHz,
the skin depths of copper and aluminium are 2.2 μm and 2.9 μm, respectively.
Consequently, depending on the geometry, even though widening the conductor
reduces ohmic losses, with dimensions more than tens of times greater than the
skin depth, it is not necessarily an efficient way. Instead, by using a capacitive
loading of the antenna, the current distribution can be made more even to re-
duce the ohmic losses [90], [91]. An example of this is shown in Sec. 3.3.1 and
[P1].

3.3 Practical Implementations

As stated above, small tags can be implemented with different fabrication meth-
ods, different circuit topologies and with different levels of complexity. Fig. 7
shows six fabricated tag prototypes, the implementation and operation of which
is explained in the following. Prototypes a) - e) are fabricated using PCB tech-
nology and f) is based on wrapping an inlay, shown on the top of the picture,
around a piece of polycarbonate plastic. Tags a) and d) have the circuit topology
of Fig. 6 a), whereas b), c) and e) have only the parallel matching capacitor that
is the circuit topology of Fig. 6 c).  Tag f) has the circuit topology of Fig. 6 b).
Tags a) - c) are three-metal-layer implementations, whereas d) and e) have only
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two metal layers: the all-metal ground layer and the top layer. Tag f) has over-
lapping metal  layers  on the backside of  the tag,  so  theoretically,  it  is  a  three-
layer structure. However, the overlapping metal layers on the backside with the
layer of PET in between form a relatively large capacitance, which makes the
structure technically very similar to the two-metal-layer tag e). In tag d), the
both capacitors and in tags e) and f) the parallel capacitors Cp are formed with
interdigital structures.

Figure 7. Tag prototypes fabricated using different technologies, different circuit topologies and
different numbers of metal layers: a) with three metal layers and the circuit topology of Fig. 6 a)
using PCB technology; b) with three metal layers and the circuit topology of Fig. 6 c) using PCB
technology; c) similarly to b); d) with two metal layers and the circuit topology of Fig. 6 a) using
PCB technology; e) with two metal layers and the circuit topology of Fig. 6 c) using PCB technol-
ogy; f) with practically two metal layers and the circuit topology of Fig. 6 b) by wrapping an inlay,
shown on the top of the picture, around a piece of polycarbonate plastic.

3.3.1 Three-Metal-Layer Implementations

Implementation with PCB technology

Fig. 8 shows an exploded view of a three-metal layer structure shown in Fig. 7
a). The tag is based on the topology of Fig. 6 a) and is implemented with PCB
technology [P1], [P2]. The outer dimensions of the tag are 18 mm * 4 mm * 2
mm (thickness). The capacitors Cp and Cs are formed between the metal layers
I and III with the dielectric layer II between them, as illustrated in the cross-
sectional side-view of Fig. 9. The loop radiator is formed by the metal layers I,
III and VI, and by the vias IV a) and IV b). The current route I of the loop radi-
ator is also illustrated in Fig. 9. The input impedance of the loop antenna on
metal without the capacitors is (0.12 + j37) at 867 MHz, which by (3.1) and
(3.2) gives the capacitance values Cp = 4.49 pF and Cs = 0.777 pF for the conju-
gate impedance match. By (3.9) and (3.11), the loaded Q value QT for the imped-
ance-matched case then becomes 154.
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Figure 8. Exploded view of a PCB implementation of a small loop antenna with an integrated
impedance matching circuit of Fig. 6 a) [P2].

Figure 9. Cross-sectional side-view of the tag structure shown in Figs 7 a) and 8, illustrating the
formation of the capacitors Cp and Cs, and the current route of the loop radiator I [P1].

The capacitances of Cs and Cp of the plate capacitors can be estimated by the
formula: 𝐶 , ≈ , (3.17)

where 0 is the permittivity of vacuum, r is the relative permittivity of the die-
lectric substrate between the capacitor plates and dx, dy and dz are the dimen-
sions of the capacitor plates in x, y and z direction. As the dimensions in the
horizontal directions that are dx and dy, are greater than the dz dimension de-
fined by the thickness of the dielectric layer II of Fig. 8, the structure is particu-
larly sensitive to the absolute variation of the vertical dimension. The effect of
the horizontal variation is also easier to mitigate by sizing the capacitor plates
asymmetrically so that the change in capacitance due to horizontal misalign-
ment is smaller than what (3.17) predicts [P1]. The simulated effect of the di-
mensional variation of the PCB tag of Fig. 8 is shown in Fig 10. Fig. 10 a) shows
the effect of the horizontal variation that is when the top metal layer is moved
in relation to the rest of the tag +/- 0.1 mm in the x direction and +/- 0.3 mm in
the y direction. The graphs show that, in terms of its effect on the frequency and
the read range, the 0.1 mm movement in the x direction is about equal to the 0.3
mm movement in the y direction. The frequency change is +/- 3 MHz and at the
centre frequency of 867 MHz, the read range is decreased by 14 %. Fig. 10 b)
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shows the effect of the variation of the thickness of layer II. The change of only
+/- 11 % (+/- 20 μm) in thickness produces the frequency change of +/- 37 MHz
and the decrease of the read range by 85 %. The results show that some variation
in the horizontal alignment can be accepted, but the structure is extremely sen-
sitive to the thickness of the layer II. For the implementation using a PCB pro-
cess this is favourable, since the repeatability of the layer thickness is typically
good in these processes [26], [92].

a) b)

Figure 10. Sensitivity of the structure of Fig. 8 to two forms of dimensional variation: horizontal
misalignment (x and y directions) between the metal layers I and III (a) and the thickness of the
dielectric layer II (b) [P1].

As the bandwidth with the Q value of conjugate impedance match becomes
very narrow, lowering it may be needed e.g. if  the US market is targeted. The
effect of different values of QT is shown by simulation results in Fig. 11 [P1]. The
highest value of 154 is based on the conjugate impedance match at 867 MHz and
the lowest value (45) is based on using the topology of Fig. 6 c) instead of the
topology of Fig. 6 a).

Figure 11. Expected read range of the transponder of Fig. 8 as a function of frequency with three
Q values, implemented with different combinations of Cp and Cs [P1].

In the structure of Fig. 8, the planar capacitors load the loop capacitively,
which evens up the current distribution on the metal layers I and III [91]. Fig.
12 shows a comparison of simulated surface current densities of two structures:
the top layer of a simple loop similar to that of Fig. 4 c) (top) and the layer III of
Fig. 8 (bottom). The colours show that the current that is concentrated on the
edges of the simple loop, distributes more evenly in the capacitively loaded case.
According to the simulations, this increases the radiation efficiency by 32 %,
from 2.2 % to 2.9 % [P1].
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Figure 12. Simulated current distributions of the conductor of a loop antenna; simple loop (top)
and the antenna of Fig. 8 with capacitive loading by two integrated capacitors for impedance
matching (bottom) [P1].

