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ABSTRACT

Radio-frequency identification (RFID) makes use radio waves to track objects equipped
with electronic transponders, commonly known as tags. In passive RFID systems, the
tags are remotely powered and they are composed of only two components: an antenna
and an application specific integrated circuit (tag IC). At ultra high frequencies (UHF)
this technology enables the rapid identification of a large quantity of tags at the distanc-
es of several meters, also in the absence of line-of-sight connection with the tag. While
the passive UHF RFID is currently used e.g. in supply chain management and access
control, in the future the passive tags capable of ultra-low-power data transmission are
envisioned to provide platforms for wireless sensor nodes.

The maintenance-free and fully integrated on-tag electronics holds the promise to
small, cheap, and inconspicuous tags, but achieving this in practice requires completely
new design methods and analysis tools for antennas. Unlike conventional antennas, tag
antennas need to be directly interfaced with an active load (tag IC) and seamlessly inte-
grated with objects of various sizes and material contents. Here, especially the materials
having adverse effect on the operation of conventional antennas present a major chal-
lenge, while at the same time the fundamental limitations on the performance of small
antennas need to be considered.

This work addresses the above-mentioned challenges in the design of antennas for
passive tags. Based on the new analysis tools and modern computational electromagnet-
ics, a framework specifically tailored for the development of tag antennas is established.
Combined with novel electronics materials and new fabrication methods this is shown
to provide compelling means for tag antenna development. In particular, it is shown that
tags with antennas produced using printable electronics, which has great potential to
enable fabrication antennas directly on various unconventional platforms, can achieve
competitive performance against the copper-based references. Furthermore, novel high-
permittivity materials can be exploited to develop miniature antennas for metal mounta-
ble tags. Finally, three case studies, where antennas for tags in challenging applications
are developed using the proposed design framework, are presented. The prototype tags
achieve performance exceeding state of the art and exhibit excellent structural proper-
ties for the seamless integration with the considered objects.
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1 INTRODUCTION

For the reader’s convenience, road map to the contents of this work provided in Fig. 1.
The text consists of five sections discussing the research results in publications
[1-VI1].
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Figure 1. Structure and contents of the dissertation.



1.1 Radio-Frequency ldentification Technology

Radio-frequency identification (RFID) technology provides the wireless automatic identi-
fication of assets tagged with electronic transponders, which are more commonly known
as tags. In any RFID system, the identification is based on electromagnetic interaction
between the tags and dedicated readers, conveyed by antennas on both sides. According
to the mechanism of the interaction, RFID systems can be divided into near field and far
field systems, where electromagnetic coupling and wave propagation are used for com-
munication, respectively. Due to link physics, the operation range in near field systems is
short, whereas substantially longer ranges are achieved in far field systems. For this rea-
son, the far field RFID systems are also referred to as long range RFID systems.

The use of propagating electromagnetic waves at ultra high frequencies (UHF) for
powering and communicating with the tags enables the rapid identification of a large
amount of objects through various media from the distances of several meters with
maintenance-free tags. These are the main advantages that initially sparked the interest on
passive long range RFID. Currently, it has applications in access control, supply chain
management, and in item-level asset tracking, while new applications are emerging. Re-
cently, e.g. the use of tag antennas as sensing elements has gained much attention and
efforts on the use of RFID for indoor positioning has been made. Miniature, ultra-low-
power and maintenance-free tags are also envisioned to provide platforms for wireless
sensor nodes in the next generation internet - the internet of things. Tracking of people
with wearable tags, as well as bio-medical applications from body movement monitoring
tags to miniature cortical implants utilizing wireless communication techniques similar to
RFID are also being investigated. [1]-[10]

Despite the relatively straightforward basic functionality of RFID, the holistic design
and optimization of RFID tags is demanding because of the stringent tag size, cost and
integration requirements. While these requirements bring the tag antenna design in the
frontiers of the current antenna engineering and electronics manufacturing, the conven-
tional antenna design techniques also need to be adapted to interface the antenna and the
ultra-low-power RFID microchip optimally. Here the impedance matching of the antenna
to a complex and non-linear load is a major issue. Finally, thorough knowledge on the
electromagnetic theory of scattering is required for understanding the non-conventional
wireless communication scheme based on the modulation of antenna scattering.

Currently a major challenge that need be overcome in order to make RFID ubiquitous
and enable its large-scale implementation for item-level identification is the development
of new antennas for inconspicuous tags with an optimal cost-performance ratio for the
considered application. While the printable electronics holds the promise to the seamless
integration of antennas with various unconventional platforms, given that sufficient per-
formance is achieved with the printed antennas, the reliable identification of objects con-
taining or consisting of materials, which have adverse effects on the functioning of tradi-
tional antennas, is a key challenge. [11]-[14]



The focus of this work is on exploring new design methods and analysis tools for the
development of novel antennas for passive long range UHF RFID tags in challenging
applications and thereby to improve the overall system performance from the tag side. To
meet this challenge, the following steps have been taken: a new method for the character-
ization of RFID microchips is developed [I11], analytical methods combined with modern
computational electromagnetics simulations are used to create a design framework for
holistic tag performance optimization [IV], the use of novel electronics materials and new
fabrication methods [I-11] to create tag antennas for challenging applications [V-VII] is
investigated.

1.2  Operation Principle of Passive Long Range UHF RFID
System

The core components in any RFID system are tags, readers, and a system for data man-
agement. The focus of this work is on passive long range UHF RFID systems, where the
tags are remotely powered by the reader and the tag-to-reader data link is based modu-
lated antenna scattering. This communication scheme provides superior power efficiency
on the tag side [9] and it is therefore fit for passive RFID. Figure 2 shows the core com-
ponents and functional blocks of the system and illustrates its operation principle.

The passive tags consist of only two separate entities: the tag antenna and the RFID
tag microchip (tag IC). The antenna is responsible for capturing energy from the continu-
ous wave emitted by the reader. Once there is sufficient voltage across at the antenna
terminals to activate the semiconductor devices in the on-chip rectifier circuitry, it starts
to supply power to the rest of the circuit. With the tag IC fully activated, the on-chip radio
will listen in for commands from the reader, but the tag never responds to the reader
spontaneously. The reader may also request new data to be recorded in the on-chip mem-
ory, but in the most common operation cycle, the reader polls for the identification code
of the tag stored in the on-chip memory. The tag responds by modulating the requested
information in the scattering from the tag antenna using the impedance switching scheme
and. Once the response is detected by the reader, it will be distributed over to the data
management system.

Power (carrier
tone) and data

L
} =1
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Supply chain
management
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Figure 2. Key components and operation principle of a passive RFID system



1.3  Overview of Regulations for UHF RFID

Due to the abundance of the wireless systems, the radio spectrum has been divided into
sub-bands with regulated emission limits to keep the inter-system interference at a tolera-
ble level. In practice, the emission limit is imposed as the equivalent isotropically radiat-
ed power (EIRP), defined as the product of the power accepted by the transmit antenna
and its maximum gain over all the spatial angles within the regulated frequency band.
This enforces the same maximum radiated power density for any transmit antenna. [1]

The readable range of a passive RFID tag is strongly dependent on the transmitted
power. Thus, in the research and development of passive tags, it is important to always
refer the achieved read range to a specific EIRP value. This enables the judicious perfor-
mance comparison between designs reported by the researchers worldwide. Table 1 lists
the current EIRP regulations for UHF RFID systems in different regions. Communication
protocols for RFID are also being standardized and currently there is ISO 18000-6 stand-
ard [15] defining the air interface protocol for RFID. In addition, the most widely used
tags follow EPCglobal UHF Class 1 Generation 2 standard [16], which defines the
physical and logical requirements of the tags.

Table 1. EIRP regulations for UHF RFID systems in different regions [16].

Region Frequency band [MHz] EIRP [W]
Europe 865.6 — 867.6 3.28
: 840.5-8445
China 920.5 - 924.5 3.28
- 917 -920.8 4
Republic of Korea 917 9235 0.2
Japan 952 — 956.4 4
Canada
United States 902 - 928 4
920 — 926 4

Australia
918 — 926 1




2  ANTENNA DESIGN FOR PASSIVE LONG
RANGE UHF RFID TAGS

Antennas are passive structures designed to convey the electromagnetic interactions effi-
ciently. Heinrich Hertz was the first one to study these structures and in his famous ex-
periment in 1888, he demonstrated for the first time the transmission of energy between
two antennas. This was also the first experimental verification of the existence of elec-
tromagnetic waves and it sparked the broad interest on the field of antennas and wireless
communication that still carries on. [17]

In the development of any wireless systems, an important task is to adapt the general
knowledge on antennas for the needs of the specific application. A well-known example
is the mobile phones, where a multi-resonant antenna needs to be fitted in the sub-
wavelength-sized device. Antennas for RFID tags have similar size constraints. In addi-
tion, tag antennas need to be seamlessly integrated with objects of various size, shape and
material contents, and impedance matched with a strongly frequency- and power-
dependent tag IC. These are some of the unique features of antenna design for RFID tags,
which are covered in this section along with the antenna fundamentals. In particular,
achieving the proper impedance matching between the tag antenna and IC under design
uncertainties is a pronounced aspect in tag design. For the judicious evaluation of the
impact of these uncertainties, the author has developed a new numerically efficient
framework for the evaluation of the sensitivity of the impedance matching towards
impedance variations [I\V]. This topic is discussed in Section 2.4.

2.1 Design Requirements and Constraints

The maximum distance at which a tag can be detected by the reader is an important prac-
tical tag performance indicator, which can be understood by both antenna and application
engineers. For this reason, the achievable tag read range with a given tag IC is often con-
sidered as the starting point for tag antenna design. The possible choices for the antenna
structure are then narrowed down based the application specific requirements, such as the
acceptable tag size and cost, and the properties of the platform where the tag is to be
mounted on.

Especially in the item-level identification of a large asset base, low manufacturing
costs per tag is a key-requirement. In the development of tag antennas, this puts the focus
on small and simple structures. Although clever antenna size-reduction and impedance
matching techniques are available [18]-[23];[IV], there are fundamental physical limita-
tions for the achievable performance of an antenna with a given size [24]-[25]. In RFID
context, this makes it a challenge to create aggressively miniaturized antennas capable of
powering the tag IC from usable distances for identification. Thus, an appropriate antenna



size-performance ratio, given the application specific constraints is often a major design
choice.

Commonly, the tags also need to be inconspicuous. This means that the antennas need
to be low-profile and conform to the objects’ surface. A compelling means to achieve this
is the use of printable electronics processes, such as screen printing, gravure printing, pad
printing or inkjet printing in antenna fabrication. With these methods, conductive ink can
be deposited on a wide variety of platforms. This provides new means of integrating an-
tennas e.g. with paper-based and textile platforms, as well as other platforms, which do
not tolerate the chemicals used in the conventional etching process. In this way, potential
cost-savings can be achieved since a separate antenna platform is no longer required.
[11][26]-[33]:[1-11]

However, another issue arises when tag is mounted on objects with various unknown
material contents: the interaction between the electromagnetic fields of the tag antenna
and the matter may significantly affect the antenna performance. While tag antennas with
reduced antenna-matter interaction (platform-tolerant or general purpose tags) have been
reported [34]-[37], it is difficult to achieve this without increasing the structural complex-
ity of the antennas. On the other hand, for application specific tags, a co-design approach
where the particular antenna platform is treated as a part of the antenna, has been found
useful [38][39];[V-VII].

For metal mountable tags, the antenna-matter interaction is a particularly pronounced
issue. This is because of the strong image current induced on the nearby metal surface.
With the antenna distance much less than a quarter wavelength from the metal, the elec-

System level Tag read range Options for
specifications requirement the tag IC
Antenna design
specifications Antenna performance requirements
Design - ] ]
constraints Integration requirements Unit cost
Design choices @ @ @
Design approach Eabrication method Stucture . .
. ¢ Allowed footprint and thickness?
e General purpose e Conventional

¢ Flexible or rigid antenna substrate?

e Application specific e Printable electronics « Single or multilayer design?

Figure 3. Tag antenna design flow.



tromagnetic fields radiated by the image current and the antenna sum up with approxi-
mately 180° phase difference and cancel each other largely [40]-[42]. Consequently, the
antenna radiation efficiency is low and the tag read range limited. Further, the proximity
of the metal surface (even a small one compared with the antenna) can greatly affect the
antenna impedance and radiation pattern compared with the properties of an isolated an-
tenna [40][43]. Antennas with a ground plane, such as microstrip patch antennas and pla-
nar inverted-F antennas, do not suffer from this phenomenon as severely [44][45], but
compared with dipole and slot antennas they have more complex structure and higher unit
cost. In applications, such as the identification of cargo containers, industrial machinery,
or similar high-value assets, tags with higher unit cost are an acceptable option [46]-
[49];[VI], but e.g. in item-level identification of small metallic objects, more cost effec-
tive solutions are required. Some small and low-profile antennas for metal mountable tags
have been proposed [50]-[53], while achieving this with a simple antenna structure based
on only a single conductor layer remains a topic of ongoing research [54][55];[VI].

The design flow diagram presented in Fig. 3 summarises the tag antenna design proc-
ess and clarifies the various design choices that need to be made in accordance with the
requirements and constraints of the intended application.

2.2 Antennalmpedance and Radiation

Impedance

In a typical design scenario, the tag antenna is designed as an isolated device. In this case
it can be analyzed as a single-port passive device and the antenna impedance (Z,) is de-
fined simply as the ratio of the driving point voltage and current phasors. Nevertheless,
the physical nature of the antenna impedance is quite different from lumped passive cir-
cuit elements. This is because antennas radiate energy and the power leaving the antenna
may contribute a major part in the antenna resistance (R,). This part of the resistance is
the antenna radiation resistance (Rrag) and the remainder is the loss resistance (Rjqss) relat-
ed to the power 10sS: Ploss=Pacc—Prad, Where Prqq is the total power that could be extracted
from the radiated fields of the antenna and Py is the power accepted by the antenna from
the generator. The antenna reactance (X,) is related to the reactive power of the antenna
near fields, similar to the reactance of an inductor or a capacitor.

As will become clear from the analysis presented below, the formation of electromag-
netic radiation from the antenna current is a strongly frequency-dependent process and
thus the antenna impedance exhibits similar characteristics. The electromagnetic energy
dissipated in the materials surrounding the antenna conductor may have dispersive char-
acteristics as well. Finally, the energy dissipation in the antenna conductor starts to in-
crease rapidly in conductors with thickness below the so-called skin depth (0). For mate-
rials with high electrical conductivity (o), this thickness is approximately [42][56][57]

1
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Thus, the accurate prediction of the antenna impedance is extremely difficult by purely
analytic means. Fortunately, towards the end of the 20™ century, many efficient computa-
tional electromagnetics (CEM) tools have become widely available for microwave engi-
neers, and at present, a regular work station computer can be used for simulation of mi-
crowave devices, including antennas.

While CEM tools facilitate the design greatly, as a starting point for a practical tag an-
tenna design, knowledge on the frequency response of certain canonical antenna types is
indispensible. Based on this knowledge the canonical antennas can be further modified
with the help of CEM tools for achieving the desired antenna impedance and radiation
properties. The tag antennas [V-VII] studied and developed in this work (details dis-
cussed in Section 4) are modifications of three different well-known antenna types: di-
pole, slot, and microstrip patch antenna illustrated in Fig. 4. Common to these structures
is that for efficient radiation, the parameter L should be in the order of A/2 with A being
the wavelength of operation although smaller size can be achieved with special design
techniques [18]-[23]. For the microstrip patch antenna, the thickness h of dielectric mate-
rial layer is typically in the range from 0.003A to 0.05X [58].

The fundamental antenna resonance frequency (fo) is the lowest frequency where the
antenna reactance crosses zero. In practice, the larger the antenna structure, the lower the
achievable fo, but the realized f, depends on the specific design choices. Especially the
arrangement of the antenna conductor plays a major role here. Due to their stringent size

Dipole Slot antenna Microstrip patch antenna
antenna Top view .
A - “

Side view
+
~ £ =2..10 Ih

Figure 4. Examples of canonical antenna structures.
The antenna terminals are indicated with + and —.

Table 2. Input impedance of the canonical antenna structures shown in Fig. 4.