The high-Q version of the tag was selected for prototyping. The PCB proto-
types were made using 18 μm thick copper as the metal layers and a dielectric
material similar to RO4350B by Rogers [93]. The feasibility of the tag concept
was studied by fabricating two series of prototypes. As described in Sec. 2.4, in
order to find the right centre frequency, a prototype series with a parametric
sweep was fabricated first [P1]. After fixing the dimensions, the repeatability of
the PCB fabrication process was evaluated by fabricating a test series of 20
pieces. Fig. 13 shows the variation of the measured centre frequency within this
series. However, in terms of the practical performance of the tag, the achieved
read range is more important than the centre frequency. Fig. 14 shows the meas-
ured read range of the prototypes as a function of frequency; left picture shows
the result over 60 MHz band, whereas the right picture shows the 2 MHz fre-
quency band within which the use of the maximum reader power of 2 W (ERP)
is allowed in Europe [13]. The plots of the measured read range form an enve-
lope, based on which the guaranteed read range can be defined for a sample.
The picture on the right shows that the achieved centre frequency is not exactly
right, but about 1 MHz above the centre of the band. For this 20-piece sample,
the guaranteed read range at the European band is about 2.4 m. Based on the
results, retuning the tags by decreasing the centre frequency by 1 MHz should
increase the guaranteed read range to 2.6 m. The measured read range as a func-
tion of frequency shown in Fig. 14 (left) can be compared to the simulated high-
Q case of Fig. 11. In terms of the bandwidth and the maximum read range, there
is a very good correspondence between the simulation and the measurement
[P1].
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Figure 13. Measured distribution of the centre frequencies of a 20-piece prototype series of the
tag shown in Figs 7 a) and 8 [P1].

Figure 14. Measured theoretical read range as a function of frequency for 20 pieces of prototypes
of the tag type shown in Figs 7 a) and 8; over broad band (left) and zoomed over the 2 W (ERP)
RFID band used in Europe (right).

Implementation with inlay technology

Alternatively, the tag structure of Fig. 8 described and analysed above can be
implemented using the inlay technology. Figures 15 - 17 show an implementa-
tion of the three-metal-layer tag using an etched inlay and two pieces of plastic.
Fig. 15 shows the parts and Fig. 16 demonstrates the assembly process; the wet
inlay is attached by its adhesive to the both plastic elements and finally, the plas-
tic parts are snapped together with the claws of the upper part that fit the cavi-
ties of the lower one. Fig. 17 shows a readily assembled tag and Fig. 18 shows
the transparent top view of the tag. The top metal layer, which forms the com-
mon electrode of the capacitors Cs and Cp (yellow) is larger in the both direc-
tions, x and y, than the electrodes on the mid metal layer. In order to enhance
the robustness  further  from the PCB version,  the part  of Cp that is under the
edge area of the top electrode is made narrower than the main part (circled).
This was considered necessary as, when compared to the PCB process, the wrap-
ping process may produce extra variation in the x direction.
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Figure 15. Parts of a three-metal-layer tag based on the inlay technology: two plastic parts
(above) and an etched inlay with the microchip.

Figure 16. Assembly of the inlay-based three-metal-layer tag by wrapping the inlay with an ad-
hesive backing to the plastic parts and snapping the plastic parts together.

Figure 17. Readily assembled inlay-based tag with three metal layers.
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Figure 18. Transparent top view of the tag of Fig. 17, showing the formation of the capacitances
Cs and Cp and the asymmetry between their common top electrode (yellow) and the mid-metal-
layer electrodes (orange), which aims at better robustness against misalignment.

The performance characteristics of this inlay-based three-metal-layer tag are
expected to be similar to those of the tag of Figs 7 a) and 8, as the dimensions
and the overall structure are similar. In principle, due to the lower losses of low-
cost plastic materials, as compared to those of the high-frequency PCB lami-
nates, the radiation efficiency and thus the read range may be even better and
comparable to those of the “low-loss cap” case of [P1]. However, the potentially
larger dimensional variation of the assembly process may result in the need to
lower the Q value, which may eliminate this benefit.

3.3.2 Two-Metal-Layer Implementations

In a PCB process, the stability of the thickness of dielectric layers is typically
good, but if an inlay is wrapped around an injection-moulded plastic part, the
dimensional inaccuracy of the moulding process as well as possible tensions and
unintended curvatures of the parts may cause a large variation [94]. The varia-
tion also cumulates if the tag consists, as in the case of Figs 15 - 18, of more than
just one plastic part. As a solution, the capacitors Cs and Cp can also be imple-
mented on only one layer using interdigital structures. This implementation
also simplifies the structure by reducing the number of dielectric layers to one
and the number of metal layers to two. Fig. 7 shows three implementations with
interdigital capacitors; d) and e) made using PCB process, whereas f) is imple-
mented by wrapping an inlay around a plastic brick. d) has the circuit topology
of Fig. 6 a), whereas e) utilizes that of Fig. 6 c) and f) that of Fig. 6 b).

Fig. 19 illustrates how the capacitances Cs and Cp are formed on the top layer
of the tag of Fig. 7 d). The metal layers - top and bottom (ground) - are connected
by vias (white). This tag is based on the initial size specification of 25 mm * 25
mm * 3 mm. Therefore, in order to exploit the area as efficiently as possible, the
radiating loop that is to be maximised, is placed diagonally on the tag.
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Figure 19. Structure of the top metal layer of the tag of Fig. 7 d), illustrating the realization of the
impedance matching capacitances Cs and Cp with interdigital capacitors and the position of the
microchip (IC).

The gap capacitances formed by the interdigital capacitors, can be estimated
by [95]:

𝐶 = 𝑙𝜀 𝜀 ( ), (3.18)

where l is the length of the gap and K(k) is the complete elliptic integral of the
first kind with the modulus k. The complementary modulus 𝑘 = √1 − 𝑘 . k0 is
defined [95]: 𝑘 = , (3.19)

where dg is the width of the gap and w is the width of the finger. These equations
predict the capacitance value quite well if the metal layer is thin and dg is small
compared to the thickness of the dielectric substrate. With small values of dg,
the effective r of (3.18) is, instead of the plastic substrate of the antenna, domi-
nated by the plastic substrate of the inlay. The most typical substrate of the in-
lays is 50 μm thick PET (Mylar®) [96]. If the relative permittivities of the two
materials, r1 and r2, are not close to each other, the effective relative permittiv-
ity r eff can be used instead of r in (3.18) [95]:𝜀  = 1 + (𝜀 − 1)𝑞 + (𝜀 −𝜀 )𝑞 , (3.20)

where: 𝑞 = ( )( ) ;  𝑖 = 1,2 (3.21)

and: 𝑘 = ;  𝑖 = 1,2, (3.22)
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where h1 and h2 are the thicknesses of the two dielectric layers. Equations (3.18)
- (3.22) give a good estimate for the capacitance of an interdigital capacitor. If
the effect of the corners, multiple electric field modes over the fingers with a
limited width and the presence of the metal layer below the dielectric substrate
are taken into account, the analytical calculations get quite complex. If needed,
such analyses and formulas can be found in the literature [97], [98].

With dg as a critical parameter, using interdigital capacitors instead of planar
ones transfers the accuracy requirement from the dielectric parts and the final
assembly process to the etching process of the inlay. Repeatability favours large
value of dg, whereas minimizing the metal area is in favour of a small dg. Conse-
quently, dg is a parameter to be optimized.

Fig. 20 illustrates how the tag of Fig. 7 f) is assembled by wrapping an inlay,
also shown in Fig. 7, around a piece of polycarbonate plastic. As the Mylar and
the adhesive layer are sandwiched between the aluminium layers on the back-
side of the tag, the coupling between the metal parts there is capacitive. The
capacitance between the layers becomes relatively large, approximately 100 pF,
which means that computationally the topology is very similar to that of Fig. 6
c). However, there is at least one special UHF RFID microchip on the market
that, based on practical tests, requires a DC path between its antenna terminals
[99]. Designing a tag for this particular chip limits the usable circuits topologies
of Fig. 6 to type c) with a genuinely galvanic contact between the terminals or
alternatively, forces to implement a high-inductance DC route in parallel with
the chip.

Figure 20. Assembling the tag of Fig. 7 f) by wrapping an inlay with a microchip around a piece
of plastic.

Prototypes of the tags presented above, that is those of Fig. 7 d) and f), were
fabricated. The PCB implementation was made using a similar process with the
same materials as the PCB prototype presented in Sec. 3.3.1, except now with
only two metal layers and a single dielectric layer. The measured values of the
relative permittivity and the loss tangent for the polycarbonate brick used in the
inlay-based prototype are 2.8 and 0.004 at 867 MHz [100] [101]. The simulated
and  measured  read  range  as  a  function  of  frequency  for  the  prototypes  are
shown in Fig. 21 [P2]. The both are equipped with the Impinj Monza 4 micro-
chip and the implemented tuning is, instead of a conjugately matched one,
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somewhat more broadband for the both. The tag of Fig. 7 d) has the circuit to-
pology of Fig. 6 a) and its QT has been lowered intentionally. The tag of Fig. 7 f),
instead, is based on the circuit topology of Fig. 6 c) ant its Q value is practically
dictated by the dimensions. The simulated input impedances of the antennas of
Figs 7 d) and f) are (5.7 + j150)  and (5.5 + j153)  at 867 MHz on metal and
the respective radiation efficiencies are -7.4 dB (18 %) and -8.9 dB (13 %).

Additionally to the metallic mounting platform the tags are designed for, the
simulations and measurements were made also in free air for comparison. In
the measurements, the free air case was implemented using a low-density
Styrofoam as the supporting structure for the tag under test. The comparison
between the mounting platforms shows that, due to the change of the centre
frequency, the read range is lowered to a fraction of the original when the on-
metal tag is moved from metal to a low-permittivity dielectric platform. How-
ever, the graphs also show that a tuning that provides a lower but a stable read
range can be implemented. Additionally to the change of the centre frequency,
also the maximum read range is lower in air than on metal. This is caused by
both lower radiation efficiency due to the smaller effective ground plane and the
lower directivity [73].

Figure 21. Theoretical read range as a function of frequency for the tag prototypes of Fig. 7 d)
(Fig. 21.a)) and Fig. 7 f) (Fig. 21.b); simulated and measured values on a metal surface and in air
[P2].

3.3.3 Comparison to Former Solutions

The tags presented in Fig. 7 and Sections 3.3.1 and 3.3.2 were compared to for-
mer small on-metal tag solutions: published and commercial ones. Five tag
models presented in this thesis were compared to ones of four publications and
to five commercial models from two big manufacturers, Xerafy and Omni-ID.
The commercial tags studied are shown in Fig. 22 together with the two smallest
ones  presented  in  this  thesis,  from  top  left:  Xerafy  Dot-On  XS  [102],  Xerafy
Dash-On XS [103], Omni-ID Fit 220 [104], Xerafy Pico-On Plus [105], Omni-
ID Fit 400, the tag of Fig. 7 b) and the tag of Figs 7 a), 8 and 9 [P1]. Table 1 lists
the dimensions, the centre frequency and the read range of the tags in the order
of their volume calculated from their dimensions.

As the read ranges given in commercial datasheets are not necessarily reliable,
the read range of the commercial tags has been measured similarly on a similar
metal plate as for the tags presented in Sections 3.3.1 and 3.3.2 as well as in [P1]
and [P2], which makes the values comparable. In order to compare the antenna
solutions, additionally to the read range achieved with the microchip used in the
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actual or demonstrator version, the equivalent read range has been calculated
also with the read sensitivity  value of  Impinj  Monza R6 microchip [29].  This
calculation is based on the assumption that the impedance match between the
antenna and the microchip remains unaffected. The both read range values have
been scaled to the reader power value of 2 W ERP and a linearly polarized reader
antenna, as in some of the publications, reader power of 4 W EIRP and a circu-
larly polarized antenna are used. The status of the tag is marked with a letter
and a  colour  in  the table,  with T (green)  for  a  tag  presented in  this  thesis,  C
(blue) for a commercial tag and P (orange) for a tag published in a scientific
journal or a letter.

It should be noted that, even though the effects of the microchip sensitivity,
the reader power and the polarization of the reader antenna have been taken
into account and compensated in Table 1, metallic mounting platforms of dif-
ferent size have been used in the publications, which also affects the achieved
read range. Publications [109] and [110] use a metal plate of 200 mm * 200 mm,
which is close to the 230 mm * 230 mm sized plate used in the measurements
of this thesis. Publication [108] uses a bigger metal plate, 400 mm * 400 mm in
size, and the tag presented in [107] has been measured on a 100 mm * 100 mm
metal plate, which, according to the simulations presented also in [107], in-
creases the read range when compared to bigger metal plates. The tags pre-
sented in [108] and [110] are based on high-permittivity (r = 22 and 39) sub-
strates, whereas the other tags of Table 1 presented in publications and this the-
sis utilise low-permittivity standard materials. For commercial tags, the mate-
rial information is not available; Xerafy only mentions that the substrate mate-
rial is ceramic.

Figure 22. The commercial tags studied and two smallest of the tags presented in this thesis,
from top left: Xerafy Dot-On XS [102], Xerafy Dash-On XS [103], Omni-ID Fit 220 [104], Xerafy
Pico-On Plus [105], Omni-ID Fit 400 (from bottom left) [106], the tag of Fig. 7 b) and the tag of
Figs 7 a), 8 and 9 [P1].
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Table 1. Comparison of transponders presented in Fig. 7 and Sections 3.3.1 and 3.3.2 with pub-
lished and commercial on-metal transponders of similar size, listed in the order of the volume.

Sta-
tus
*)

Name /
Reference /

Fig.

Dimen-
sions
(mm)

Volume
(mm3)

Centre
freq.

(MHz)

Read range (m)
demon-
strated

Monza
R6 **)

C Xerafy Dot-On
XS / [102] / -

6 (diame-
ter) * 2.5

71 864 2.0 2.5

T - / - / Fig. 7 b) 10 * 4 * 1.9 76 915 2.2 3.0
C Xerafy Dash-

On  XS  /  [103]
/ -

12.3 * 3 *
2.2

81 857 2.9 3.7

C Omni-ID Fit
220 / [104] / -

7.8 * 6.8 *
2.7

143 857 1.7 2.1

T - / [P1] / Figs 7
a), 8 and 9

18 * 4 *
2.0

144 868 3.0 4.0

T - / [P2] / Fig. 7
c)

9 * 9 * 3.3 267 868 3.0 4.0

C Xerafy Pico-
On Plus /
[105] / -

12.8 * 7.1 *
3.1

282 858 5.4 6.8

C Omni-ID Fit
400 / [106] / -

13.1 * 7.8 *
3.1

317 856 5.2 6.5

P - / [107] 2014
/ -

26 * 14 *
2.4

874 923 5.0 i) 8.9 i)

P - / [108] 2008
/ -

19 * 19 * 3 1083 911 3.2 6.3

P - / [109] 2013
/ -

28 * 14 *
3.2

1254 930 2.3 4.1

T - / [P2] / Figs 7
f) and 20

30 * 22 *
2.3

1518 867 6.6 8.9

P - / [110] / - 27.5
(diameter)

* 2.9

1722 915 2.6 3.3

T - / [P2] / Figs 7
d) and 19

25 * 25 *
3.0

1875 869 5.9 8.0

*) C = commercial, P = published, T = presented in this thesis.