Frequency f<fy f—0
. Im(Z,) <0,
Dipole [40][41] Re (z() i small Im(Z5) — —o0
Im(Z,) >0,
Slot [40][41] Re(Z,) = small Im(Z,) — 0
Microstrip patch Im(Z,) >0,

(typical) [58] Re(Z,) = small




requirements, tag antennas typically have the maximum dimension less than or around
quarter wave length and they operate below or near fy of the given structure. For the ca-
nonical antenna types illustrated in Fig. 4, the properties of the antenna impedance below
fo are predetermined by the electromagnetic theory (see Table 2). As discussed in Section
2.4, this has important implications for the implementation of tag antenna impedance
matching.

Antenna Radiation

Perhaps the most important information on any antenna is its radiation characteristics.
This includes the spatial distribution of the power density in the radiated fields, efficiency
of the transformation of energy from the antenna input to the radiated fields, and the po-
larization properties of the radiated fields. In Section 2.4 it will also be seen that antenna
radiation and scattering properties are closely related.

As known from the fundamentals of electromagnetic theory, time-varying current cre-
ates electromagnetic fields which transport energy away from the source. This is the
process of electromagnetic radiation. A major goal in antenna design is to adapt the an-
tenna structure, so that the impressed current flow in it produces radiation with the de-
sired spatial distribution. In order to achieve this in a well-founded manner, one must be
able to compute the power density of the radiated field at an arbitrary point.

Let (0,0,p) be a spherical coordinate system where the radiated fields are observed and
(x,y,X) the corresponding Cartesian coordinates. Suppose the time-harmonic antenna cur-
rent density J is represented in another Cartesian coordinate system (u,v,w) and further
that the antenna is enclosed in a volume V which contains the origin of (x,y,z). Then the
antenna power pattern F(0,¢), which is the normalized power density of the radiated field
on a spherical shell around the antenna, is approximated with [40]

F(6.¢)= M, (22)
max|Q(6, 4)
where Q(6.4)=[I(u.v. we' = "y v dw, (2b)
(8, 4) = usin @cos ¢ +vsin Asin ¢ + wcos 6, (2c)
and (U 4 (y =V +(2—w)? >> (u,rmv(uz 2wl 2d)

Here the condition (2d) limits the analysis to such remote points where the radiated elec-
tromagnetic fields can be treated locally as plane waves to a good approximation. The
directional weighting function Q(#,p) contains the relevant physical information of the
source current and the electric and magnetic field components
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respectively, can be derived directly from it [40]. Here the unit vectors 1.y and 1, are the
antenna polarization vector and the radial unit vector, respectively, and the constant # is
the wave impedance in vacuum: 5 = 377 Q.

Since F(f,p) is a normalized quantity with the maximum of unity, a more suitable
quantity for comparison of different antennas is the antenna directivity D(6,¢), defined as
the ratio of the radiated power density in direction (6,¢) to the radiated power density
averaged over all spatial directions. Following this definition, the well-known expression
[40][41]

F(6.9)
F(6,¢)sin 0d6ds “)

D(6,¢)= =

47r0

T

O —3

is obtained.

To evaluate the practical performance of antennas, neither the power pattern nor direc-
tivity alone is sufficient, since they provide no information on the amount of energy ab-
sorbed into the antenna structure and its surroundings. This information is carried by the
antenna radiation efficiency (eraq). It is defined as the ratio of the power accepted by the
antenna (Pacc) to the total power radiated by the antenna (Praq) [40]:

2w 7

vad prad:é_££|Q(«9,¢)|28in9dt9d¢. (5)

acc

o)

€rad =

-

Directivity multiplied with the efficiency yields the antenna gain G(6,¢). It tells how
large a power density the radiated field contains, compared with a hypothetical isotropic
antenna with radiation properties: erag=1 and D(6,¢)=1 accepting the same power. Fi-
nally, it needs to be stressed here that eaq defined in equation (5) excludes the effects of
possible impedance mismatch between the generator and the antenna input. This loss
source is discussed in Section 2.4.

To summarize the physical meaning of the antenna parameters introduced above, sup-
pose that an antenna accepts power Py from the generator. At an observation point
(6,0,p), the time-average power density of the radiated field is then approximated with

S(6,¢.p)= —Paig' ) (6)
Importantly, according to the reciprocity theorem [40], the same set of parameters deter-
mine the power available from an antenna (Pavant), When an incident wave with time-
average power density Si,c impinges on it from direction (6,¢) [40]:

Pavant = Aef (‘9’ ¢)Zpolsinc’ (72)



11

2
with — Agy(0.4)=2—G(0,9) (7b)

2
and X pol :| Lant “Linc | - (7c)

Here Aer is the antenna effective aperture and ypo is the polarization loss factor deter-
mined by the mutual alignment of the receiving antenna and the incident wave polariza-
tion vectors 1., and iy, respectively. Thus, radiation efficiency, directivity, and gain are
the fundamental performance parameters also for receiving antennas. Tag antennas in
particular are receiving antennas harvesting power for the tag IC.

2.3  Overview of Tag Microchips

The use of modulated antenna scattering as a means for wireless communication was in-
troduced as early as 1948 [59]. Possibly the first completely passive RFID tag was re-
ported in 1975 [60], but it was not until the successful fabrication of Schottky diodes on a
regular CMOS integrated circuit in 1990’s that the passive RFID tags started to assume
their present shape without off-chip components. With this development, the design of
fully integrated RFID ICs got into full speed. The functional blocks common to essen-
tially all present day RFID ICs for passive tags are illustrated in Fig. 5. [61]

Since the ICs on passive tags are remotely powered, an important chip performance
parameter is the wake-up power (Pic). Different operations on chip require different
power, but most commonly the IC wake-up power is defined with respect to the query
command, to which the tag responds with its identification code stored in the on-chip
memory. One of the earliest fully integrated RFID ICs fabricated in CMOS process with
additional Schottky diodes was reported in 2003 [62]. The circuit achieved the wake-up
power of —17.7 dBm (16.7 uW). Presently, the wake-up powers of commercially avail-
able tag ICs fabricated in standard CMOS process are reaching —18 dBm (15.8 uW) [63]-
[65], while alternative processes [66] and novel rectifier designs in CMOS [67] may pro-
vide further improvement in the future.

Based on the analysis in Section 2.2, for passive tags the power available for the IC is

}

Antenna | |mpedance  Charge  RF-to-DC
:modulator storage  conversion

S °
py)
Q
o
=z
g )
S % 3
o 9
<

Figure 5. Functional blocks of an RFID IC.
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determined by the tag antenna gain. However, even if the antenna impedance has been
designed to be exactly the conjugate of the chip impedance for lossless power transfer
between the two, additional power loss will occur in the on-chip RF-to-DC conversion.
Indeed, at low input voltages below 0.3 V, the RF-to-DC conversion loss grows rapidly.
This feature is shared by virtually all low-power rectifier architectures [9] and as seen
from above review of the development of the IC wake-up powers during the recent years,
it is a challenge to get around this limitation.

The non-linearity of the rectifier also accentuates the fundamental difference between
impedance matching of conventional antennas and tag antennas: in contrast to passive
loads, the IC impedance varies with the input power. Therefore, it is crucial to match the
antenna impedance to the complex conjugate of the tag IC impedance at the wake-up
power the chip: Zi(Pico). While the 1C impedance at higher power levels may differ from
Zic(Pico), the margin for the mismatch loss increases as well, so that the additional imped-
ance mismatch at high power levels is not expected to limit the operation [68][69].

Unfortunately, the measurement of Zi.(Pic) is challenging and with conventional ap-
proaches advanced equipment are required [70][71]. This is because the measurement
instrument needs to communicate with the IC, while ramping down the transmitted power
to determine the appropriate output power corresponding to the IC wake-up power. To
provide an alternative approach, a wireless technique to measure Zi¢(Pjco) including the IC
mounting parasitic has been developed by the author [IlI]. The details of the measure-
ment technique are discussed in Section 3.3.

2.4 Impedance Matching and Antenna Scattering

Impedance matching

While the tag antenna gain determines the power available from the antenna when an
incident field impinges on it (equation (7)), the antenna-IC power transfer efficiency (z) is
determined by impedances of the two components. For the purpose of tag antenna design,
the power transfer efficiency can be analyzed based on a series equivalent circuit shown
in Fig. 6, where the antenna and IC are joined with a transmission line of a negligible
electrical length. In this setting, the antenna acts as a generator with internal impedance
Z,=R,+jX, and source voltage amplitude V, (antenna open circuit voltage) and delivers
power to the IC represented as impedance Zi;=Ri.+jXi.. From here on it is assumed that
this is the impedance at the wake-up power of the circuit. Letting Vjc and I;c be the tag IC
voltage and current amplitudes, respectively, the standard complex phasor calculus pro-
vides the time-average power delivered to the IC:

i)t Zic G(_Va 1 R 2
Fle = 2Re(v'°"")_ 2Re za+zicVa(za+zJ B 2(2, + 2, Val™ 8
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Figure 6. Thévenin equivalent circuit of a receiving tag antenna loaded with a tag IC.

Here (7) identifies the complex voltage and current phasors and (-)* denotes the complex
conjugate. According to the well-known conjugate matching principle, the power deliv-
ered to the IC is maximized with Z, = Zi. . Therefore, from equation (8), one obtains the
antenna-1C power transfer efficiency:

T I:)ic 4Ra Ric
PiC|Za=Zi2 |Za + Zic|
Alternatively, the power reflection coefficient
_ P‘°|Za:Zi§ “Pe o ze-z; (10)
Pic|za=2i’; Zic"'za

can be used to as measure of how much of the available power from the antenna is not
delivered to the IC due to impedance mismatch.

To gain further insight on how the deviation of Z, from the optimum value Z, = Zi. af-
fects the power transfer, it is useful to notice that for a given IC impedance and z, equa-
tion (9) defines a circle in the antenna impedance plane with the center point and radius
given by

P(?) :(Ric H,—xicj and r(r)=2R, LT, (11)
T T

respectively. As an example, constant z circles for Zi;=15-j150 Q are visualized in Fig. 7.

In conventional radio communication systems, antennas are typically designed to de-
liver power efficiently to a constant 50 Q load. In contrast, tag ICs have a strongly fre-
quency dependent and inherently capacitive input impedance, which also varies with in-
put power. Moreover, due to the cost and integration requirements, lumped components
are rarely used in impedance matching of tag antennas, but instead self-matching ap-
proaches based on adapting the antenna structure appropriately, are preferred [21]. While
the amount of power absorbed by the matching network is an important aspect in the de-
sign of radio-frequency devices, for the self-matched antennas this information is carried
by the antenna radiation efficiency.
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Figure 7. Contours of r with tag IC impedance Z;=15-j150 Q. The solid dot marks the
point Z,=Zi. , where  attains its unique maximum: z = 1.

Self-matching techniques for small dipole tag antennas, include single and double-T
matching, proximity-coupled loop-feed, and meander line arrangements. They transform
the inherently capacitive antenna impedance (Table 2) to inductive for conjugate match-
ing with the tag IC [21][38][72];[IV-V]. On the other hand, the impedance of small slot
antennas is inherently inductive (Table 2) so that it suffices to control the length of the
radiating current path around the slot [21][73];[VI1]. In a typical configuration, also the
microstrip patch has inductive feed point reactance below the fundamental resonance
(Table 2) and e.g. proximity-coupled loop-feed and inductive shorting strips
[54][55];[ V1] have been used in impedance matching of patch type tag antennas.

As seen in Section 2.2, the antenna impedance and radiation properties have a com-
plicated relation to the antenna current distribution and for an arbitrary antenna shape
closed form expressions for the current distribution do not exist. Therefore, modern CEM
tools are indispensible in tag antenna design, but even so, the lack of accurate knowledge
of the IC impedance may keep the designer from getting the full benefit out of the design
techniques and simulation tools. Moreover, even with known IC impedance, the IC
mounting parasitics vary with the chip attachment method [74]-[76], so that overall it
may be extremely difficult to achieve the perfect complex conjugate impedance match-
ing. While the new IC impedance method presented in [IIl] accounts also for the IC
mounting parasitic, for the purposes of tag design validation, it is still extremely impor-
tant to understand how the possible impedance variations affect the antenna-1C power
transfer efficiency. To enable the judicious evaluation of the impact of these uncertain-
ties, the author has developed a new numerically efficient framework to relate given
impedance tolerances to the corresponding tolerance in antenna-IC power transfer
efficiency [IV].

Suppose that the antenna and chip impedances lie in the neighbourhood of their nomi-
nal values Z,0=Ra0+jXa0 and Zico=RicotjXico, respectively. Typically, percentage tolerances
are considered and in this case these neighbourhoods are rectangles in the IC and antenna
impedance planes. Let 0<p,r<oo, 0<q,s<c0, and 0<e<min(p,r) and consider sets defined as
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Dgz{(x,y)eRZ:XZg,yeR}, (129)
Apq ={(X, y)€R?:[Rico = X < PRico, | Xico = ¥| < GXico| JN Dy, (12b)
Ars :{(X, y)e R2 :|Ra0 _X|S rRaO’ |Xa0 - y|35|xa0| }ﬂ Dg- (12c)

Under these definitions, Apq and Ays are rectangles centered at the nominal IC and anten-
na impedances, respectively, and restricted in the half-plane containing the positive re-
sistances. The size of these rectangles is determined by the parameter pairs (p,q) and (r,s)
with r and p defining the percentage tolerance in R, and R;c, respectively, and the parame-
ters s and g defining percentage tolerance in X, and Xjc, respectively. As shown in [IV],
the minimum antenna-IC power transfer efficiency (z) within the 4-dimensional uncer-
tainty rectangle Apqx Ass iS given by

4Z£ (]-i r)Zg (:l-i p)RaORiCO

Tpyin = MiN 5 (13a)
= (7, (0£1)Rag + 7 1£ P)Rigo ) +(Xao 5/ X 50|+ Xico iQ|Xico|)
. g, X<0
with ;(g(x)z{x 50 (13Db)

where the minimum is considered for all the possible +/- sign combinations. Compared
with a direct numerical search through a 4-dimensional search grid, equation (13) greatly
expedites the evaluation of the worst-case antenna-1C power transfer efficiency under
given impedance uncertainties. Moreover, as shown in [IV], the maximum value of ¢
within the 4-dimensional uncertainty rectangle Apqx Ay, iS attained in the Cartesian prod-
uct of the boundaries of the sets Apq and Ars. This observation provides significant speed-
up for the numerical search of the best-case antenna-IC power efficiency under given
impedance uncertainties.

Overall, the analysis presented in [I\V] provides a numerically efficient framework for
evaluation of the sensitivity of the tag antenna impedance matching towards impedance
variations. Combined with the measured IC impedance [I11] and the related limits of un-
certainty, this provides a new approach for judicious tag design validation [IV-VI]. Prac-
tical demonstrations of this are provided in Sections 4.1 and 4.2.

Antenna Scattering

Scattering of electromagnetic wave from an object means the transformation of the inci-
dent wave into the scattered waves propagating in all directions from the object, includ-
ing the non-specular directions [77]. The scattered waves originate from surface currents
induced on the object and the structure of the field is therefore largely determined by the
shape of the scattering object. For antennas, the load impedance affects the scattering as
well [41]. This feature is being exploited in RFID systems, where the tag IC impedance
(antenna load impedance) is switched between two values in order to modulate the scat-
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tering from the tag, while it is illuminated by a continuous wave emitted by the reader.

As a measure of the scattering from an object, the radar cross-section (RCS) is com-
monly used [42]. It measures the visibility of the object to radar in terms of the power
density (Sscat) it scatters to a remote observation point (6,¢,p) relative to the power density
(Sinc) of the field that impinges on it from direction (Ginc,inc):

Secat(d,
RCS =4ﬂp2.M. (14)
Sinc(ginc’ﬂnc)
However, the physical nature of the antenna scattering is perhaps better understood with
the help of the antenna-scatterer theorem [78]. It states that the total scattered electric
field from an antenna can be interpreted as the superposition of two components:

E E

scatt T Escat2 (153.)

scat —

*

SZalsc Zic _Za

—==F , S= , 15b
2Ralrerad rerad Zic"'za ( )

Escat =Eo.  Escap =—
where E, the scattered electric field due to induced surface currents on a conjugate
matched antenna, I is the short circuit current at the antenna terminals, and lyeraq IS the
current flowing in the equivalent circuit shown in Fig. 6 with the corresponding radiated
electric field Ererag. The parameter s is the power wave reflection coefficient [79], which
is related to the antenna-1C power transfer efficiency through: = = 1-|s|*.