**) Equivalent read range calculated using the read sensitivity value of Monza R6 (PIC sens = -20

dBm), assuming that the impedance match remains unaffected.

i) Measured on a 100 mm * 100 mm metal plate that, according to the simulation results presented

in [107], increases the read range when compared to bigger metal plates

Of the Xerafy tags listed in Table 1, 12 pieces of Dash-On XS, 4 pieces of Pico-
On Plus and 2 pieces of Dot-On XS tags were measured. The both Omni-ID tags
measured were single individuals. Based on the measurement of the 12 pieces
of Dash-On XS, the large variation of realised centre frequency, which is a big
manufacturing challenge for small transponders, seems to be a problem also for
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Dash-On XS. Fig. 23 shows the measured theoretical read range of the 12 pieces
of Xerafy Dash-On XS tags as a function of frequency. Fig. 23 can be compared
to Fig. 14 about the variation of the tag of Figs 7 a) and 8.

Generally, the read range normalized for the read sensitivity of Monza R6
seems to roughly follow the volume-based order of Table 1. With this emphasis,
of the commercial tags presented in Table 1, Xerafy tags seem to provide longer
read ranges than Omni-ID tags. This may relate to the ceramic material that is,
according to the datasheets, used in the Xerafy tags, although any detailed ma-
terial information of the commercial tags is not available. The tags presented in
this thesis are competitive, especially when compared to the published tags, but
also against the commercial ones.

Figure 23. Measured theoretical read range as a function of frequency for 12 pieces of Xerafy
Dash-On XS tag.

3.3.4 Near-Field Transponders

There are several applications, in which a small and low-cost metallic object
could benefit from tagging [21]. For many of them, the relatively high profile of
a radiating far-field tag is not accepted. If a short read range can be accepted,
using a near-field tag is an attractive option. However, even though the mag-
netic near-field tags tolerate the variation of permittivity in their near environ-
ment, enabling e.g. tagging of water bottles, a metallic or any other highly con-
ductive mounting platform is a great challenge for them [21]. If an open-loop
inductor carrying a high-frequency current is placed on a metallic platform,
eddy  currents  are  induced  on  the  metal  and  the  energy  is  lost  in  the  ohmic
losses. Additionally to this energy loss, the directions of the magnetic flux of
these currents is such that the magnetic fields of the two currents, primary cur-
rent of the coil and the secondary ones that are the eddy currents, cancel each
other out, which then weakens the inductive coupling to an outside reader coil
[46]. Layers of ferrite between the tag and the metal are used with HF tags to
effectively increase the distance between them. However, magnetic properties
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of ferrites deteriorate as the frequency increases and at UHF, ferrites with ade-
quate performance that is high enough permeability and low enough magnetic
losses are not available. Using such special material would also mean added cost
and complexity to the tag [111], [112].

A solution to this is presented in [P3]. The special on-metal near-field tag
placed on a cell phone battery is shown in Fig. 24. Recycling of batteries has
been selected as the demonstrator case here, since there is a demand for a means
of automatic identification of batteries. Today, sorting the recycled batteries
based on their technology and thus the materials in them is labour-intensive
manual work. Any marking on the batteries may disappear during the handling,
which is a challenge - not only to the manual sorting, but also for any optical
codes. The tag to be placed on a battery also needs to be low-profile, cheap to
produce and integrable into the battery.

Figure 24. On-metal near-field tag placed on a cell phone battery.

By placing the tag of Fig. 24 near the edge of a metal object, the secondary
current induced on the object can be exploited as a source of magnetic flux. As
the current is induced on the edge of the metal object, the magnetic flux extends
even on the opposite side of the object, making it possible to read the tag effec-
tively through the object. This is an especially beneficial feature as, e.g. objects
moving on a conveyor belt may lie in random positions.

The longer portion of the conductor follows the edge of the object, the better
coupling between the tag and the reader is achieved. Based on this requirement,
the ideal shape of the tag to be placed on a corner of a metal object is a triangle
shown in Fig.25 a). To make the tag smaller, the meandered version of Fig. 25
b) was selected for further optimization and prototyping. The reactance of the
tag is set to produce a reactive match to the microchip by adjusting the length
of the conductor. The proximity of the metal affects the reactance, resulting in a
longer conductor than in the case of a simple near-field tag designed for a non-
metal environment.
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Figure 25. Two alternative shapes of the on-metal near-field UHF RFID tag: one that produces
ideal coupling to the reader coil when placed on the corner of the metal object (a) and a mean-
dered version (b) to reduce the size of the tag.

Fig. 26 shows the simulated distribution of the magnetic field on a vertical
plane that crosses the tag and a 5 mm thick aluminium brick representing the
tagged metal object. The figure demonstrates how the magnetic flux extends be-
neath the object, but also that this is the most challenging reading direction.
Therefore, in the simulations and measurements with the prototypes, the reader
coil is placed beneath the object.

Figure 26. Magnetic field distribution on a vertical plane that crosses the tag and a 5 mm thick
aluminium object beneath the tag [P3].

The tag prototypes were fabricated using a standard inlay process with a 9 μm
thick aluminium on a 50 μm PET (Mylar™) and an Impinj Monza 4 microchip
attached by ACA bonding. As increasing the distance between the metal plat-
form and the tag conductor enhances the coupling between the reader and the
tag, an additional 0.2 mm thick layer of polyethylene was added beneath the
PET layer of the inlay. The thickness of this plastic layer is a parameter to be
optimized, since many applications, including the battery case, are in favour of
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very low profile. The test setup used both in simulations and measurements con-
sists of the tag, the battery and the Impinj Matchbox™ reader coil, the inside
structure of which is shown in Fig. 3. Fig. 27 shows the studied cases: a battery
with a metallic casing on the top of the Matchbox reader antenna and a battery
with a plastic casing (white). The battery with the plastic casing naturally has
also metallic inner parts, but it has presumably about 1 mm thick plastic layer
between them and the tag. The battery on the right is similar to the metallic
battery except that is has a label with product information wrapped around it.
In the simulation model and the measurements, there is a 10 mm thick spacer
of  Styrofoam between the reader  coil  and the battery  under  test.  Fig.  27  also
shows the position of the tagged battery in relation to the reader coil; the tag is
in the middle of the coil area. Fig. 28 shows the simulated and measured thresh-
old power of reading as a function of frequency. The measured cases include the
batteries with the metal and plastic casing and the tag placed at a similar dis-
tance in free space. The simulation result of the metallic battery case is also
shown as a reference.

Figure 27. Tagged batteries used in the measurements. Battery with a metal casing (top) is
placed on the Matchbox™ reader coil and a spacer of Styrofoam between them. Battery with a
plastic casing on the bottom left and a battery with a metal casing and a product label on the
bottom right [P3].
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Figure 28. Measured and simulated responses of a tag prototype: Measurements on two types
of batteries; with metal and plastic casing, and in free space. Simulation is made with the model
of the metal-casing battery [P3].