There is a fundamental difference between the scattered fields Escn (Structural mode
scattering) and Eg.r (antenna mode scattering). Referring to the equivalent circuit repre-
sentation of an RFID tag shown in Fig. 6, the antenna mode scattering originates from the
power reflected at the antenna-IC interface due to impedance mismatch. The correspond-
ing component of the scattered field is interpreted as the re-radiation of this power [80].
Therefore, the spatial distribution of the antenna mode scattering is predicted by using
lrerad @S @ source current in (2) and then (15b) to obtain the corresponding scattered elec-
tric field. As seen from (15b), Escar is a function of the antenna load and it vanishes under
conjugate matching.

In contrast, the structural mode scattering originates from the surface currents, which
are confined in isolated regions in the antenna and not flowing through the antenna ter-
minals. Thus, the simple analysis based on the equivalent circuit shown in Fig. 6 cannot
be used to predict its spatial distribution. Moreover, as Es is unaffected by the antenna
load (and its modulation), the structural mode scattering is fundamentally less interesting
for the analysis of RFID systems. On the other hand, this implies that the spatial distribu-
tion of the information carrying modulated scattering from the tag is completely deter-
mined by the tag antenna radiation pattern.

Pursuing the idea of the antenna mode scattering as the re-radiation of the power not
delivered to the antenna load, from equation (7) the total re-radiated power is
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2 22
I:)rerad = |S| I:)av.ant = X pol E|S| G(Qinc’ﬂnc)sinc’ (16)

where Sinc is the power density of the field that impinges on the antenna from direction
(Ginc,0inc). Consequently, using this in equation (6), the power density of the antenna
mode scattered field at an observation point (6,¢,p) is

G(9v¢)Prerad. = Yool #
472,02 - (47rp)

Thus, applying the definition of RCS given in equation (14) to the antenna mode scatter-
ing alone, yields the magnitude of the antenna mode RCS:

Sscalt =

2 |S|2G(‘91¢)G(8inc'¢|nc)sinc- 17)

12
RCSant = Zpol EHZG(Q ¢)G(9inc'¢|nc)- (18)

Taking into account the modulation of the tag IC impedance in time-domain, which di-
rectly affects lyerag in equation (15b), leads to the definition of modulated or differential
RCS [81][82]:

2/2
RCSmod = X pol EG(91¢)G(0inc’ ¢|nc)|—mod , (193)
With  Lyog = afs; — 55| (19b)

Here Lnoqg is the tag modulation loss factor determined by power wave reflection coeffi-
cients s; and s, corresponding to the two tag IC impedance states and parameter a is re-
lated to the details of the modulation scheme, such as the duty-cycle.

An important implication of the physical principles of the antenna scattering for the
analysis of RFID systems is that the visibility of the tag to the reader is determined by the
tag antenna directivity, radiation efficiency and the realization of the on-chip impedance
modulator. In particular, the structural scattering is related to the surface currents on the
antenna structure which are not flowing through the antenna terminals. Thus, this scatter-
ing component it is unaffected by the impedance modulation. Moreover, from equation
(19Db), it can be concluded that a trade-off between the antenna-IC power transfer effi-
ciency (z) and the modulation loss factor (Lnoqg) exists. However, the read range of passive
tags is presently limited by the power delivery to the tag IC and thus it suffices to concen-
trate on maximizing z. In systems with battery assisted tags, or in the future passive RFID
systems with more sensitive ICs, the co-optimization of z and Lo, may be needed to
maximize the overall system performance.

2.5 Fundamental Tag Performance Parameters

The operation of passive long range UHF RFID tags is predominantly limited by the
reader-to-tag power delivery, also in real application environments, because the power
required for activating the tag IC is orders of magnitude larger than the weakest tag signal
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that can be detected at the reader [1][3][82][83]. Thus, the realized tag antenna gain
(Gr tag), Which tells how much more power the tag antenna delivers to the tag IC com-
pared with a perfectly matched isotropic tag antenna, is a fundamental tag performance
parameter. In terms of the antenna performance parameters introduced earlier, it has the
expression

Gr,tag = z'Gtag = T€rad,tag Dtag- (20)

The tag antenna power pattern Fig(6,¢) is obtained by normalizing Gy g With its maxi-
mum over the spatial angles of interest.

While the realized tag antenna gain is perhaps the most profound tag performance pa-
rameter, it may not be as intuitive as the tag read range (dig), the longest distance at
which the reader is able to communicate with the tag with an EIRP-compliant generator
power. This performance parameter is readily understood by both antenna and application
engineers, but as the read range is obviously site-dependent due to scattering, it needs to
be defined in reference conditions for judicious comparison. While the Friis’ simple
transmission formula [84] describing the power transmission between two isolated anten-
nas in free space may not provide adequate prediction for the reader-to-tag power deliv-
ery in real application environments [82][83], it can be employed in tag antenna design
verification in a controlled environment.

In free space, the maximum EIRP-compliant power density (Sgrp) Of the radiated
electromagnetic wave at distance d from the radiation source is [84]

EIRP

— 21
47rd? (21)

SEIRP =
where EIRP denotes the regulated EIRP value. When a tag is exposed to this field, the
power delivered to the tag IC (Pic) is obtained by applying equations (7) and (20). As a
result,

Vi Gtag A ?
S = G —— | EIRP. 22
. EIRP =X pol*r,tag 472 (22)

Pc = T X pol

As discussed earlier, normally the tag read range is limited by the power delivery to the
tag IC. Therefore, the critical distance d from equation (22) at which the power delivered
to the tag IC equals the wake-up power of the chip: Pic = Pico, is defined as the tag read
range. From equation (22) this is easily solved to be:

A X polCr tagEIRP
A '

(23)

diag =
: I:)ico

For practical considerations, it is important to observe that since the maximum
EIRP-compliant transmitted power is defined with respect to the maximum gain of the
reader antenna, the tag read range given by equation (23) can only be achieved with the
maximum gain of the reader antenna pointed at the tag.
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Omnidirectional antennas, such as dipoles and slots, with relatively low directivities
(in the order of 1-to-2 dBi) provide broad spatial coverage for reliable energy scavenging
and are therefore popular tag antennas. However the radiation efficiencies of these anten-
nas may vary much depending on the antenna size and surrounding materials. With this in
mind, it is of practical interest to study the tag read range given in equation (23) as a
function of the radiation efficiency and tag IC wake-up power. This provides valuable
insight on the achievable read ranges of passive tags with different antenna-IC combina-
tions.

Importantly, it can be seen from Fig. 8 that as the tag IC wake-up powers are cur-
rently reaching -18 dBm, high radiation efficiency is no longer an absolute requirement
for achieving the read range of several meters, provided that the antenna-IC power trans-
fer efficiency is reasonable. As one of the issues with small antennas and antennas in the
proximity of dissipative materials is the difficulty of achieving high radiation efficiency,
trading off a portion of the radiation efficiency for size-reduction purposes can be a feasi-
ble approach in design of antennas for aggressively miniaturized tags. This is one of the
techniques exploited in the design of the water bottle tag [V] and the small metal mount-
able tag [VI1] developed by the author. These antennas are discussed in more detail in
Section 4.
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3 TAG PERFORMANCE EVALUATION AND DE-
SIGN VERIFICATION

The measurement of small antennas is problematic [85]-[88]. Therefore, the performance
evaluation of fully assembled tags based on reader-to-tag communication threshold is a
compelling approach. It avoids the separate antenna and IC measurements, correctly and
automatically accounts for IC mounting parasitics, and requires few advanced equipment.
Importantly, the fundamental tag performance parameters discussed in Section 2.5 can be
obtained from the measurements on fully assembled tags based on the reader-to-tag
communication threshold [l11-VI]. The tag performance evaluation and design verifica-
tion based on this method is discussed in Section 3.1.

Printable electronics provides exciting new possibilities for the fabrication of tag an-
tennas directly on various platforms [11][26]-[33]. Presently, patterns created with con-
ductive polymer thick film inks can achieve high conductivities and therefore it is of
practical interest to compare the performance of tags with printed antennas against the
references based on conventional conductors. This also reveals how the conventional
design approaches work with the printed conductors. The related research results [I-11]
are reviewed in Section 3.2.

Accurate knowledge on tag IC impedance is the key to successful tag antenna design.
The IC impedance, however, differs significantly from the conventional 50 Q system
impedance of microwave measurement instruments and varies with the incident power.
This makes the IC impedance measurement problematic [70]-[71]. The wireless imped-
ance measurement technique [I11] discussed in Section 3.3 provides the IC impedance
corresponding to the wake-up power of the chip, including the IC mounting parasitics
which may significantly contribute to the impedance seen from the antenna terminals
toward the chip [74]-[76]. This is extremely valuable information for tag antenna design-
ers.

3.1 Communication Threshold in Tag Measurements

Connecting the measurement instrument on small antennas may affect the measurement
outcome. The mechanisms behind this are unwanted radiation from the measurement
cables and electromagnetic interaction between the antenna and the connector, cables and
possibly other measurement instruments near the antenna. Balun can be used reduce the
radiation from the measurement cables [85], but the presence of connectors and cables in
the antenna proximity may still be an issue. Therefore, contactless measurement tech-
nigques are being developed for the characterization of small antennas [86]-[88].
Evidently, the antenna performance is a decisive factor for the performance of fully
assembled tags, but actually the fundamental tag performance parameters; realized gain,
read range, and normalized power pattern, discussed in Section 2.5 can be obtained with-
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out separate antenna measurements. A straightforward method of measuring the tag read
range is to take the tag farther away from the reader antenna until its response stops. This
method may be the best one to define the tag performance in a specific application envi-
ronment, but otherwise the multipath propagation renders the results incomparable be-
tween different sites and with the simulations on an isolated tag. Conducting the meas-
urement in an anechoic chamber avoids this problem, but since the chambers are often
limited in size, an alternative method based on the ramping of the transmitted power is
advantageous. It also provides improved repeatability and accuracy, since neither the tag
nor the reader antenna needs to be moved during the measurement. The idea in the power
ramping measurement is to decrease the power transmitted by the reader, while all the
time communicating with the tag. The smallest power at which a response from the tag is
detected is defined as the threshold power (Py,) of the tag.

Since the wake-up power is a key parameter to characterize tag I1Cs, an estimate for it
is normally provided by the manufacturer. With this information, the realized tag antenna
gain (Gyag) defined in equation (20) is estimated by solving it from the free space link
equation, which describes the power delivery from the transmit port of the reader to the
IC:

PicO

G A 2P | @)
A pol®r tx 4rd th

2
A
Pico = ZpoIGr,tagGr,tx(mj Pih = Gr,tag =

Here the distance d is the separation between the reader antenna and the tag, and Gy is
the realized reader antenna gain including the cable loss between the transmit port of the
reader and the input of the reader antenna. Moreover, the comparison of equations (23)
and (24), yields the measured tag read range:

EIRP
diaq =d /—
ag Gr,txpth (25)

Finally, the measured tag antenna power pattern Fg(6,¢) is obtained by measuring Gy tag
over the spatial orientations of interest and normalizing the result:

Frgl0,9) = 2109 il 26
ot mﬁz(er,tag Pth(ey¢)' (20)

Thus, the fundamental tag performance parameters discussed in Section 2.5 are obtained
from the threshold power of the tag measured in an anechoic environment.

The threshold power can be measured with an RFID reader with adjustable output
power. RFID measurement instruments, such as the Voyantic Tagformance RFID meas-
urement system [89] which has been used to characterize the prototype tags presented in
[V-VII], may also provide the measurement channel characterization for the compensa-
tion of the possible multipath effects. In the Voyantic system, the link loss factor (Liso)
from the transmit port of the reader to the input port of a hypothetic isotropic antenna
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placed at the tag’s location can be measured. With this information, equation (24) is re-
written as

Pico

Pico =% oIGr,ta I-'soPth:>Gr,ta = 5
' P o ® ZpoiLisoPn

(27)
which provides an alternative expression for the measured Gy oy With multipath compen-
sation. Moreover, supposing that Py, in (24) was subjected to multipath effects, by multi-
plying it with a correction factor

I—iso

2’ 28
Gt{ﬁd} )

K=

one obtains exactly the link equation (27) incorporating the multipath compensation.
Thus, K maps the measured threshold power to its theoretical free space value.
Employing this correction in equation (25), the tag read range with multipath

compensation becomes
A / EIRP
digg =— . 29
0 4n LisoRth @9

The measured tag antenna power pattern Fig(6,9) remains unaffected by the multipath
compensation since K is independent of the tag orientation.

3.2 Printable Electronics in Tag Fabrication

Chemical etching is the most commonly used technique to fabricate conductive patterns.
In the etching process, a thin conductive foil — typically copper or aluminum — on a sub-
strate material is etched into the desired form by using corroding chemicals. This greatly
limits the choices between the substrate material and in many cases an additional etching-
tolerant antenna substrate is needed in the tag. Commonly used tag antenna substrates
include Polyethelene Terephthalate (PET) film and various rigid circuit board materials.

Unlike etching, printable electronics processes [11][26]-[32] are additive: the conduc-
tive material is deposited only in the regions where it is needed. Conductive inks consist
of a polymer matrix, conductive fillers, and solvents. Silver particles are commonly used
as the conductive filler material, but progress has also been made in the development of
copper based inks to lower the material costs [33]. Second step in the fabrication process
is curing. At this stage, the solvent is evaporated and contact between conductive parti-
cles in the polymer matrix is formed. The outcome is a solid electrically conductive pat-
tern. The thickness and resolution of the pattern depend on the fabrication technique used.
The techniques studied in this work are outlined below and the properties of the conduc-
tive inks used are listed in Table 3.
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Screen printing

In screen printing technique, mesh of threads forming a grid of pixels is stretched on a
frame. The pixels outside the print pattern are blocked with a stencil. The conductive ink
is pressed through the open pixels onto the substrate with a squeegee. The thickness of
the ink layer is determined by the screen, stencil, ink composition, curing conditions, as
well as the speed, pressure, and angle applied on the squeegee. For instance, screen
printed microwave transmission lines with thicknesses of 40 um [28] and 14.6 um [I]
have been investigated, while thinner structures could be produced as well [26]. The
maximum printing resolutions is around 50 lines per centimeter. [26];[1-11]

Gravure printing

Gravure printing is a technique, which uses an engraved cylinder to transfer the print pat-
tern to the substrate. The engraved pattern on the cylinder consists of the gravure cells
which hold the ink while transferring the pattern. The thickness of the print pattern de-
pends on the engravings on the gravure cylinder, but process parameters such as printing
speed and pressure also have an effect. For instance 4-to-7 um conductor layer was pro-
duced with 20-to-60 um gravure cells [27] and 3.8 pum conductor with 60 pm cells [11].
With gravure process, the conductive patterns can only be created on a flexible substrate
because of the pressure needed in the pattern transfer. The resolution that can be achieved
depends on how the cylinder engraving has been done. With electromechanical engraving
100 lines per centimeter can be achieved while laser engraving increases the resolution.
Compared with screen printing, gravure printing has high throughput and it is used for
long runs. Gravure printing is a fast technique and enables mass production. [26];[11]

Screen Printed Microstrip Line Components at Microwave Frequencies

To evaluate the aptitude of the two printing techniques for tag fabrication, two sets of
experiments were carried out. At first, screen printed microstrip transmission lines and
coupled-line couplers were designed, fabricated and tested [I]. This experiment provides
insight on the performance of the screen printed devices in a conventional microwave
system, where their performance is compared in terms of insertion loss. The experiments

Table 3. Characteristics of the conductive inks in the experimentation.

Printing Manufacturer’s Recommended . .
. . . . Viscosity | Conductivity
technique description curing conditions
One component silver ink .
Screen . _p 20 minutes 20...30
i consisting of polyester . 1.25 MS/m
printing . . . in 120 °C Pas
resin and silver particles.
Silver pigment in a ther-
Gravure moplastic resin for flex- 20 minutes
. P . . 4 Pa-s 4 MS/m
printing ographic or rotogravure in 120 °C

printing techniques.