For inductive near-field, the maximum RF power is not defined similarly to
the radiating far-field. In practice, the power is often limited by the equipment.
+30 dBm (1 W) is the maximum allowed input power of the Matchbox™ reader
coil [52]. It is also a typical maximum conducted output power of a fixed reader.
Therefore, the power marginal can be calculated by subtracting the values of
Fig. 28 from +30 dBm. This leaves a marginal of about 10 dB for the on-metal
and plastic cases. Updating the microchip from the used Monza4 (PIC sens = -17.4
dBm) to Monza R6 would increase the power marginal by 2.6 dB. The produced
net power marginal of about 13 dB makes it possible to e.g. reduce the thickness
of the tag if needed.

Finally, a practical test was made to demonstrate the automatic sorting of bat-
teries using the developed tag. In the test, 535 batteries were tagged, 214 of
which were of Li-Ion, 163 of Ni-MH and 174 of round alkaline type. The test rig,
shown in Fig. 29, has a pattern of four Matchbox reader coils, shown in Fig. 30,
under the conveyor belt on which the batteries move. There is a collection bin
for each battery type and on the opposite side of the belt, there is a nozzle that,
by using compressed air, blows the battery into the correct bin. The valve unit
that activates the nozzles is controlled by a PC software that, based on a tag ID
received from the reader, determines the right nozzle and the right timing for
its activation. The test was run twice. The yield of the first round was 99 % for
Li-Ion, 96 % for Ni-MH and 72 % for the alkaline batteries. The corresponding
figures for the next round were 97 %, 98 % and 81 %. For Li-Ion and Ni-MH
batteries, the yield can be considered good, considering that the reader coil
setup was not optimized. For alkaline batteries, the yield is clearly lower, but as
the tag is not designed for round-shaped objects, it can be considered accepta-
ble. As the study concentrated on the tag design, the reader coil setup was not
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optimized, either. Several reader coil configurations have been proposed to op-
timize the reading area and the magnetic field distribution in somewhat similar
applications [113] - [115].

Figure 29. Automatic sorting device in operation, sorting Li-Ion, Ni-MH and alkaline batteries
each into their own bins using compressed air [P3].

Figure 30. Pattern of four Matchbox™ reader coils underneath the conveyor belt of the automatic
sorting device of Fig. 29.
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4. Alternative Conductor Materials

As stated before, the standard process used to produce label tags as well as in-
lays for 3D tags is etching. The conductor of an etched tag inlay is relatively thick
(typically 9 μm or 18 μm) bulk metal - aluminium or copper - and thus its con-
ductivity is very high. The process also has quite good dimensional accuracy.
However, etching is an extractive process, in which the wanted antenna pattern
is formed by removing the metal from certain areas of a metallized substrate.
This is done by using a strong acid, typically ferrichloride that, during the pro-
cess, gets saturated by the solved metal [26]. As a result, the process produces
hazardous waste. This is one of the reasons, why implementing the antenna pat-
tern with an additive method that produces the conductor only where needed is
an interesting option. Another one is the potential to reduce the cost of a tag
even further. Printing with silver-based nanoparticle inks has been studied as a
way of implementing antennas also for UHF RFID tags [116], [117]. The chal-
lenge with such implementations is that the silver-based inks are rather expen-
sive, even if the amount of conductor material per antenna is minimized. The
fabrication process is not necessarily very simple or low-cost, either; in order to
achieve high conductivity, the inks typically need to be sintered in an oven [118].

Here, two alternative conductor materials are studied; the first one is gra-
phene as an environmentally friendly and low-cost material. The second one is
aluminium-doped zinc oxide (AZO), which enables the implementation of
transparent antennas. The antenna structures studied here are planar dipoles.
However, as will be explained later, graphene has also potential as the inlay ma-
terial of 3D tags.

4.1 Challenges of Low Conductivity

In practice, the conductivity of any printable or otherwise alternative conductor
material cannot compete with bulk metal. As, for practical and economical rea-
sons, the thickness of the conductor layer typically also needs to be minimized,
the square resistance gets easily high. Due to the uneven current distribution in
an antenna, some parts of the antenna can be implemented with low-conductiv-
ity materials more easily than others. Fig. 31 shows four variations of a dipole
antenna: a) is a simple half-wave dipole, as b) is a typical antenna of a UHF
RFID tag with a parallel loop for impedance match in the middle and a mean-
dered conductor to reduce the length of the tag. The antenna of Fig. 31 c) is tech-
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nically similar to that of Fig. 31 b), except that, instead of a narrow and mean-
dered conductor, the conductor is wide and straight, and the loop inductor is
integrated as an opening into the wide radiator part. High resistivity of the con-
ductor is in favour of antenna type c) as the turns of the meandered line concen-
trate the current on the inner curves of the conductor, which increases losses.
As an example of an opposite situation, using metal wire of good conductivity
as the antenna material, the basic structure of Figs 31 b) and c) can be shrunk
into an extremely slender, yarn-like shape in which even the needed inductor is
formed with partially parallel wires close to each other [55]. The antenna type
d) has an external loop that is coupled inductively to the main radiator [119].

Figure 31. Four dipole antennas: a) straight half-wave dipole, b) typical dipole antenna of a UHF
RFID tag with a loop for impedance match and a meandered radiator, c) straight and wide dipole
with an integrated loop for low-conductivity conductor materials and d) tag antenna with an exter-
nal, inductively coupled loop.

As the ohmic losses are proportional to the square of the current density, for
a traditional dipole-based UHF RFID tag the edge of the loop in the middle is a
challenging area with high-resistivity materials. Fig. 32 shows a simplified
equivalent circuit of a dipole-type UHF RFID tag antenna, in which the partial
conductivity losses are modelled by resistances. The circuit is drawn on a type
c) dipole antenna to roughly demonstrate the physically equivalent areas of the
components. In order to avoid double components, a half-space (monopole)
model of the dipole is used. The conductivity losses occur in two resistances:
Rind and Rst. In a low-conductivity antenna, increasing width w of the antenna
helps to minimize Rst. As the current concentrates around the loop in the middle
of the antenna, Rind becomes more and more important factor for antenna losses
as the conductivity decreases. With a certain value of square resistance of the
conductor, Rind becomes so high that Cinput gradually starts to dominate over Lp,
as a result of which the loop cannot produce the required inductance anymore.
Finally, the input impedance turns capacitive instead of the desired inductive.
Therefore, there is a practical limit of conductivity for the use of the antenna
structures of Fig. 31 b) and c). Materials beyond this point can still be used as a
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part of the antenna by changing to the structure of Fig. 31 d). If only the induc-
tive loop around which the current density is at its highest is replaced by a loop
of material with high conductivity, the conductivity limit of the rest of the an-
tenna can be pushed further. In this case, as the loop acts also as a means of
inductive coupling, a galvanic contact to the radiating part of the antenna is not
needed. This is a benefit with many low-conductivity materials, into which
forming a galvanic contact is a challenge. A galvanic contact, even if achieved, is
also typically a resistive “bottleneck”.

Figure 32. Equivalent circuit of a dipole antenna with a parallel loop for impedance matching.

4.2 Graphene Transponders

A new and interesting material option for the antenna conductor is graphene.
Carbon is a low-cost and non-toxic raw material whose conductivity can be en-
hanced by the lattice structure, which turns regular carbon or graphite into gra-
phene [120] - [124].