24

were also readily conducted over a broader frequency band than it is possible to operate
fully assembled tags.

For the experiment, 50 Q microstrip transmission lines with the length of 10 cm were
designed on a copper clad FR-board with the thickness of 1.5 mm. The conductor thick-
nesses of the screen printed and copper etched lines are 35 um and 20 pum, respectively.
For the screen printed lines also the ground plane was printed for fair comparison. The
lines were compared in terms of insertion loss per centimetre which was both simulated
and measured. The simulations were conducted with ANSYS high frequency structure
simulator (HFSS), which is a full-wave electromagnetic field solver based on finite ele-
ment method [90]. The conductivities of 58 MS/m and 1.25 MS/m (nominal value re-
ported by the manufacturer) were used for the copper etched and screen printed lines,
respectively, in the simulations. The FR-4 board was simulated using the dielectric con-
stant of 4.5 and two different models for the dielectric loss: constant loss tangent of 0.02
and a frequency dependent loss tangent increasing directly proportional to the frequency
from 0.016 at 100 MHz to 0.024 at 5 GHz. Both models are based on results reported in
[91]. The measurements were conducted with the HP8722D vector network analyzer.

Considering the transmission line as a two-port network, the maximum obtainable
transducer power gain (Gt max), Which is achieved under simultaneous conjugate match
conditions [92], describes the minimum obtainable loss in the line. This is the electro-
magnetic isolation between the two ports [93]. In the absence of coupling to other devices
and discontinuities in the line, any power loss is due to the dielectric and conductor losses
only. Therefore, it is natural to interpret Gt max as the insertion loss of the line (IL). More-
over, since in the studied case both, the screen printed and copper etched lines, are fabri-
cated on the same substrate material, any difference in the insertion loss of the lines can
be contributed to the different conductivities of the conductor material.

In both, simulations and measurements, it was observed that the characteristic imped-
ance of the studied transmission lines is very close to 50 Q system impedance of the
measurement instrument with [Sy1/* and |S2* below —20 dB (less than 1% power loss at
infoutput ports due to impedance mismatch). This means that the input and output voltage
reflection coefficients I, and oy, respectively, satisfy Iy = Sy1 and oy = Sp2. As shown
in [92], under these approximations,

Sa)” |
(1—|511|2)(1—|522|2)

Toward larger values of Gt max, the accuracy of the approximation in equation (30) is sen-
sitive to errors [93], i.e. the accuracy in of the initial approximation: i, = S;; and
Tout = S22, becomes crucial. However, due to the good impedance matching of the studied
lines, the simplified insertion loss analysis based on equation (30) was considered suffi-
cient. Finally, the approximate insertion loss per centimetre was calculated by an appro-
priate scaling of the value given by equation (30) with the physical line length.

GT,max =IL~ (30)
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Fig. 10a. Simulated insertion loss of the
screen printed line with various conductivities.

Fig. 10b. Measured insertion loss of the
screen printed and copper etched lines.

The simulated and measured insertion loss of the screen printed and copper etched
lines are shown in Figs. 9a and 9b, respectively. The results show good agreement be-
tween the simulation and measurement for the copper etched line. For the screen printed
line, a noticeable discrepancy starts to emerge after 1 GHz. To find out if the physical
mechanism behind this is lower than expected conductivity, another set of simulations,
where the conductivity of the screen printed line was decreased down to 32.5% of the
nominal conductivity (oo), while using the frequency dependent loss model for the FR-4
board, was conducted. The obtained results shown in Fig. 10a suggest that the conductiv-
ity of the screen printed line is in the range of 55% to 77.5% of the nominal value. Fi-
nally, the performance comparison of the screen printed and copper etched line is sum-
marized in Fig 10b. Although the performance difference between the screen printed and
copper etched line is seen to increase with frequency (up to 0.1 dB at 5 GHz), within the
UHF RFID frequencies the difference is less than 0.05 dB to the advantage of the copper
etched line. This is a very encouraging result for the use of printable electronics in tag

1. Input L ____________________________ 4. coupled Geometrical parameters in millimeters
; \W D C T L
3.8 19.8 3.0 17.5 1.6
2. Through 3. Isolated

T

Figure 11. The studied microstrip coupled-line coupler.
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fabrication.

As an example of a more complicated transmission line component, a coupled-line
coupler shown in Fig. 11 was designed for the nominal operation frequency of 2.45 GHz
with the specified -20 dB coupling between the input port (port 1) and the coupled port
(port 4). Here, Agilent ADS high frequency circuit simulator [94] was the main design
tool, while the final results were also verified using HFSS. The design optimization was
done for the copper etched device only and one of the main goals was to determine
whether the device which is optimized for copper etching could be screen printed instead
without compromising its performance. In addition to input matching, coupling and port
isolation, the insertion loss in the through path (from port 1 to port 2) based on equation
(30), was evaluated.

The measured and simulated operation of the copper etched coupler is presented in
Fig. 12a and the measured operation of the copper etched and screen printed couplers are
compared in Fig. 12b. These results indicate that changing the fabrication process from
copper etching to screen printing has actually little impact on operation of the coupler in
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Fig. 12a. Simulated and measured Fig. 12b. Measured S-parameters of the
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terms of the input matching, coupling, and port isolation. Notably, the difference in the
through path insertion loss is only 0.2 dB to the advantage of the copper etched coupler
(Fig. 13).

Overall, the results show that while the accurate modelling of the conductor loss in
printed microwave devices is challenging, the operation of printed microstrip line com-
ponents, such as the coupled-line coupler, are well predicted with conventional high fre-
quency simulation procedures.

Screen and Gravure Printed Tags

The research on screen printed microstrip line components provided valuable insight on
the design of printed microwave devices. Encouraged by the obtained results, the experi-
mentation was continued with fully assembled tags with screen and gravure printed an-
tennas. This provided new information on the tag design aspects related to the ink mor-
phology typical to studied printing techniques [I1].

For the experimentation, antenna patterns were designed using HFSS. Firstly, for cop-
per etching, a quarter-wavelength dipole type tag antenna with an embedded T-matching
network was created on PET film. The design goal was a well-performing tag equipped
with Higgs-2 UHF RFID IC from Alien Technology [65]. Using the conductivities re-
ported by the ink manufacturer (Table 3) and the measured thickness of 21.5 um and
3.8 um for the screen and gravure printed conductors, respectively, the copper antenna
was modified in order to achieve the same simulated frequency of operation for the
printed tags for fair comparison. The comparison of the antenna structures adapted for the
screen and gravure printed conductors, however, showed that there is little difference
between them. In fact, it was sufficient to use exactly the same antenna structure for both
(Fig. 14).

Based on the simulated power reflection coefficient (Fig. 15), all tags are expected to
exhibit similar frequency responses with the peak performance around 866 MHz. How-
ever, the measured realized gain of the gravure printed tag has somewhat different char-
acteristics (Fig. 16). Further investigation with an optical microscope revealed that in the
gravure printed tag, a narrow conductor in the antenna matching network carrying a high
current density was printed imperfectly with a ragged edge (Fig. 17). In simulations, a
similar frequency shift was reproduced by reducing the trace width (parameter s in Fig.
14) down to 30% of its nominal value. The corresponding simulated power reflection
coefficient is designated as the “realized” curve in Fig. 15.

Despite the non-optimal gravure print outcome, the printed tag still achieves the meas-
ured read range of 4.3 m at 866 MHz (EIRP=3.28 W) [Il]. The measured peak realized
gain, however, occurs at 815 MHz with a 1.3 dB higher value. This corresponds to a 16%
potential increase in the tag read range. Therefore, given that an appropriate operation
frequency was achieved, the read range of 5 meters could be attained. The fabrication of
the screen printed tag was more successful and the simulated and measured frequency of
operation is in good agreement. The screen printed tag achieves the measured tag range
of 7.9 m [II]. Finally, the measured read range of the copper etched reference and the
commercially available Alien Squiggle tag (also equipped with Higgs-2 IC) both achieve
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the read range of approximately 10 m [I1] which shows that a tag based on the studied
antenna structure can achieve similar performance as products available on the markets.

Since the etched and printed antennas are nearly identical, the performance differences
at the peak performance frequencies are predominantly due to the properties of the an-
tenna conductor material. However, it should be pointed out that while the conductor in
the copper etched and screen printed antennas is thicker than the conductor skin depth
defined in equation (1), the thickness of the conductor in the gravure printed antenna is
only half the skin depth. Therefore, additional conductor loss due to the current crowding
phenomenon may have reduced the performance of the gravure printed tag. Nevertheless,
the printed layer thickness of 3.8 um is a typical value for the technique and therefore the
comparison between the screen and gravure printed tags is considered fair. In fact, print-
ing sub-skin-depth layers to save ink may be advantageous from the cost-performance
perspective, since the 4-to-5 meter read range predicted for the gravure printed tag is
without a doubt sufficient in many applications.

Overall, the experimentation showed that, while tags with printed antennas can
achieve competitive performance against copper tags, it is important to consider the apti-
tude of each fabrication technique for printing a specific antenna pattern. For instance,
gravure printing enables rapid fabrication of large conductive areas, but e.g. the antenna
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pattern studied in [I1] should be re-adjusted for this fabrication technique so that narrow
traces would not be included at least in the antenna matching network where the non-
ideal print outcome may compromise the tag performance. On the other hand, inkjet
printing is a prominent technique for producing fine-detail conductive patterns and anten-
nas composed of narrow traces [31].

3.3 Wireless Measurement of RFID IC Impedance

The lack of accurate knowledge of the tag IC impedance may keep the tag designer from
getting the full benefit out of the design techniques and simulation tools. To improve the
reliability of the tag design process, a wireless technique to measure the IC impedance at
the wake-up power of the chip, including the IC mounting parasitic, is presented in [I11].

In wired measurement configurations that have been used to determine the
IC impedance, an RFID tester is employed to determine the lowest output power of the
vector network analyzer (VNA) at which the IC remains operational [70]. In this way, the
impedance is measured at the wake-up power of the IC. The IC impedance is, however,
capacitive and differs significantly from the conventional 50 Q system impedance of mi-
crowave measurement instruments. This is problematic since the sensitivity of VNASs is
best around the system impedance with a rapid performance decay for loads differing
from it [95]. Static pre-matching with an impedance tuner improves the accuracy of the
VNA measurement [71], but this also increases the system complexity. In contrast to the
wired VNA measurement, publication [IIl] presents a wireless approach, where tag
antennas with known properties are used as test beds for the IC and its impedance is
obtained based on the measured threshold power of three test tags.

From the point of view of tag antenna design, the sole requirement for the test bed an-
tennas is sufficient realized gain over the frequencies of interest to allow the threshold
power measurement. To adapt the test bed antennas to provide adequate pre-matching, it
suffices to have a rough initial guess for the IC impedance. Additionally, in the formula-
tion presented below, it is assumed that the test bed antennas are non-identical. The struc-
ture of the test bed antennas used in [111] is illustrated in Fig. 18. The IC under test is Al-
ien Higgs-3 RFID IC [65] provided by the manufacturer in a strap to facilitate the labora-
tory-scale chip attachment. Conductive epoxy was used to attach the strap fixture to the
test bed antennas.

Geometrical parameters
a c Id in millimeters.
o — e —— > a_bcd e
—>b<— Tagl 745 1 3 15 15
- e Id Tag2 795 1 3 15 15
ntenna supstrate
Tag3 845 1 3 15 15

Figure 18. Structure of the test bed antennas. Tag IC terminals are connected to + and —.
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To extract the IC impedance based on the measured threshold power of the test tags,
the corresponding realized antenna gain is first computed for each of the three test bed
antennas as explained in Section 3.1. The corresponding antenna-1C power transfer effi-
ciencies (z) are then solved from equation (20) using the simulated tag antenna imped-
ance and gain, and the 1C wake-up power of —18 dBm reported by the manufacturer. Two
different solvers, based on FEM (HFSS) and a finite-difference time-domain (FDTD)
code based on [96], were used to characterize the test bed antennas in [I11]. The extremely
good agreement between the results obtained with the two fundamentally different nu-
merical techniques establishes a good level of confidence on the test bed antenna charac-
terization.

According to equation (11), each of the obtained z values defines a circle in the IC im-
pedance plane. Therefore, the candidates for the IC impedance are the intersection points
of the 7 circles. Ideally, three of them would be the same point and this would be meas-
urement result. However, due to the measurement uncertainty and slight deviations
among the three samples of the IC under test, three intersection points are expected to lie
close to each other. Therefore, the measured tag IC impedance is associated with the tri-
plet of the 7 circle intersection points, which spans a triangle with minimal circumference
in the complex plane. This is illustrated in Fig. 19.

The measurement uncertainty is quantified with a Monte Carlo simulation combined
with the circle intersection search. For this purpose, probability density functions (pdf)
for the tag antenna resistance, reactance, and gain, as well as for the measured threshold
power Py were estimated. As shown by measurements in [70] and [71], the wake-up
power of tag ICs remains fairly constant over the global UHF RFID frequencies from
860 MHz to 960 MHz and is therefore assumed as a constant in the simulation. The link
loss factor defined in Section 3.1 is also a constant since the measurement configuration
is identical for all tags.

Tag 1 and Tag 2, 2" solution

Tag 2 and Tag 3,
1% solution

P (.'l.'z)

PET]_)

Tag1landTag 3,
2" solution

Tag 1 and Tag 3,
1% solution

Solution triplet associated with
the physical IC impedance

Tag 1 and Tag 2,
1% solution Tag 2 and Tag 3,

2" solution

Figure 19. zcircles and the potential IC impedances. The centre points and
radii of the circles are given by equation (11).



31

Based on the principle of maximum entropy, a vector valued random variable
X = [Ra, Xa, Gtag, Pt], following a multivariate normal distribution N(x; p, X) with mean
vector p and covariance matrix X, was formed for each test tag. On a given frequency, the
mean vector is composed of the simulation results while the mean value for Py, is the
arithmetic mean of several repeated measurements. The elements of the covariance ma-
trix are

> =

U]

o’ when i = j
31)

0500 wheni # j,

where o; is the standard deviations of variable i and pjj is the correlation coefficient be-
tween variables i and j. While, the detailed discussion on the statistical properties of the
simulated quantities is provided in [I11], the standard deviation of the threshold power is
simply the sample standard deviation from several repeated measurements. With these
data, frequency dependent parametric pdf estimates N(xx; p«(f), Zk(f)) for each of the
measured tags (k=1,2,3) is obtained.

During the simulation, 30000 random samples are drawn from the pdfs. For each tag,
call the set of all the sampled data Y;, where i=1,2,3 is the tag index. Each of the three tag
pairs (Tag i & Tag j; i<j and i,j=1,2,3) produces a maximum of two intersection points, so
that in total there are six sets of intersection points:

29} 22} 29} 122} 129} 122} (32)

Supposing that each set contains normally distributed data, six conditional parametric pdf
estimates

iy (Z‘(Yi Vi) 2§ ) fif? (Z‘(Yi i), Ei(jZ)) (33)

with i<j and i,j=1,2,3 are obtained for the z circle intersection points. Here the mean
vectors contain the real and imaginary parts of the most probable intersection points,
given the statistical properties assigned for each of the measured and simulated the input
quantities. Thus, the potential IC impedance is associated with the one of the eigth triplets

03 m 8P ) nungng <12} (34)

which has the minimal circumference in the complex plane. By approximating the
corresponding conditional pdfs given in equation (33) as independent and applying
Bayes’ formula, one obtains an estimate for the normal distribution of the IC impedance
given all the sampled data:
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The mean of the combined distribution given in equation (35c) is considered as the
outcome of the measurement, while the variances in IC resistance and reactance form the
diagonal of the combined covariance matrix given in (35b).

Figures 20-21 show the measured IC impedance with standard deviation limits for the
IC resistance and reactance using both FEM and FDTD to characterize the test bed

(35a)
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antennas. Compared with the FDTD test bed characterization, the FEM-based result
shows a steeper rise trend in the reactance after 920 MHz, but both methods predict the
local reactance minimum at around 890 MHz. The standard deviations depict the uncer-
tainty of the measured impedance and they are nearly equal using either simulation data.
This suggests that the reliability of the proposed measurement method does not depend
on the CEM tool used to characterize the test bed antennas, as long as the simulation
model includes the essential physical details. The major practical value of the results pre-
sented in Figs. 20-21 is further highlighted in Section 4 presenting three novel prototype
tags [V-VII] with the antennas optimized using the measured 1C impedance.

In addition to the measurement of the IC impedance in its energy harvesting state, a
simular procedure can be used to measure the IC impedance in its modulating state [I11].
This is an interesting topic for future research, since eventually, as the IC wake-up
powers are being improved, the co-optimization of antenna-IC power transfer efficiency
and the tag modulation efficiency, may be needed to maximize the overall system per-
formance. This cannot be done without the accurate knowledge on the IC impedance in
both states.
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4 CASE STUDIES

In Section 2, the adaptation of the general knowledge on antennas for the specific needs
of the tag antenna design was discussed, a new numerically efficient framework to relate
given impedance tolerances to the corresponding tolerance in antenna-IC power transfer
efficiency was presented, and a set of fundamental tag performance parameters were in-
troduced. Section 3.1 presented how these performance parameters are obtained from
measurements on fully assembled tags. The experimental results discussed in Section 3.2
verified that compared with tags with copper antennas, antennas fabricated using printa-
ble electronics, which has great potential to enable the integration of antennas with vari-
ous unconventional platforms, provide similar performance. Moreover, a new technique
to measure the tag IC impedance was introduced in Section 3.3 to improve the reliability
of the simulation based tag design. This section presents novel tag antennas created using
the design framework introduced in the previous sections. The developed antennas pro-
vide improved performance in challenging applications and excellent structural properties
for seamless integration with objects of different shapes, sizes, and material contents.

4.1  Water Bottle Tag

The proximity of water is problematic for the operation of microwave antennas. While
this is a widely acknowledged tag performance bottle neck in item-level RFID [12]-[14],
so far only general purpose platform tolerant antennas have been reported exhibiting ade-
quate performance in the proximity of water or the aqueous human body [34]-[38]. To
achieve sufficient performance on unfavorable antenna platforms, these structures include
a separating material layer underneath the antenna, to alleviate the adverse effects arising
from the platform properties. In contrast, the inconspicuous water bottle tag presented in
[V] does not require an additional platform and is therefore well-suited for fabrication in
the backside of an ordinary product label or directly onto the bottle using printable elec-
tronics.

As a system level specification, a sufficient read range for the water bottle identifica-
tion tag is 1-to-2 meters, covering all the spatial angles in the plane perpendicular to the
bottle axis. Moreover, considering the practical application, the sufficient read range has
to be verified also in the scenario with multiple tagged bottles close to each other. Taking
into account the tag IC wake-up power of —18 dBm, equation (3) implies that with
EIRP = 4W, the realized tag antenna gain of approximately —10 dBi is required to
achieve the read range of 1-to-2 meters. Given that good impedance matching can be ar-
ranged (z=1), this means that an omnidirectional antenna (Dig~1.64) with radiation effi-
ciency above 0.05 could be used. However, water has considerable electrical conductivity
and high permittivity at the microwave frequencies [97] and therefore a strong interaction
between the antenna and the water is to be expected. Although high-permittivity materials
can help in antenna miniaturization [22][23][98][99];[V1l], the proximity of water cannot
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Figure 22. Top right: simulated normalized power pattern of a dipole with W=1 mm in
the xy plane. Bottom right: simulated radiation efficiency of the dipole versus the dipole
width.

be considered favorable for the present design due to its high dielectric loss. In fact, the
proximity of water makes it challenging to attain the 1-to-2 meter read range with an an-
tenna attached directly onto the bottle surface.

Another major challenge is to achieve the uniform radiation over the spatial angles in
the plane perpendicular to the bottle axis. While an antenna array on a cylindrical surface
could provide this [100], this may not be a feasible approach for the water bottle tag an-
tenna. On the other hand, a dipole antenna bent on a cylindrical surface and on human
arm have are reported exhibiting the desired uniform radiation property [36][38]. This
motivated the development of an antenna based on a single radiating element for the wa-
ter bottle tag.

Simulations with HFSS on a center-fed dipole antenna bent onto a water-filled cylin-
der made of plastic (Fig. 22), showed that the xy plane the power pattern F(p) does not
exhibit deep nulls like the power pattern of an isolated straight dipole does. Interestingly,
this was achieved with a dipole length less than half of the cylinder circumference. An-
other key observation was that with a fixed dipole length, the best radiation efficiency
(eradtag) 1S achieved with a relatively narrow dipole width in the order of 1 mm. These
new findings on the radiation properties of the dipole antenna in the proximity of the wa-
ter are exemplified in Fig. 22.

In the final design stage, an accurate model of a regular cylindrical 0.5 | water bottle
was implemented in HFSS for more holistic antenna optimization. In this process, the
measured tag IC impedance [I11] was used to provide the antenna-IC power transfer effi-
ciency required for the evaluation of the tag read range based on equation (23). Since the
antenna radiation efficiency is severely limited by the presence of the water, the antenna
tends to have low input resistance. Therefore a folded dipole antenna, which can poten-
tially have high input impedance compared with that of a regular dipole of the same
length [12][41], was considered advantageous.

Since the achievable radiation efficiency is proportional to the volume occupied by the
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Figure 23. Left: simulation model and its defining parameters. Right: simulated and measured
read range patterns of the tag in the xy-plane and the associated uncertainty envelopes.

antenna, it is best to try to make use of the available space as much as possible, while
avoiding closely spaced traces with opposite currents [19][22][23]. Taking into account
that increasing the width of a straight dipole beyond 1 mm was not beneficial in the initial
study (Fig. 22), the selection of the prototype antenna geometry converged to a three-wire
antenna with up to 3 mm trace width, occupying the area of an ordinary product label.
Finally, open-circuiting the two folded dipole arms in the middle and bending them in-
ward as shown in Fig. 23 was found beneficial for the radiation efficiency with minor
effects on the other antenna properties. Thus the impedance matching and final tuning of
the antenna shape was based on the antenna geometry shown in Fig. 23.

The built-in genetic optimizer in the HFSS version 12 was employed to maximize and
uniformize the tag read range pattern in the xy plane of Fig. 23 at the European, U.S. and
Japanese UHF RFID center frequencies (Table 1). The optimization was done first for
parameters a, b and w to achieve the uniform radiation pattern with maximal radiation
efficiency and afterwards for parameters u and v to arrange a good conjugate impedance
matching with the tag IC. This is based on the T-matching approach [21], where an in-
ductive loop is formed around the antenna feed point to achieve the desired inductive
antenna impedance. As seen from Fig. 23, the T-matching loops were formed on both
sides of the feed point in order to preserve the symmetry of the antenna structure.

The publication [V] lists the detailed antenna performance data and shows the opti-
mized values of the geometrical parameters. Here it suffices to point out that footprint of
the prototype antenna is 88x58 mm?, which is approximately the size of an ordinary
product label, while the achieved tag read range in the xy plane is shown in Fig. 23. The
gray uncertainty envelopes enclosing the simulated graphs in Fig. 23 are obtained using
the calculation of the minimum and maximum values for the antenna-IC power transfer
efficiency with the numerical efficient formulation presented in [IV]. In this calculation,
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the maximum variation of 5% in the simulated antenna resistance and reactance was as-
sumed while the one standard deviation uncertainties for the measured IC resistance and
reactance [111] were used. Additionally, the maximum variation of 5% was assumed inde-
pendently for the simulated tag antenna gain. The measured read range is obtained with
the power ramping method discussed in Section 3.1 using Voyantic Tagformance RFID
measurement system. The read range results at different frequencies are referred to the
regulated EIRP values listed in Table 1.

As seen from Fig. 23, the prototype tag achieves over 2 m read range over all the spa-
tial angles in the plane perpendicular to the bottle axis, at all the measured frequencies.
Importantly, for the majority of spatial angles, the measured result is also contained in the
uncertainty envelope. This implies that the simulation-based design has been successful
within the limits of the of expected design uncertainty.

Overall, the results are encouraging, but for more practical performance evaluation,
the read range of the prototype tag was measured also in the two multi-bottle scenarios
illustrated in Fig. 24. This experiment shows how the tag read range is affected by tag-to-
tag coupling and nearby bottles shadowing the addressed tag. Due to the symmetry of the
bottle arrangements, the measurement was conducted only on one tag in each scenario.
Most importantly, in neither of the studied configurations, dead zones emerged in the tag
read range patters. In particular, in configuration 2 of Fig. 24, where the measured tag is
in physical contact with two other tags and shadowed by the water bottles from all sides,
over 1 m tag read range is still achieved at all the spatial angles in the plane perpendicular
to the bottle axis. Moreover, the read range covering 80% of the measured spatial angles

Configuration 1

Configuration 2

Bottle 1 Bottle 1

/S Q\
Bottle 4 ‘ Bottle 2 Bottle 4 x Bottle 2
R 7

Bottle 3

Bottle 3

AN,

f=866.6 MHz
A f=915MHz
--------------------- f=954.2 MHz

150°

Figure. 24. Measured read range in multi-bottle configurations. Solid arrows show the direc-
tion where the tags are facing. Outlined arrows indicate where the tags are in physical contact.
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is1.3m, 2.3 m, 1.4 m, at 866.6 MHz, 915 MHz, and 954.2 MHz, respectively. This gives
perhaps better understanding on the overall read range coverage of tag than a single min-
imum value.

As emphasized throughout the above design summary, the antenna for the water bottle
identification was designed so that it does not require a separating material layer in be-
tween the antenna and bottle surface. Thus, antenna fabrication with pad printing tech-
nique [32] directly onto the bottle surface using conductive thick film ink is an interesting
topic for future research. Alternatively, as the narrow antenna trace was found favorable
in this application, the antenna shape is well suited for fabrication with inkjet printing
[31] in the backside of an ordinary product label.

4.2  Metal Mountable Tag for Large Conductive Items

Compared with water, the proximity of metal has even more severe impact on the func-
tioning of antennas. This is because the image current induced in the nearby metal acts as
a secondary source of radiation with an approximately opposite phase compared with the
antenna itself. Thus, the radiated field obtained as the superposition of the two compo-
nents is weak and the antenna radiation efficiency is low. In addition, separation from a
metal surface (even a small one in size compared with the antenna) can significantly af-
fect the antenna radiation pattern and impedance [40][43].

Antennas including a ground plane, which prevents the radiating antenna current from
interacting with the conductive platform, are therefore possible candidates for metal
mountable tags. Some of this type of antennas, such as the microstrip patch antenna, can
also be made relatively low-profile, typically in the order of 1-to-3 mm at the UHF RFID
frequencies. This is sufficient for tag development and compared with omnidirectional
antennas, such as dipoles and slots, the comparatively high directivity of patch antennas
can help to achieve longer read ranges.

To obtain a rough estimate for the obtainable read range of tags based on patch anten-
nas, equation (23) can be used. Evaluation with a tag IC wake-up power of -14 dBm and
a fairly typical patch antenna gain of 6 dBi, gives the tag read range of approximately
16 meters. This makes patch antennas an exciting choice for applications, where long
read range on conductive platforms is the top design priority. Such applications include
the identification of vehicles, train cars, cargo containers, industrial machinery, and other
high-value assets.

The metal mountable tag presented in [VI] is based on a rectangular microstrip patch
antenna (Fig 25). The input impedance of this type of antenna depends on the feed point
and the feeding method, but a typical the antenna impedance is inductive below the fun-
damental resonance frequency (Table 2). Moreover, the feed point resistance and reac-
tance are increased when moving from the center of the patch towards the edge, while
ideally the resistance is zero in the center of the patch. The commonly used feed methods,
such as the inset feed or a strategically positioned coaxial probed connected to the patch
through an opening in the ground plane, have been developed for achieving good imped-
ance matching with a 50 Q feed line. [58]
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Figure 25. Structure of the prototype tag mountable on large conductive items.

For tag antennas, however, impedance with relatively high inductive reactance in the
order 100s of Qs is desired. In view of this, connecting the tag IC directly at the high im-
pedance patch edge can be an advantageous approach. The metal mountable tag presented
in [V1] is based on this approach: one of the tag IC terminals is connected directly to the
patch edge, while narrow strips which wrap over the patch edge to avoid drilled vias con-
nect the other IC terminal to the ground. Simulations with HFSS showed that the input
impedance can be adjusted over an adequate range by controlling the width of the short-
ing strips (parameter f in Fig. 25), which determines the related inductance per unit
length. The antenna directivity is adjusted with the patch shape (parameters a and b in
Fig. 25). To fully account for the effect of metal surface on the antenna performance, all
the simulations were conducted with the antenna mounted on 20x20 cm? copper plate.
For efficient on-metal operation, a clearance of 16 mm between the patch edge and sub-
strate edge (parameter c in Fig. 25) was found to suppress interaction of the fringing
fields at the edges of the patch with the metal plate sufficiently to provide high radiation
efficiency: eragtag = 0.89.

In the final design stage, the built-in genetic optimizer in the HFSS version 12 was
employed to maximize the realized tag antenna gain at 915 MHz. Equation (20) with the
measured IC impedance [I11] was used in this process. As seen, from Fig. 26a, the imped-
ance of the prototype antenna is little affected when it is mounted on the metal plate.
Thanks to the co-design approach where the metal plate was included in the simulation
model, the peak performance is achieved on metal (Fig. 26b). For design validation, the
uncertainty bounds shown in Fig. 26b were obtained using the numerically efficient com-
putation of the minimum and maximum values for the antenna-IC power transfer effi-
ciency formulated in [IV]. Maximum 5% variation in the antenna resistance and reac-
tance and the one standard deviation uncertainty in the measured IC impedance reported
in [11] were used to compute the presented bounds. The realized gain and tag read range
were measured in air and on metal with the power ramping method discussed in Section
3.1 using Voyantic Tagformance RFID measurement system.

In conclusion, the simulation and measurement results presented in Fig. 26b are in ex-
cellent agreement and the simulation-based design is validated within the considered lim-
its of uncertainty. With the tag is mounted on 20x 20 cm? copper plate, the measured real-
ized tag antenna gain attains the maximum value of 6.7 dBi at 915 MHz corresponding to
the read range of 25 m (EIRP = 4 W), in free space conditions. Considering the antenna
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size-performance ratio, this is competitive against state of the art (Table 4) and to our
knowledge the achieved read range is among the highest reported for metal mountable
tags for large conductive items.
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Figure 26a. Simulated antenna impedance and
the conjugate of the IC impedance.
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Figure 26b. Simulated and measured realized
gain in air and on 20x 20 cm? copper plate in
the direction of the positive z axis in Fig. 25

Table 4. Comparison against state of the art.

Ref. [45] [46] [47] [48] [49] This work
Tagsize 62x51.3 70x24 110x80 80x80 120x 35 131x 68
[mm?] x 3 x 3 x0.8 X2 x5 x3.3

Two
shorted _ Four shorted T-shaped Rectangtflar
Trapezoid  patches. Tag IC patch with
Structure PIFA patches . L sloton a . .
. patch in a proximity inductive
joined by foam layer
coupled loop. feed network
the tag IC
Pico [dBmM] -18 -18 -14 -14 -14 -18
Oag (Ciag™
ag ( “Ejn; 13.2 2.8(11.2) 4.8(10.7) 3.6 (16) 14 (22.1) 25
Metal
2 46 x 46 17x17 40x40 20x20 20x40 20x 20
plate [cm?]

4.3

dag™ s the reported dy,q referred to Py = —18 dBm and
EIRP = 4 W under perfect polarization alignment.

Metal Mountable Tag for Small Conductive Iltems

For making RFID ubiquitous, the tag size and cost-performance ratio are major concerns.
While the metal mountable tag based on a patch antenna [VI1] discussed in Section 4.2 is
well-suited for tracking of large high-value assets, smaller antenna solutions are required
in the identification of smaller items. Taking into account that small everyday item is
likely to be less valuable, structurally simple antennas based on a single conductor layer
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are preferred to achieve lower tag cost. However, few low-profile single layer antennas
have been reported for metal mountable tags [54][55] and they have relatively large
footprints. On the other hand, more research results on the miniaturization of patch
antennas consisting of two or more conductor layers has been published [50]-[53]. In
contrast, the small antenna for metal mountable tags presented in [VII] is a slot type
radiator. The advantages of a slot antenna in this application include: simple structure
(single conductor layer and no need for vias), omnidirectional radiation pattern for
reliable energy harvesting, and inherently inductive impedance below the fundamental
resonance frequency to facilitate the impedance matching with capacitive tag ICs.