4.2.1 All-Graphene Transponder

Fig. 33 shows a prototype of a UHF RFID tag with a graphene antenna [P4]. The
antenna is based on the structure of Fig. 31 c), but as a result of optimization of
the radiation efficiency and the input impedance by simulations, the structure
is asymmetric. The microchip is attached using a strap with copper pads and
silver lacquer. Fig. 34 shows the simulated current density on the structure,
demonstrating how the current concentrates around the loop in the middle.

Depending on the process and the thickness of graphene, different square re-
sistances can be produced. Therefore, the effect of the square resistance on the
antenna parameters was studied by simulations. The simulation results of the
structure with different values of square resistance are listed in Table 2. The
table shows the effect of the increased resistivity on the impedance and the ra-
diation efficiency. The input impedance of the NXP G2XM microchip used in
the prototype is (23 - j209)  at 867 MHz, which sets the targeted antenna im-
pedance to (23 + j209) [125]. As the real part of the antenna impedance be-
comes high due to the high resistivity of graphene, in practice, only reactive
match is possible. In the cases of Table 2, this has been achieved with the square
resistance values of 1 and 5 . After that, the reactance has been tuned to its
maximum, which is achieved with smaller and smaller loop dimensions. This is
different to high conductivity materials, for which increasing the loop circum-
ference always increases the reactance.  When compared to the resistance of the
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microchip, the input resistance of the antenna is high already with the square
resistance of one Ohm and increases together with the resistivity of graphene.
Also the radiation efficiency decreases, which in turn affects the read range cal-
culated using (2.7) and (2.5). Additionally to the microchip used in the proto-
type, NXP G2XM, the read range has been calculated as an equivalent value for
a more sensitive, state-of-the-art microchip Impinj Monza R6. The sensitivity
values for the two chips are -15 dBm and -20 dBm, respectively [124], [29].

Figure 33. Prototype of a dipole-type UHF RFID tag fabricated by printing of graphene.

Figure 34. Simulated current density of the antenna prototype of Fig. 33.

Table 2. Simulation results of a graphene antenna of Fig. 33 at 867 MHz; the effect of the value of
square resistance on the ideal loop size, input impedance, radiation efficiency and the theoretical
read range using two microchips: NXP G2XM (PIC sens = -15 dBm) of the prototype and Impinj
Monza R6 (PIC sens = -20 dBm) as a state-of-the-art reference.

R / Square () a (mm) b (mm) Zant ()  (%) Rread NXP (m) Rread R6(m)
1 21.3 10.1 66 + j 210 51 7.1 12.6
5 21.3 13.1 182 + j 209 32 4.1 7.3
10 21.3 10.1 172 + j 153 18 3.0 5.3
20 19.3 10.1 204 + j 97 11 2.0 3.6
30 13.3 10.1 184 + j 65 7.2 1.6 2.8
40 9.3 8.0 163 + j 48 4.6 1.2 2.2

The first round of prototypes of the tag of Fig. 33 was screen printed on three
substrates: PET (Mylar™), “LumiForte” paper by Stora Enso and Kapton™
(polyimide) [96], [126]. After screen-printing, the prototypes were post-pro-
cessed by photonic annealing (PET, paper) or thermal annealing (Kapton) and
thereafter by compression rolling. After the first measurements of square re-
sistance and read range, the tags were exposed to bending tests to test the me-
chanical durability of graphene. In the bending test,  the tags were exposed to
1000 cycles of bending with the radius of 42.5 mm. The measured square re-
sistances and read ranges before and after the bending test were practically
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identical. The measured sheet resistances of the prototypes on PET, paper and
Kapton were 6…7 , 4.1…5.0  and 3.9…5.2 , making the simulation case of 5
 / Square the relevant one for comparison. The corresponding read ranges
measured were 2.6 m, 3.1 m and 4.0 m. The result of Kapton is closest to the
read range value predicted by simulations. The variation between the read range
values of different substrates is relatively larger than that between the sheet re-
sistances. However, the sheet resistance has not been measured over the whole
tag area and there may be some spatial variation. The substrate material may
also affect the quality of the edge of the printed surface, which affects the value
of Rind of  Fig.  32.  The bending durability  of  graphene was studied further  by
bending 113 mm * 9 mm strips of graphene 1500 times with the radius of 5 mm.
As a result, no visual changes were observed and the resistance of the strip was
changed less than one per cent [P4].

4.2.2 Transponder with an External Coupling Loop

In order to improve both the impedance match and the radiation efficiency by
avoiding high current densities on the lossy material, the structure of Fig. 31 d)
was studied as an alternative to the structure of Fig. 31 c). Fig. 35 shows a pro-
totype that has an external coupling loop made of 9 μm thick aluminium. The
outer dimensions of the tag are the same as those of the tag of Fig. 33. The con-
ductor of the coupling loop is 0.8 mm wide and the outer dimensions of the loop
are 14 mm * 6  mm. Optimization of  the antenna by simulations has  led to  a
structure with an additional opening. The dimensions of the upper opening are
18.3 mm * 6 mm, as those of the lower opening are 18.3 mm * 20 mm. The bridge
between the openings is 2 mm wide. One side of the coupling loop partly over-
laps this bridge. Fig. 36 shows the simulated current density of the structure,
revealing how the current concentrates especially on the coupling loop.

Figure 35. Prototype of a dipole-type UHF RFID tag with an external coupling loop, fabricated by
printing of graphene on Kapton substrate.
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Figure 36. Simulated current density of the antenna prototype of Fig. 34.

In order to compare the tag structures of Fig. 33 and Fig. 35, prototypes of the
both with the same process and the same microchip were produced on Kapton
substrate. By measurement, the sheet resistance of graphene on this second fab-
rication round was 4 . Changing to Impinj Monza R6 microchip resulted in the
following dimensions of Fig. 33: a = 13.3 mm and b = 10.1 mm. As a strap was
not available for Monza R6, the microchip was attached by gluing the pads of a
bare die directly to the antenna using silver epoxy. The simulated and measured
read ranges for the two tag types as a function of frequency are shown in Fig. 37.
The simulated input  impedances  at  915 MHz are  (77.5  + j138)  and (12.7  +
j117)  and the simulated radiation efficiencies are -5.4 dB (29 %) and -4.0 dB
(40 %) for the antenna types of Fig. 33 and 35, respectively. Comparing the re-
sults of the two antenna types shows how the better impedance match and the
better radiation efficiency of the antenna of Fig. 35 increase the read range. One
should also note that the higher Q value of the antenna with an external coupling
loop is realized as a clear resonance-type response. The response of the all-gra-
phene antenna, instead, is quite flat. There is also a better correspondence be-
tween simulations and measurements for the antenna of Fig. 35. As stated
above, in the case of the antenna of Fig. 33, the quality of the edge around the
loop opening of the antenna is critical due to its effect on the loss resistance Rind.
As this potential roughness is not modelled in the simulation, its effect becomes
visible as the difference between simulation and measurement results.

Figure 37. Simulated and measured theoretical read range as a function of frequency for the tag
prototypes of Fig. 33. (a) and Fig. 35 (b).
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4.2.3 Near-Field Graphene Transponder

As illustrated in Figs 34 and 36, the electric current of a dipole-type tag concen-
trates around the inductive loop in the middle of the tag. This is the part of which
an inductive UHF near-field tag essentially consists of. Therefore, in terms of
losses, graphene or any other low-conductivity material can be considered non-
ideal for inductive near-field tags. On the other hand, inductive near-field tags
also have certain properties that motivate the use of graphene as their conductor
material. As the power transferred by the magnetic near-field decays with the
sixth power of the distance, the decreased coupling efficiency at a certain dis-
tance does not necessarily mean a significant decrease in the read range [10],
[18]. In addition, as a near-field transponder contains only an inductive loop, its
size remains moderate. Even though widening the conductor of the loop is a way
of decreasing losses, the effect is quite limited due to the skin effect, which
causes the current density to decrease radially outwards from the centre of the
loop.