A novel feature in the design is the ceramic substrate composed of Barium Titanate
(BaTiO3) as the main component (90%) and Aluminium Oxide (Al,O3) (10%) to provide
sufficient durability for practical applications. The molecular properties of BaTiO3 enable
potentially high permittivities compared with regular microwave circuit board materials
[101][102]. As an antenna substrate, such material can be utilized in lowering the funda-
mental resonance frequency of an antenna of given. This helps to achieve extremely
small antenna size [22][23][98][99];[VIl]. Antennas for metal mountable tags benefit
from the high-permittivity substrate also in another way: the electrical distance between
the antenna and the metal surface is increased. This helps to mitigate the adverse effects
due to the image current. As BaTiO3 may have significant dielectric losses [98] and the
added Al,O3 is decreases the permittivity of the compound compared with pure BaTiOs,
the values &=39 and tano=0.02 were used to model the ceramic substrate. This estimate
was justified through the comparison of simulation and measurement results on six dif-
ferent designs based on dielectric parameters tand=0.02 and &=37,38,...,42, as explained
in [VI].

Since the image current in the metal surface beneath the tag is a major factor to con-
sider in the design of antennas for metal mountable tags, an initial study with a dipole
antenna and a slot antenna placed on a ceramic BaTiO3 disk (diameter: 27.5 mm, thick-
ness 2.75 mm) backed by a copper plate with size of 3x3 cm? was conducted. The ampli-

Figure 27. Simulated surface current density amplitude [A/m] in a copper plate beneath slot
(on the left) and dipole (on the right) antennas, both accepting 100 mW power. The im-
pressed source current is indicated with the black arrows.
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Figure 28. Structure of the prototype tag mountable on small conductive items.
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tude of the simulated surface current density in the copper plate in case of a dipole and
slot antenna is shown in Fig. 27. Shapes of these antennas were chosen in accordance
with the small antenna design principles to occupy the available space with conductor as
much as possible, while avoiding current cancellation [19][22][23]. As seen from the
results, the peak current in the copper plate due to the slot antenna is much lower than
that of the dipole, while the overall area with the surface current density amplitude less
than 55 A/m is similar for both antennas. Based on this comparison, the slot configuration
was chosen for further development.

As the slot antenna radiation originates predominantly from the current in the vicinity
of the slot edge, the shape of the canonical type rectangular slot was modified further in
order to achieve conjugate matching with the tag IC. In practice, parameters a and b
shown in Fig. 27 were adjusted to maximize the antenna-1C power transfer efficiency at
915 MHz. Equation (9) with the simulated antenna impedance and measured tag IC im-
pedance [I11] were used in the calculation.

To facilitate the testing, the prototype antenna is fabricated on thin copper clad FR-4
board (thickness: 0.16 mm) using the regular milling method. The board is then mounted
on BaTiOs substrate as shown in Fig. 28. For consistency, the board was included in the
simulations for design optimization. Recalling that the aim of the design is to develop a
tag for the identification of small metallic items, the potential improvement in the antenna
directivity due to an electrically large metal plate backing the tag antenna cannot be ex-
pected. Therefore, the final design optimization was conducted with the antenna mounted
on a small 3x3 cm? metal plate. The parameter values to describe the prototype antenna
are a=9 mm and b=4.3 mm. The relevant simulated antenna performance data is summa-

Table 5. Simulated antenna performance at 915 MHz. Values of the radiation prop-
erties are listed in the direction of the positive z axis in Fig 28.
Dt Gt G |t
Z,[Q] Zi [Q] T ag-] €rad,tag [dBagll] [drBal?l dtag [m]

16.8+j158 11-j162 0.93 2.6 0.011 -16.8 -17.2 18
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rized in Table 5.

As an experimental performance evaluation, the tag read range was measured with the
power ramping method discussed in Section 3.1 using Voyantic Tagformance RFID
measurement system. The measurement results are presented in Fig. 29. At
915 MHz, the simulation overestimates the read range by approximately 60 cm compared
with the measurement. This is likely due to larger than expected dielectric loss in the ce-
ramic substrate, but most importantly the measured results verify the principal design
goal: 1-to-2 meter tag read range on small metal plates. On larger plates, the antenna di-
rectivity is increased and thereby longer read ranges up to 2.85 m on 20x 20 cm? plate are
achieved. This performance exceeds state of the art (Table 6).

Due to its simple structure based on only a single conductor layer, the prototype
antenna can be fully fabricated in a printable electronics process. In the future, we aim to
deposit the antenna directly on a flexible BaTiO3z-polymer composite substrate using ink-
jet printing. This will allow the development of small and flexible metal mountable tags.
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Figure 29. Measured and simulated tag read range in the direction of the positive
z axis, on square metal plates of various sizes.

Table 6. Comparison against state of the art.

Ref. [50] [51] [52] [53] This work
Tag size [mm3] 65x 20 32x18 50x50 53%x20 27.5%x27.5
x1.5 x3.2 x1.6 x3.5 x2.91
# Cond. layers 2 3 2 2 1
As [50]
Two shorted +anon- Slotted patch  Patch + IC  Slot antenna on a
Structure _patches connecFed + I(_: in a prox- _in _a prox-  high-permittivity
joined by the patch in imity coupled  imity cou- substrate based
tag IC another loop pled loop on BaTiO,
layer
Pico [dBmM] -14 -14 -10 —-18 -18
Oiag (diag™) [M]  3.1(6.9)  1.5(3.3) 2 (5) 2.5 2.85
Metal plate [cm?]  17x17 17x17 17x17 20% 20 20x 20

Oiag* is the reported d;,q referred to Pico = —18 dBm and
EIRP =4 W under perfect polarization alignment.
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5 CONCLUSIONS

The antenna design methodology presented in this work is tailored for the specific needs
of tag antennas. This provides holistic tag performance optimization based on modern
computational electromagnetics, new analysis tools and design methods for reducing the
design uncertainty, as well as a setting for judicious validation of the simulation-based
designs through measurements on fully assembled prototypes. Combined with the use of
novel electronics materials and new fabrication methods, this provides compelling means
for the development of antennas for inconspicuous passive long range UHF RFID tags.
[1-VI]

Using the presented design methodology, the development of antennas for tags in
challenging applications involving materials, which have adverse effects on the function-
ing of conventional antennas, was investigated. As a result, three prototype tags exceed-
ing the state of the art performance were proposed [V-VII]. Each tag demonstrates differ-
ent design choices for achieving an optimal cost-performance ratio in the considered ap-
plication.

The top priority in the design of the water bottle tag [V] is to achieve sufficient read
range coverage around the bottle with an extremely low-profile tag, which conforms
seamlessly to the bottle surface. This is challenging due to the presence of dissipative
water, but with the co-design approach where the bottle was considered as a part of the
antenna, the stringent requirements were satisfied. In fact, the developed antenna does not
require an additional platform at all and is therefore fit for fabrication directly on the bot-
tle surface or in the backside on an ordinary product label using printable electronics.

For the identification of large conductive items, such as cargo containers, long read
range is paramount. The careful evaluation of the performance of antennas mounted on
conductive surface showed that a microstrip patch antenna is perhaps the best choice in
this application. It has high directivity and thanks to the ground plane the undesired im-
age current induced in the conductive surface is reduced. These favorable properties
combined with a thorough design optimization provided an impressive read range of
25 meters in free space conditions measured for the prototype tag presented in [VI].

For the item-level identification of small everyday conductive items, low tag cost is
more important than achieving a very long read range. For this reason, small and struc-
turally simple antennas based on a single conductor layer are preferred. However, meet-
ing these requirements, calls for completely new design approaches. The miniature slot
antenna for metal mountable tags presented in [VI1I] exploits a high-permittivity substrate
based on Barium Titanate (BaTiO3) to increase the electrical separation of the antenna
from the metal surface and to lower its fundamental resonance frequency for size-
reduction purposes. Thanks to the single layer structure, the antenna can also be fully
fabricated in printable electronics processes. Moreover, the presented design approach
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provides exciting opportunities for creating flexible metal mountable tags on BaTiO3-
polymer composite substrates.

Overall, the presented new analysis tools together with modern computational elec-
tromagnetics, novel electronics materials, and new fabrication methods, provide compel-
ling means for the development of small and unobtrusive antennas for passive UHF RFID
tags. The prototype tags with antennas designed using the proposed methodology to-
gether with novel design techniques, achieve improved performance in applications
where conventional antennas do not perform well. These are significant contributions to
the analysis and development of RFID systems and making them ubiquitous.
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Abstract

In this paper copper and silver ink microstrip §Sn®SL) are simulated, measured and compared.
Implementation and performance of a coupled-linepter using printed microstrip lines was
investigated. At microwave frequencies it is impottto consider conductor losses, especially in
thin conducting structures. The effect of the canighity of the conductor material, substrate losses
and the effect of protective coating were also stigated. The results showed that despite the lower
conductivity of the silver ink compared to coppttre screen printed lines that we studied are still
applicable to microwave applications.



1 Introduction

RF-applications utilizing printed electronics amanufacturing method have recently become high
profile technologies. Printing is an environmentalfiendly process since the conductors are
printed only on the areas that need to be conariclitiis means that fewer different chemicals are
needed in the manufacturing process and less wapteduced. In addition, printing is possible on
a wide variety of materials, which enables integratof printed electronics directly onto
challenging non-planar surfaces, such as clothegpaper reels. Printingalso allows mass
production, and thus provides one possible manurfisct method for future PCBs.

Different printing techniques are available fornping conductivepatterns. Screen printing,
gravure printing, lithography, flexography and #kjprinting are examples of these techniques
[11,[2].[3] [4].[5].[6].[6].[7]. They have been use to manufacture products such as RFID
transponder antennas in [9],[10],[11] and [12],ngmission lines in [12] and [14] and patch
antennas for microwave applications in [15] and.[16

The above-mentioned printing technologies use cciingkl inks. In general these inks have
lower conductivity than pure metals, such as cogpealuminium. The conductive inks consist
mainly of inorganic particles (as conductive phab&)der material (insulator phase), solvents and
additives. The composition and conductivity of tin& varies according to printing technique.
Silver flakes, for example, are a commonly uselrfimaterial in screen printable inks. Typical
conductivity for this kind of ink is a few mega siens per metre. In the inkjet technique materials
such as gold nanoparticles can be used as fitigil 1] the conductivity of gold nanocrystal ink is
reported to be 10-30 MS/m.

In addition to the conductor material, the compositand the amount of ink have a crucial
effect on the realized conductivity of the printemhductor. The particles (material, size, amount,
shape, distribution and orientation) influence #&ectrical and mechanical properties of printed
conductors. Further, the viscosity of the ink affebe way it is transferred onto the substratéhén
case where the substrate surface is rough compardge desired ink layer thickness, the current
paths will elongate and variations in the deposttedductive layer thickness will occur, resulting
in increased resistance. The curing temperatutieeoink is an important parameter as well. [1]

The lower the conductivity, the thicker (ink) theeyér needed to minimize the losses in RF-
circuits, since at high frequencies the skin effesgins to decrease the effective conductivityhef t
ink. Therefore, in practical applications, it isportant to ensure that the performance of the
conductors is satisfactory throughout the desimedjuency range, regardless of the fabrication
method. [1],[17],[18]

In transmission lines, couplers, circulators angspe RF-devices in general, the conductivity
of the ink is related to the insertion loss, ilee power loss due to the line structure. In antenna
applications radiation efficiency can be greatlieeted by the conductivity [9]. In article [19] the
insertion loss of inkjet-printed transmission lingere investigated up to 5 GHz and the authors
found them to be low enough for many applications.

Nowadays microstrip line (MSL) and co-planar wavdgu(CPW) are the most widely used
transmission line structures in RF-circuits. Bottustures allow fabrication by different printing
methods and possess good miniaturization capabildnd each has its own application-specific
advantages. Common to these structures is thatath@y the signal to be transferred as a quasi-
TEM wave partially inside a dielectric material. €Tlsignal conductor is placed on top of the
dielectric, which is therefore referred to as thwbsdrate. In MSL a conducting plane is placed
beneath the substrate and in CPW, conducting planesplaced on both sides of the signal
conductor on the substrate. Part of the electroetagrields of these transmission lines exists
inside the substrate and, therefore, in additiothéoconductor material, the electrical properties
the substrate have a bearing on signal propagdfioh[21]



Together with the geometry of the transmission Bitreicture, the electrical properties of the
substrate determine the characteristic impedandkeofine. In article [22] H. A. Wheeler derived
approximate formulae, which link these featureetbgr. The formulation can be used to select the
desired width-to-thickness ratio or characteristipedance of the MLS when either one of the
related quantities is fixed. Design of CPW is, heare less straightforward and is discussed in
more detail, e.g. in [21]. A printed CPW is disesse.g. in [3], where the inkjet technique is used
to fabricate CPW with copper ground plane, and pleeformance properties of the line are
investigated.

A wireless sensor module was fabricated usingrikgi technique in [23]. Fabrication of other
passive transmission line devices, such as a,fitieculator, and coupler are studied in [14],[23]
and [25]. The results indicate that the performaoté¢he lithographically printed microstrips is
reasonable. In the early development of printedemeave conductive lithographic films (CLF), the
conductor was first printed on a paper and the pajs attached to a secondary substrate. Copper
ground plane was on the other side of the seconsiagtrate [14]. In [14] a flexible and fully
printed microstrip line was fabricated. The sulistraf the flexible microstrip was plated polymer
substrate. As the authors of [14] observed, thatipg of the ground plane increases losses.

The application examples mentioned above prompseid manufacture fully printed MSL and
a coupled-line coupler by screen printing in ortestudy the feasibility and performance of these
structures compared to traditional copper-etchadcds. No secondary substrate, copper ground
plane or plating of the substrate or electro depasiting on printed patterns were used since we
wished to eliminate the effect of these on the qremfince of the devices. This enabled us to
perform a fair comparison between the printed doldesl devices.

In industrial manufacturing PCBs are typically pltwith protective coating and in the case of
copper PCBs, with a solder mask. The effect ofsthlder mask on the performance of microwave
electronics is also investigated in this article.

The paper is structured as follows: geometry, nelgeand fabrication methods of the samples
are introduced in section 2. Section 3 presentsithelation methods and measurement setup for
this study. The simulations and measurement reatdtsntroduced and discussed in section 4. The
conclusions and future work are presented in Se&io

2 Experiment arrangements

The printed microstrip lines and coupled-line ceuplwere manufactured by the screen printing
method and by etching. In screen printing the cotide ink is pressed through a screen onto the
substrate with a squeegee [26]. The characterisfitke ink used are presented in Table 1. The
ground planes were first printed on one side of ghbstrate and cured in accordance with the
manufacturers’ recommendations (Table 1).The cowdsiavere then printed on the other side of
the substrate and cured under the recommendedtiomsdiFerricloride was used as an etchant and
1.5 mm thick FR-4 was used as the substrate fdr jpanted and etched samples.

Table 1: Characteristics of screen printable ink.

Curing . . L
Manufacturer’s description conditions Viscosity Conductivity
<C. min) (P) (MS/m)

Single component silver ink
consisting of polyester resin,
silver flakes, solvent and 120, 20 200 - 300 1,25
additives. Silver content is 60 - 65
wt% and polyester resin content is




11-14 wt%. Particle size is
mainly in a range from 3 to
15um.

Commercial solder mask was printed on the etchetpks by screen printing. According to the
manufacturer, the dielectric constant of the soldesk is between 3.4 and 3.6 at 1GHz and loss
tangent can vary from 0.01 to 0.03. The sample® Wiest plated with the solder mask on one side
and the mask was pre-dried in an oven. This praeedas repeated on the other side of the board
and the samples were exposed to UV light, develamedcured. SMA-connectors were attached to
the printed samples by conductive epoxy and byesid to the etched samples.

Figure 1: Fabricated lines and couplers.

2.1 Microstrip lines

All fabricated test lines are 10 cm long. Conducdtockness in the etched lines is 35 pm, whereas
the nominal thickness for the screen printed liges wet to 20 um and this value was used to select
the geometry for the printed design. The thickraedseved was then measured and used to produce
the simulation results for comparison with the nueasient results. Ground plane size for the
fabricated lines is 10 cm x 10 cm.

In the initial studies, a dielectric constant 0 4nd a loss tangent of 0.02 were used to model
the FR-4 substrate. Calculation using the formarfatin [22] suggested that 3.0 mm line width
would provide 502 characteristic impedance for the microstrip linHsis was verified by Ansoft's
High Frequency Structure Simulator (HFSS) whiclo alsggested that the same line width would
be suitable for both screen printed and etched.line

2.2 Coupled-line coupler

As an application of the screen printed MSLs, wastered a coupled-line coupler since it is a
common example of a 4-port passive microwave dircui

The same design is proposed for both conductorrmablteThe design process was carried out
using Agilent ADS RF-circuit simulator and the riéswvere verified with HFSS. Centre frequency
for the design is 2.45 GHz and the specified vdine the coupling is —20 dB. Conductor
thicknesses and substrate are the same as in éh@ysly discussed MSLs and the coupler is
intended for 502 system impedance. Geometry of the design is showfig. 2 and the key-
dimensions are presented in Table 2.



4. Coupled

2. Through 3. Isolated

Figure 2: Geometry and key dimensions of the couplelesign.

Table 2: Key dimensions of the coupler design.

W L T C L
3.8mm 19.8mm 3.0mm 17.5mm 1.6mm

3 Simulations and Measurements

The thickness of the solder mask and silver inlelaywere measured using software connected to
an optical microscope. The measurement was perfbah20 different points on the cross-sections
of the samples. Figure 3 shows the location oinle@surement cross-section. The thickness of the
silver ink layer was assumed to be the same for ptieted couplers and MSLs since the
manufacturing parameters and materials are the.s&@hee ink layer thickness and conductivity
parameter are taken into account in our HFSS an8 Aihulations. As might be expected, a finer
mesh is introduced in these simulations to pratietcorrect response from the coupler.

L]
[]

Figure 3: Arrow indicates the location of
cross-section for the thickness measurement.

3.1 Microstrip lines

Performance of a MSL can be evaluated by its ifmseloss per unit length; in our study, dB/cm. In
the absence of coupling and discontinuities inlthe, which would result in additional radiation
loss, insertion loss is strictly due to dielectied conductor losses [28]. Approximate formulation
for these can be found, e.g. in [27], though is #iudy we investigate only the losses by simutatio
software packages and measurements.

In many practical designs, such as the coupleddngler we investigate, the permittivity and
loss tangent of the FR-4 substrate can be modaembastants over a wide band of frequencies
[29]. However to study the insertion loss of thérfeated transmission lines accurately, it may
suffice to use only a constant approximation fer lthes tangent.

Our study is confined to frequencies from 50 MHAtGHz. Simulations were conducted with
constant approximations ta€0.02 and tar)=0.025 and for comparison with an approximation,
where tan§)=0.016 at 100 MHz and increases directly propogioto the frequency, to
tan@©)=0.024 at 5 GHz. This approximate model was createording to the frequency-dependent
results for loss tangent of FR-4 in [29]. Insertilmss simulations were conducted with HFSS,
where the losses in the thin conducting structueeewnodeled by solving the fields inside the
conductor instead of relying on the surface fiefgbraximation. The effect of lowering the
conductivity gradually from the nominal valog=1.25 MS/m down t&=0.325%, was also studied



in the simulations to model possible imperfectiomghe fabrications process, which in practice
might indicate lower effective conductivity.

HP8722D vector network analyzer (VNA) was usedxtraet the scattering matrix of the line,
and from this data the insertion loss was deterdhimea “black-box” method that relies solely on
the measured S-parameter data.

To calculate the insertion loss from the measunsériion loss, assume that poviy is fed
from the generator. Then power (1:f)Pc is delivered to the input of the line. Some pdrthe
power is lost in the line so that available power the load isIL(1-'in[)Ps, wherellL is the
insertion loss of the line. The actual deliveredvgoto the load is then

P = ILA-[S)(@-1S5 )P

Now, relation

2- R
1S Y

together with the previous expression Rprimplies insertion loss

S,°

ILyz =—10log
e Y-8 A1)

in decibels, where the minus sign is added to nhpasitive values. Insertion loss per unit length
can be found from this by scaling the obtainedItesith the physical line length.

The introduced measurement method makes no assumspéibout the transmission line
arrangement between the ports. Because of theantbe used to take into account all the loss
sources, such as radiation and coupling to othesliWe also use this method later in our study to
find the insertion loss of the coupled-line coupl€he effect of a solder mask was studied by
comparing the measurement results from the etchddplated samples with the results from the
etched samples without the coating (solder mask).

3.2 Coupler

A more practical approach was taken to the coupgsign. The objective here was to investigate
by measurement whether the performance of the ggticbupler differs significantly from the
nominal design for copper. An etched coupler withder mask layer was also measured for
reference. In the simulations only a constant agpration tan§)=0.02 was used for the loss
tangent of FR-4 and the dielectric constant wadcsdt5. The simulations were conducted mainly
with Agilent’'s ADS.

With regard to the port numbering in Fig.S; gives the input return loss when other ports are
terminated, ands; and S; yield the coupling and isolation, respectively, emhother ports are
terminated. These parameters were measured with. VNA

4 Results and discussion

The thickness measurement results of the silvelaydr on FR-4 are presented in Table 3. The ink
layer is not completely uniform and thickness wioias are evident, as can be seen in Fig. 4. An
uneven printed layer is not unusual with the scneenting technique and screen printable silver
inks (pseudoplastic, relatively high viscosity)eawon smooth surfaces.



Table 3. Mean, minimum, maximum and standard
deviation of the silver ink on FR4

Standard
deviation

146 um 12.6 pm 17.2 pm 1.3 um

Mean Min Max

Ag Ink

R R R N S R T, S

100 um
oy o FU

FR'4 substrate

Figure 4: A Cross-section of a printed coupler. Naignificant difference between the thickness of thsilver ink
conductor and the silver ink ground plane can be .

Mean, minimum, maximum and standard deviation ef $blder mask thickness is presented in
Table 4. Fig. 5 presents the solder mask on copmatuctor.

Table 4: Solder mask thickness.

Mean Min Max Star_Idafrd
deviation
17 pm 16 pm 18 pm 1pm

FR 4 Substrate

Figure 5. The solder mask on copper conductor.

The solder mask was not studied in the case opitimed samples because its effect on the etched
samples was small, as the results below indicage F&gs. 9 and 11).

4.1 Microstrips

The measured and simulated results for inserties & the etched line are presented in Fig. 6 and
for screen printed line in Fig. 7. The effect ofvkring the conductivity of the silver ink, while
using the linear approximation of tahs illustrated in Fig. 8. The measured inserfmsses for all



the fabricated lines are shown in FigT@e thickness of the silver ink layer used in timeugations
was set to a measured mean value of 14.6 um, buhitkness variations in the silver ink layer
(see Fig. 4) may lead to a difference between sitadland measured results in the case of the
printed samples.
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Figure 6: Insertion loss of the etched line.
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Figure 7: Insertion loss of the screen-printed line

0.35
‘E 03 v Measured

) 0=0

@ 0.25 0

R R N I S, 40 =~ | 0=0.7750,

o —

3 015 e 0=0.55 (5, []
S 01| e REITET | e 0=0.325[b,C
() et

2 0055

Frequency [GHZ]

Figure 8: Effect of lower the conductivity of the dver ink.



Etched line

Insertion Loss [dB/cm]

Frequency [GHZz]

Figure 9: Measured insertion losses of the fabricad lines.

According to the results in Fig. 6, the measuremesult for the etched line agrees well with the
simulations, although the slightly non-linear bebavin the measurement result remains
unpredicted by the simulations. The increase iariien loss at highest frequencies is not predicted
by the constant approximation for loss tangent,dbnérwise this approximation seems reasonable.
Linear approximation, on the other hand, preditghy more loss than was actually measured at
frequencies from 3 GHz to 5 GHz, whereas at freq@snbelow 2 GHz, both approximations
correspond closely to the measurement result.

Based on the results presented in Fig. 6, it iscleoled that the substrate model in our
simulations is sufficiently accurate to study theertion losses of the lines. It can therefore be
concluded from the results in Fig. 7 that therarisadditional loss source, which is not included in
the simulation model. This additional loss begimotcur after 1 GHz. Possible physical reasons
for this include imperfections in fabrication, réswg in lower effective conductivity and non-
idealities in the connections to SMA connectors tluehe high frequency characteristics of the
conductive epoxy.

Since the conductive inks binder, polyester resiagrounding the silver flakes (i.e. the
conductive phase) is also dielectric, it affects fiopagation of the signal. The behavior of such
material as a function of frequency is not well ersfood and it might actually be the observed
additional loss source. This provides an intergssimbject for future studies.

The effect of impaired realized conductivity wasther studied by simulation and the results
obtained are presented in Fig. 8. It can be searthle curves closest to the measurement result are
the 77.5% and 55% curves. On the basis of thisamelade that the fabricated lines may have 25%
lower conductivity than expected. However, everutgiothe 55% curve would fit the measurement
data better at high frequencies, we do not expatht s great impairment due to the non-uniform
distribution of the silver ink. In addition it cdme seen that the 55% and 32.5% curves do not
correspond as well with the measurements at lofmegtiencies as do the other curves. This also
supports the proposition of higher than 77.5% reali conductivity, since the effect of other
measurement uncertainties due to parasitic effeegpected to increase with frequency.

For simple comparison, Figure 9 presents the medsinsertion losses of all the fabricated
lines. Firstly, this figure shows that the effedtthe protective coating does not significantly
increase the losses of the line. This is to be ergesince the coating material has approximately
the same loss tangent as the substrate while itlendss of the coating layer is very thin compared
to the substrate thickness. Therefore, the contabuof the field distribution within the substrate
remains dominant.

Secondly, due to the lower conductivity of the silink, the screen printed line has greater
insertion loss compared to the etched lines. Instuay the insertion loss for the screen printed li



can be 0.1 dB/cm higher than that for the etched in the studied frequency range. Maximum
insertion loss occurs at the highest end of thgueacy band and the difference between the results
decreases towards the lower end of the band.

4.2 Coupler

Simulated and measured input return loss (S11plowi(S41) and isolation (S31) of the designed
etched and coupler are shown in Fig. 10. Compasisainthe input return loss, coupling and
isolation of the etched coupler (nominal designour study) against the etched coupler with
protective coating and screen printed coupler dustiated in Figs. 11 and 12 respectively.
Measured insertion losses from Input- to Through-pball the fabricated couplers are presented in

Fig. 13.

g Measured
5 ADS
wn HFSS
o
k=]
—
™
%]
-15
3 -185
g -215
n
-25

Frequency [GHz]

Figure 10: Simulated and measured S-parameters ohé etched coupler.
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Figure 11: S-parameter comparison between etched gpler and etched coupler with protective coating.
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Figure 12: S-parameter comparison between the etctleand screen printed couplers.
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* \ \
Etched ! !

Insertion Loss [dB]

Frequency [GHZz]
Figure 13: Measured insertion losses of the fabritad couplers.

Simulation results in Fig. 10 predict good matchisgecified —20 dB coupling and -29 dB
isolation from both copper and screen printed cengplThe measured values in the same figure
show that the input matching is best at 2.6 GHze#xd of 2.45 GHz, but S11 at the design
frequency is still around —25 dB. The measured kgps very close to —20 dB as predicted and
measured isolation is =31 dB, which is some 2 diBebéhan the simulated value.

Figure 11 illustrates the effect of the protectoaating on the operation of the coupler. Best
matching is seen to shift upwards, thereby deangatkie S11 at the design frequency to —20 dB;
but otherwise the effects are not significant iagbice. The coupling, especially, is affected dny
less than 0.5 dB when the protective coating isddd

The comparison between the etched coupler and reqreeted coupler in Fig. 12 shows a
similar result to that in Fig. 11, namely that ggiem of the printed coupler at the design freqyenc
remains very similar to that of the etched couplupling is still very close to the specified —20
dB and the matching and isolation at the centrgueacy is improved, although notable frequency
shifts do not occur.

The greatest difference in operation between theescprinted and etched coupler, which is not
seen directly from the S-parameter results, idgrikertion loss, which is depicted for all fabrichte
couplers in Fig. 12. As observed above with thedmaission lines, the screen printed lines have
greater insertion loss. This is seen again by comgpdhe insertion losses of the couplers in Fig.
13, where the etched line with and without protecttoating shows rather similar performance.
However, with the screen printed line the insertioss on a decibel scale roughly doubles
throughout the studied frequency band.

5 Conclusions

Insertion loss of a screen-printed silver ink matrip line with screen-printed ground plane on a
common FR-4 substrate was measured to be les®thatB/cm higher than that of the etched lines
at frequencies up to 5 GHz. This is low enoughni@ny RF-circuit implementations. The effect of
a common protective coating was also studied argdfauand to be negligible.

The fabricated screen printed coupled-line couperformed well, with a 0.2 dB higher
insertion loss in through-path compared to the extcboupler. Excluding the increased insertion
loss in the screen-printed version, the performasfcthe etched and screen-printed devices was
found to be almost identical. This indicates thhtlegmodelling the losses of printed devices can be
challenging, the operation of printed passive REtgis can be otherwise predicted accurately with
traditional high frequency simulation procedures.
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Errata

In the last sentence of the third paragraph of Section I: ”0.37 percent of”’ should be by factor of
0.37 compared with”.

In Fig. 5b the y-axis should be labelled ”Reactance [Q]”.
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1. Introduction

The use of passive UHF RFID systems is increasing rapidly in
numerous applications. Globally, the allowed frequencies for
UHF RFID range from 840 MHz to 955 MHz, depending on
the local regulations [1].

Antennas are integrated into a variety of applications
such as product packaging and clothing. Currently copper
is the most commonly used conductor in tag antennas
and the etching is the most widely used manufacturing
technique to produce the conductive patterns. However, the
cost of antennas is a crucial factor in the mass production
of antennas and there is an increasing need to develop new
manufacturing techniques to enable the manufacturing of
RFID tags on complicated curved surfaces at economically
competitive cost. This can be achieved by applying new
economical manufacturing methods to produce the antenna
structures. Printing techniques may provide a new and fast
way to do this. In printed electronics silver particles are
often used to form the conductive layer, and therefore it
is important to optimize the amount of silver and the
thickness of the conductive layer. At the same time it is

also important that the ink layer is thick enough to achieve
low ohmic losses. However, in RFID systems thin con-
ducting layers are preferred to maintain low manufacturing
costs.

The penetration depth and ohmic losses of the conduc-
tive layer set the boundary condition for the manufacturing
methods and manufacturing parameters such as the amount
of silver and the thickness of the layer. One factor controlling
the thickness of the conductive layer is the skin effect or
penetration depth. At high frequencies, like UHF, the current
density is packed in the region near the surface of a good
conductor. This is called the skin effect. Skin depth or
penetration depth is defined as the depth below the surface of
the conductor at which the amplitude of the incident electric
field decays to 0.37 percent of the amplitude at the surface of
the conductor.

For good conductors, the penetration depth has the well-
known approximate expression

y— (1)

w/ﬂf,ua’




where f is the frequency, u is the permeability (~ p), and o
is the conductivity of the conductor material [2].

RFID tags can be made in various ways. In this study,
etching, screen, and gravure printing techniques were com-
pared and used to produce RFID antennas. Etching, which
is the traditional way of making the conductors, was used
as a reference technique for the printing techniques. It
is a well-known method and is widely used to produce
conductive patterns in the electronics industry. However,
printing techniques have several advantages over the etching
technique. Printing is a fast and environmentally friendly
process; less hazardous chemicals are needed and printing
can be used to produce 3D conductive patterns in an
economically competitive way.