In the tag prototype of Section 4.2.1, the microchip was attached to the all-
graphene antenna by using a strap with copper pads.  This provides a large con-
tact area to the low-conductivity graphene conductor, which results in a low
contact resistance. From the production point of view, this is an expensive
method of chip attachment since it requires a strap carrier as an additional part
and the chip attachment process consists of two phases: the attachment of the
chip to the strap and the attachment of the strap to the antenna. Therefore, in
order to make the graphene tags commercially competitive with the etched ones,
similar adhesive bonding processes should be used in the chip attachment. In
order to study the feasibility of a graphene-based near-field tag, a set of proto-
types was fabricated. Versions with different dimensions were fabricated to find
the proper reactive tuning between the tag coil and the microchip, to evaluate
the effect of the width of the conductor and to evaluate the effect of the attach-
ment method of the microchip. Fig. 38 shows four tag prototypes, the dimen-
sions of  which are  determined based on the reactive  match to  the Monza R6
microchip at 867 MHz. These prototypes represent two conductor widths, 4 mm
and 7 mm, and three methods of attaching the microchip: with an aluminium
strap and silver lacquer, chip directly bonded with aluminium lacquer and with
isotropic conductive adhesive (ICA). ICA was used here instead of the more
common ACA as its resistivity is lower and the wide pitch between the contact
pads of Monza R6 microchip, 112 μm, makes its use possible.
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Figure 38. Near-field UHF RFID tag prototypes on graphene: with a 7 mm wide conductor and
the microchip attached with a strap and silver lacquer (top left), with a 7 mm wide conductor and
the microchip attached directly with silver lacquer (top right), with a 4 mm wide conductor and the
microchip attached with a strap and silver lacquer (bottom left) and with a 4 mm wide conductor
and the microchip ICA-bonded to the graphene coil (bottom right) [P5].

As stated in Sec. 2.2.2, due to the simple structure of an inductive near-field
tag, the achieved impedance match is typically only reactive instead of a com-
plete conjugate match. However, unlike in the case of aluminium or copper, for
which the real part of the tag coil is lower than that of the microchip, the high
resistivity of graphene raises the real part above that of the microchip (13 )
[29]. When the imaginary parts of the impedance are matched that is the reac-
tance of the tag is close to 126  at 867 MHz, the following coil resistance values
were obtained by simulations: for the conductor width of 4 mm and the square
resistance values of 5  and 10  for graphene, the resistances are 86  and 185
, respectively. For the conductor width of 7 mm, the corresponding values are
70  and 136 . The complete table of simulation results is presented in [P5].

The prototypes of Fig. 38 were measured using a similar setup with a Match-
box near-field antenna as in Section 3.3.4. The results for the four prototypes of
Fig. 38 are shown in terms of the power marginal as a function of frequency in
Fig. 39. The measurement result of a commercial aluminium-based near-field
transponder “UPM Trap” is also included as a reference. The power marginal is
defined in relation to +30 dBm (1 W) that is the maximum allowed power for
the Matchbox antenna. In order to make the simulation and measurement re-
sults comparable, the attenuation of the cable and the circulator between the
reader antenna and the Tagformance device is taken into account here [P5].
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Figure 39. Measured power marginal as a function of frequency for the transponders of Fig. 38
and “UPM Trap”, and the simulated corresponding values for a transponder with a 4 mm wide
conductor with the square resistance values of 5 and 10  for graphene [P5].

The measurement results show both the effect of the conductor width and the
chip attachment method. In terms of the increasing contact resistance, the order
of the attachment methods is strap, silver lacquer and ICA. Considering the
route  of  the electric  current  from the microchip,  the  ICA bonded case  is  very
similar to the simulation model [P5]. Based on this, the curve of the case “4 mm
ICA” being between the simulation results in Fig. 39 is a good result, which con-
firms that the effective square resistance of the graphene used in the prototypes
is likely between 5 and 10 . The DC measurement of the square resistance of
the prototypes had given values somewhat below 10 , but this measurement
does not take the anisotropic nature of graphene into account.

At least at its centre frequency, the commercial near-field tag “UPM Trap” pro-
vides larger power marginal than any of the graphene transponders measured,
even though it is equipped with a less sensitive microchip, Monza 3 [40]. How-
ever, the ICA-bonded prototype with a 4 mm wide conductor and the outer di-
mensions of 21 mm * 18 mm is readable with a fair power marginal of 19 dB at
867 MHz, which verifies that the graphene tags have potential for large-scale
and low-cost industrial fabrication.

4.3 Transparent Transponders Based on AZO

As opposed to semi-transparent wire mesh antennas, transparent conductive
oxides (TCOs) make it possible to implement genuinely transparent antennas
[127]. Being used in touch screens, tin-doped indium oxide (ITO) is the most
common of the TCOs [128]. Aluminium-doped zinc oxide (AZO), however, pro-
vides an environmentally friendly and potentially low-cost alternative to ITO. It
has also good high-frequency properties, which is especially beneficial in the
UHF RFID applications [129], [130].
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The AZO layer used here is about 400 nm thick and implemented with atomic
layer deposition (ALD) process [131]. Such a layer can be grown both on flexible
and  rigid  substrates.  The  average  conductivity  of  the  AZO  layer  is  about
45 500…62 500 S/m, which is higher than that of graphene used in the previous
example. However, in order to maintain transparency, the layer needs to be kept
thin [132]. As a result,  the square resistance is higher than in the case of gra-
phene, namely from 40 to 55 for the 400 nm layer. By simulations, this al-
ready rules out all the other antenna structures of Fig. 31 except d) with an ex-
ternal coupling loop. A partly transparent UHF RFID tag based on an inductive
loop made on aluminium and a radiating part implemented on AZO is presented
in [P6]. Such a tag can be implemented e.g. on a window glass or a windshield
of a car.

For practical reasons, the tag prototypes were implemented on a yellow Kap-
ton HN™ polyimide foil [126]. Optimization of the coupling between the loop
and the radiator led to a structure shown in Fig. 40 where the three sides of the
coupling loop are parallel with the edges of the radiator part of AZO. The cou-
pling loop is the same as in the graphene tag of Fig. 35. The simulated and meas-
ured  read  ranges  as  a  function  of  frequency  for  four  similar  prototypes  are
shown in Fig. 41. The simulated values for the input impedance and the radia-
tion efficiency at 900 MHz are (25 + j121)  and -6.8 dB (21 %). The measured
read range is 7.4 m at 900 MHz, whereas the simulated value is 9.6 m. One of
the measured prototypes gave lower values than the others, but as the three gave
practically similar responses, the one can be considered faulty. The difference
between the simulated and measured responses, which is greater than in the
case of the graphene antenna with the same coupling loop, can be explained by
the non-ideal edges of the Kapton foil. As the prototypes are fabricated by first
growing the AZO layer on a plain sheet of Kapton and then cutting the sheet into
the wanted form by a knife, the edge of the brittle AZO layer may become rough.
This assumption is somewhat supported by the result of the graphene antenna
shown in Fig. 37 b); the antenna is quite similar, but fabricated by masking so
that the edges are relatively smooth. Also the results of the Bluetooth antenna
in [P6] that give better results for the rigid glass than for the flexible Kapton
support it.

Figure 40. Prototype of a transparent UHF RFID tag with an external coupling loop, fabricated of
a sheet of Kapton foil with a 400 nm thick layer of AZO on top of it.
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Figure 41. Theoretical read range of the transparent transponder prototypes, one of which is
shown in Fig. 40, as a function of frequency: simulated and measured responses for four proto-
types (1A, 1B, 2A and 2B) [P6].
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5. Conclusion

In this thesis, new concepts of implementing UHF RFID transponders are stud-
ied. The goal is to find solutions that are able to bring the best benefits of the
UHF RFID technology into new products and application areas using tags that
are still of general-purpose type. Unleashing the unused potential of UHF RFID
also means that, in many applications, it can replace the other means of auto-
matic identification used formerly. When compared to other passive RFID tech-
nologies - LF and HF - as well as to the optical methods of automatic identifica-
tion, the greatest benefit of the UHF RFID technology is its long read range. Due
to the latest introduction of 917 MHz frequency band in Europe, there is finally
also a global frequency band available for UHF RFID. UHF tags can also be
small and low-cost. On the other hand, conductive mounting platforms need a
special tag that is structurally different from the lowest-cost labels. Especially in
this case, combining all the good properties of a UHF RFID tag is a great chal-
lenge. To tackle this challenge, this thesis presents solutions in which a small
vertical loop is used as the radiator and the needed impedance match between
the microchip and the antenna has been implemented using capacitors that are
integrated into the structure.

On the way of extending the use of RFID technology, the cost is always an is-
sue, as, from an investor’s point of view, the technology should produce a posi-
tive return of investment. In practice, this means that without an appropriate
mass fabrication process, the technically good solutions are destined to remain
as laboratory prototypes with only academic interest. Therefore, the fabrication
point of view has been of special interest in this thesis. Tag prototypes presented
in this thesis have been fabricated using PCB and inlay processes, both as two-
and three-metal-layer implementations. The yield of the fabrication process is
an important parameter, since, even though the tags can and will be tested on
the production line, low yield is a cost burden that increases the realized unit
price of a tag in the end. The yield issue is especially important for the smallest
of the tags, as for them, the targeted long read range leads to a high Q value that
is practically equivalent to a narrow bandwidth. This, in turn, makes the tags
sensitive to dimensional variation. A few means to tackle this have been pre-
sented in this thesis, and to evaluate the effectiveness of these compensation
methods, a test series of small high-Q tags was fabricated and measured. With
this small tag, 18 mm * 4 mm * 2 mm in dimensions, the maximum read range
of 3.0 m was reached on a metal surface using a microchip with the read sensi-
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tivity of -17.4 dBm (Monza4) [41]. As revealed by comparison to formerly pub-
lished and commercial on-metal tags of similar size, the performance of this and
the other tags presented in the thesis appeared to be very competitive.

One of the solutions presented in this thesis is a low-profile and low-cost near-
field UHF RFID tag that operates on metal. Tagging of small batteries was used
as the demonstrator case here as the recycling process of the batteries requires
a means of automatic identification and the dirty and mechanically harsh envi-
ronment limits the usability of optical technologies. The solution is based on
exploiting the currents induced on the metal surface of the tagged object and
any special or expensive materials such as ferrites are not needed. The solution
was demonstrated successfully in a recycling facility of batteries, but it is usable
for any object of any material.

Printed circuit board technology as well as the inlay processes used to produce
label transponders are today’s low-cost mainstream technology. Very large vol-
umes and processes that have evolved accordingly have enabled the reduction
of the unit cost. However, the etching process of metal used in the both produces
toxic waste and consumes energy. Metals are not necessarily accepted in all of
the potential applications of RFID, either. Graphene provides an interesting op-
tion for the conductor material of the transponders. Graphene is an eco-friendly
and potentially low-cost non-metal material that can provide an adequate con-
ductivity to be used in an antenna. However, when compared to the metals used
conventionally in the antennas, the conductivity of graphene is low. This means
that, in order to obtain the longest possible read range, the low conductivity
needs to be taken into account in the antenna design. It has been demonstrated
in this thesis that graphene can be used as a conductor material for far-field
transponders and even for inductive near-field transponders. The attachment
of the microchip is an important phase of the fabrication process of a tran-
sponder and therefore, any new conductor material introduces a risk of in-
creased production cost if it is not compatible with the low-cost standard pro-
cesses of chip attachment. It was shown by the test reported in [P5] that the
adhesive bonding method commonly used with RFID tags is compatible with
graphene, thus justifying the commercial viability of graphene-based tran-
sponders.

Another alternative conductor material studied in this thesis is aluminium-
doped zinc oxide (AZO). As a thin layer - 400 nm in this case - implemented on
a transparent substrate such as glass or plastic film, it can be used to realise
transparent antennas. The conductivity of this layer is, however, even lower
than that of the graphene used in this thesis. Therefore, the realized tag proto-
types need an inductive coupling loop made of high-conductivity material. How-
ever, this visible part of the antenna made of aluminium is only 14 mm * 6 mm
in size, whereas the transparent part is 170 mm * 48 mm. E.g. in the case of a
window-integrated antenna, the coupling loop can be hidden inside of a win-
dowpane. Even if the coupling loop remains visible, the concept provides the
read range of a far-field tag with a structure that looks like a near-field tag.

In this thesis, the alternative conductor materials that is graphene and AZO,
have been studied by using them as a basis of planar dipole antennas. However,
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according to the studies reported in [P4], graphene can be bent without affect-
ing its electrical properties. Therefore, it has potential also as an inlay material
for all-platform 3D tags, which sets interesting possibilities for implementing
metal-free 3D tags. The smallest bending radius studied here, however, was 5
mm, which is still large considering the 3D tags presented in this thesis. Never-
theless, this sets an interesting goal and a research topic for the future.

The future development of UHF RFID also includes the evolution of the tag
microchips, the improved read sensitivity of which has had its effect on the
achievable read range also between the publications of this thesis. In order to
exploit the full potential of a particular tag structure, it is worthwhile to update
the structures for the newest and the most sensitive one of the microchips. How-
ever,  even though the read range of  a  tag  can be enhanced by improving the
sensitivity of a tag microchip, the significance of the tag design remains. This is
because the radiation efficiency and the impedance match will always be factors
in the power budget of an RFID system. The adaptability of the tag to different
mounting platforms and to different near environments will also be taken care
of by the tag antenna. Tag microchips with an adaptable input impedance - that
is an on-chip capacitor bank in practice - have been introduced, but already the
chip size and consequently the IC cost limits the practical tuning dynamics of
such on-silicon solutions [133]. Wireless sensors based on passive RFID is a
topic that has been considered a natural evolution stage of RFID since the in-
troduction of the technology. However, their development has been slower than
expected, possibly due to the various needs and specifications for such sensors,
but also due to the high power consumption of the electronics needed for such
sensors, which has limited the read range. Therefore, better tag antennas to-
gether with improved RF rectifiers and other chip electronics also pave the way
for RFID-based sensing in the future.
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