In etching process, a thin copper or aluminum foil on
a substrate material is etched into the form of the designed
antenna pattern. In an industrial process the IC-chip can be
connected to the antenna, for example, by reflow soldering.
In case the antenna is etched on a special substrate, which
does not tolerate reflow process or the antenna pattern
is printed, conductive adhesives can be used. Usually the
antenna structure is also shielded with a thin layer of plastic
to improve its endurance. In etching process, the substrate
material must tolerate the chemicals used in the etching
process, and this restricts the choice of substrate material.
Polyethelene Terephthalate (PET) is commonly used as an
antenna substrate material. The thickness of the foils is
typically 18 ym or 35 ym for copper and 9 ym for aluminum.
A typical etchant is ferricloride, which corrodes both copper
and aluminum. The thickness of the conductor metal has an
influence on the etching process, tag antenna performance,
and also on the manufacturing costs [3-5].

In the electronics industry there is increased use of a
variety of printing techniques to produce electrical conduc-
tors. The main components used in a printed RFID antenna
are conductive ink and a substrate. Conductive inks consist
of a polymer matrix, conductive fillers, and solvents. Silver
particles are commonly used as the conductive filler material.
Paper, plastic, and fabric can be used as the substrate
material. The printing techniques offer a new way to transfer
electronics circuits onto several materials, such as paper,
plastic, and fabric. Different printing technologies require
different ink characteristics [3, 6].

Screen printing is commonly used in electronic manu-
facturing. The conductive ink is pressed through a stencil
onto the substrate with a squeegee. The stencil consists of
the frame and a fabric mesh of threads. The advantage of
this technique is that it enables very thin printing and also
very thick films (from 0.02 ym to 100 ym according to [5]).
The thickness of the ink layer is determined by the screen and
the printing parameters. One possible constraint with screen
printing is resolution, which reaches a maximum of about 50
lines per centimetre [4, 6, 7].

Gravure printing is a technique, which uses an engraved
cylinder to transfer the figure to the substrate. The engraved
figure on the cylinder consists of gravure cells which hold
the ink while transferring the figure [8]. Gravure printing
is used for very long runs. It is a fast technique and enables
mass production. The thickness of the printed figure depends
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F1GURE 1: Shape and dimensions of the printed tag design.

on the engravings on the gravure cylinder but process
parameters such as printing speed and pressure also have
an effect on the figure. In article [9] 20—-60 ym gravure cells
produced a 4-7 ym ink layer. The substrate must be flexible
in gravure printing because of the pressure needed in figure
transfer. The resolution that can be achieved with gravure
printing is 100 lines per centimeter according to [6].

2. Experimental Arrangements

2.1. Simulations. Input impedance at the antenna terminals
depends on the geometry and material of the antenna and
all other proximate materials. By definition, the radiation
resistance of an antenna is the resistance, which relates the
radiated power to the current at the antenna terminals. Sim-
ilarly antenna loss resistance relates the terminal current to
the difference of the accepted power and radiated power. The
total resistance at the antenna input is the sum of these two
resistances and its input reactance is related to the reactive
power in the near field zone [10]. Antenna impedance is
therefore strongly dependent on the antenna radiation and
near-field coupling, which makes it a complicated parameter
as a whole. Nevertheless antenna impedance is an important
parameter in antenna design, since the power delivery to the
load depends crucially on the impedance matching between
the antenna and load impedances. In this study Ansoft’s High
Frequency Structure Simulator (HFSS) was used to design
complex conjugate match between the antenna and load
impedances.

Tag antennas used in the present study are rectangular
short dipole tags equipped with a triangular matching loop.
This matching technique is a slightly modified embedded
T-matching, which is discussed in [11]. The embedded T-
matching with a rectangular gap is successfully used for
tag antenna matching, for example, in [12], but in the
simulations we found the triangular gap better suited for our
design.

Figure 1 shows the geometry of the screen-printed and
gravure-printed tags and the dimensions of the designs are
gathered in Table 1.

From the simulated antenna impedance we calculated the
Power Reflection Coefficient (PRC) [12], which describes the
quality of the complex conjugate match. According to the
calculated PRC, the dimensions of the matching loop were
adjusted to tune the screen-printed tag and the etched tag for
optimal operation at 866 MHz. The IC-chip for both designs
is Alien Higgs H2 [13]. It is provided by the manufacturer in
a strap, which is readily attached to antenna structure.
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TaBLE 1: Dimensions of different antenna designs.

TasLE 2: Characteristics of screen printable ink.
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Figure 2: Simulated surface current density in the antenna
structure under a plane wave incidence with different phases of
incident wave.

In our study we have used impedance Z; = (17 — j137) Q
to model the strap at 866 MHz, in order to maximize power
transfer at this frequency, but in reality the strap impedance
changes with frequency. In addition the dipole antenna is not
designed for operation in the Global UHF RFID frequency
range, and therefore we have limited our study around the
European RFID frequencies.

In practice the nonuniform distribution of the ink
becomes apparent when the printed layer is very thin, as in
the gravure-printed tag. This effect is particularly evident in
narrow traces, where the current density is high, such as in
the matching loop of the manufactured tag (see Figure 11).
The high current density in this part is shown in Figure 2,
which illustrates induced current density in the structure
under a normal plane wave incidence with amplitude 1 V/m.

The effect of the non-ideal print quality in this part the
antenna was modelled afterwards by reducing the nominal
trace width by 30% to account for the effect of the ragged
edge of the actual printed conductor. This makes it possible
to predict the frequency shift in the measurement results (see
Figures 5 and 6).

2.2. Tag Fabrication. The RFID tags shown in Figure 1
were manufactured by screen printing, gravure printing and
etching methods. PET was used as the substrate material for
all prototype tags. The thickness of the PET substrate was
75 pm when printing was used for tag fabrication and 50 ym
when etching was used for tag fabrication.

Screen-printed tags were printed with screen printable
polymeric silver ink. The characteristics of the screen
printing ink are presented in Table 2.

Gravure-printed tags were printed using polymeric
rotogravure ink. The characteristics of the gravure printable
ink are presented in Table 3.

Manufacturer’s Cur.lflg Viscosity Conductivity

description conditions (P) (MS/m)
(°C, min)

Single component silver

ink consisting of 120,20 200-300 125

polyester resin and silver
particles.

TaBLE 3: Characteristics of gravure printable ink.

Manufacturer’s Cur'lpg Viscosity Conductivity

description cond1t19ns (P) (MS/m)
(°C, min)

Silver pigment in a

thermoplastic resin for

flexographic or 120, 20 40 4

rotogravure printing

techniques.
TABLE 4: The printed samples.
o . Number of ink
Sample  Symbol Printing equipment layers
Sample 1 Screen Screen (mesh/width of 5

thread: 124/27)

Gravure cylinder (Depth

Sample 2 Gravure of cells: 60 um)

Information on the printed samples is presented in
Table 4. Screen-printed samples were produced by printing
two layers of ink. The ink layer was cured after the
second printing. Rotogravure silver ink was diluted with n-
Propylacetate before gravure printing.

Copper tags were produced by etching. Copper of 20 ym
thickness on 50 ym thick PET foil were used as tag materials.
The negative photosensitive resist foil was laminated on the
copper and light exposure was performed under UV light.
The resist was developed with 1.2% Na,CO; and 32% FeCl;
was used for the etching. The resist was stripped with 3%
NaOH.

3. Measurement Equipments and Procedures

3.1. Thickness of the Printed Tags. The thickness of the con-
ductive layer was measured before antenna measurements
using software connected to an optical microscope. The
thickness values are an average value of 20 different mea-
surement points in the middle of the cross-section, which
is marked Figure 3 by the red line. Location was selected by
visual inspection to represent a typical distribution of the
printed ink layer.

The copper layer is more uniform than the printed layers
and has a thickness of 20 ym as reported by the copper foil
manufacturer.

3.2. Antenna Measurements. Two different quantities, thre-
shold power and backscattered signal power, were measured



F1GURE 3: Location of the cross-section for the thickness measure-
ment.

20 ym

FIGURE 4: Scanning electron micrograph of a cross-section of a
screen-printed sample.

to study the performance of the fabricated tags. All the mea-
surements were made with Voyantic Tagformance measure-
ment unit [14]. The distance for threshold and backscatter
measurements was 1.5 m.

Threshold power is the minimum sufficient power to
activate the IC-chip. Measurement of threshold power was
performed by increasing the transmitted power until the tag
can respond to the reader’s query command. The effect of
path loss and tag antenna gain can be approximated by using
a calibration tag, with known properties. Calibration tag is
provided by the manufacturer of the measurement device,
as part of the measurement system. Decisive factors for
the threshold power are the quality of the conjugate match
between the antenna and the IC-chip, and the sensitivity of
the IC-chip.

Backscattered signal power is a critical factor for the
performance of an RFID tag. Assuming that the tag has
sufficient power to activate the IC-chip, backscattered signal
power together with the reader’s sensitivity are the key factors
for the tag-reader read range and reliability of the reception.

In addition to the above-described performance param-
eters an intuitive way to evaluate the performance of an
RFID tag is the detection range. It is the maximum distance
at which a valid response from the tag can be received.
In a passive RFID system the detection range is typically
limited by the forward link operation and more specifically
the IC-chip’s sensitivity. Detection range also depends on the
radiation patterns and polarization of the reader antenna and
the tag and the propagation channel. The detection range
patterns in two orthogonal planes were measured for the
fabricated tags. In this measurement the polarizations of
the reader and tag antenna were matched and measurement
was done with 2W transmitted ERP-power, which is the
maximum allowed transmitted power in the European RFID
band.

4. Results and Discussion

4.1. Thickness of the Printed Tags. When printing is used
to produce prototype tag antennas there are thickness
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TaBLE 5: Thickness measurement statistics for the printed tags.

. Standard
Sample Average [pum] Min [pm] Max [pm] deviation [um]
Screen 21.5 16.8 26.0 2.5
Gravure 3.8 1.6 5.4 0.8

variations in the ink layer. The thickness measurement results
of the printed samples are presented in Table 5. The variation
in the ink layer after screen printing can be seen in Figure 4.
The variations in thickness make the modeling challenging,
but a good estimate of the ink layer thickness can still be
found by multiple measurements.

4.2. The Antenna Measurements. Simulated antenna
impedances for different antennas are shown in Figure 5.
Corresponding PRC’s are presented in Figure 6, where the
dashed blue and black curves correspond to situations where
strap reactance would be 3Q less or 3Q more than the
nominal value, respectively. Figure 7 shows the simulated
PRC’s for different antennas with nominal strap impedance.
For gravure-printed tag two simulations were performed:
“nominal” and “realized”. The former term refers to nominal
design and the latter to the simulation where the effect of the
nonuniform distribution of the conductive ink was taken
into account.

Measurement results for threshold power and backscat-
tered signal power are presented in Figures 8 and 9,
respectively.

Simulation results in Figure 5 predict that the nominal
antenna resistances and reactances are within 5Q from
each at the studied frequencies. Simulated resistance of the
realized gravure printed tag is slightly increased from the
nominal one, but it is still within 5Q from the simulated
resistance of the other tags. Its reactance, however, differs
significantly from the simulated reactances of the tags.

In reality accurate knowledge of the chip impedance
is important for realization of impedance matching at the
intended frequency. To account for uncertainties in the
strap impedance, due to parasitics of the chip package and
attachment to the antenna, +3 () variations from nominal
reactance was studied in Figure 6. Study was performed for
chip reactance, since in simulations it was found to have
stronger effect on the PRC’s frequency behavior. According
to this simulation +3 Q) change in chip reactance may shift
the operation frequency around 10 MHz from the nominal
case.

Simulation results in Figure 7 were obtained with nomi-
nal strap impedance and one can see that all the designs are
reasonably well tuned for operation at 866 MHz. It should
be noted that conductivity and thickness of the conducting
layer affect the radiation efficiency. The measured threshold
power curves in Figure 8 therefore appear in a different
order to the simulated PRC’s in Figure 7. However, the
simulation results can be used to predict fairly accurately
the operating frequencies corresponding to the minimum
threshold powers as well as their mutual order; only the
measured operation frequency of the screen-printed tag
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seems to be slightly lower than predicted. This might be due
to lower than expected strap reactance, as results in Figure 6
suggest.

The measurement results for backscattered signal power
in Figure 9 show that at the threshold power, when the
IC-chips on the different tags receive approximately equal
power, the strength of the responses are almost the same
from the etched and screen-printed tags as well as from the
commercial Alien Squiggle tag, which was measured as a
reference. Response from the gravure-printed tag is about
2 dB weaker.

Since the manufactured tags are very similar to each
other, differences in the measured power levels can be
attributed to differences in conductivity and conductor
thickness. The commercial Alien Squiggle tag was measured
here to provide a frame of reference for the measured values.
However, since it is smaller in size, no direct comparison can
reasonably be made of its performance against the results
from the other tags.

Measured detection range patterns for the fabricated tags
are presented in Figure 10. On the left is the orthogonal
plane for the dipole axis (H-plane) and on the right is
the plane containing the dipole axis (E-plane). The mutual
order of the measured detection ranges corresponds with the
measured threshold powers, but results in Figure 10 provide
yet another way to evaluate the fabricated tags’ performance.
In addition the detection range patterns show how the
radiation pattern of the tag affects its detection range,
expectedly the measured patterns follow the shape of dipole
radiation pattern. Comparing the obtained results between
each other it should be remembered, that the detection range
for the Gravure-printed tag is not optimal, since as discussed
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FIGURE 9: Measured backscattered signal power versus transmitted
power at 866 MHz.

above, the impedance matching of the fabricated gravure
printed tag was impaired due to the fabrication process.
Nevertheless the measured detection range for the gravure-
printed tag demonstrates how the fabrication method may
affect the performance of the tag. In this case the maximum
achievable range remains around 4 meters, which is quite
modest compared to the screen-printed tag. Taking into
account that the measured threshold power for the screen-
printed tag was 2dB higher than for the etched tag (see
Figure 8), we conclude that the measured detection range for
the screen-printed tag is comparable with the etched tag.
The penetration depth of gravure ink is 8.6uym at
866 MHz. This means that the ink layer thickness is less than
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FiGure 11: Narrow conductive line in antenna, printed with gravure
printing.

half of the penetration depth, which affects the performance
of the gravure-printed tag by increasing the ohmic losses.
As Figure 11 shows, coverage of the ink is not perfect in
the narrow part of the antenna and this has probably also
affected the measurement results.

The penetration depth of screen printable ink is 15 ym
at 866 MHz because its conductivity is lower than the
conductivity of the gravure printable ink, which means that
a thicker layer is required when screen printing is used.

The penetration depth in copper is 2.2 ym at 866 MHz
and so the 20 ym layer is thick in comparison to the penetra-
tion depth. The current density has reduced approximately
95% of its value at the surface after three penetration depths.
Therefore it can be assumed that the current flow is not
adversely affected by the structure and the ohmic losses
remain low [1].

The performance of printed silver ink dipole antennas
and copper dipole antennas are investigated, for example,
n [15]. Authors found that although silver inks are con-
siderably less conductive, they are competitive when more
material is used and can be competitive when using at 1 mm
line widths. Copper dipoles were found to be more efficient
than silver ink dipoles of similar dimensions due to the
higher conductivity of copper. Authors of [15] also made a
simple RFID tag and measured the threshold power, which
was higher in case of silver ink tags. Also in [16] silver ink
was found to be suitable for fabrication of UHF RFID tags.
Printed coil tag antennas were investigated in [17] and they
were shown to have read ranges comparable to the copper
wire antennas. In [18] RFID bow-tie tag printed with ink jet
technique provided good overall performance.

The results we obtained are in accordance with above
mentioned results in the references. Printed tags were tuned
at the desired frequency and we managed to manufacture
a printed tag with almost the same geometry as the copper
tag; only a minor change was done to optimize the antenna
impedance.

Possible restrictions of printed tags are the maximum ink
layer thickness and resolution achieved with different print-
ing methods. Still it is possible to increase the conductivity
of the ink, for example, by decreasing the particle size and
adding solid content of the ink, but this increases the tag
price. Also the printing method has to be selected according
the tag model and materials. So it is most probably possible
to achieve the same performance as the etched tags, but this
increases the costs.

Antenna designing is always a compromise betwe-
en, among other things, antenna performance, physical
dimen-sions of the tag, price, materials (substrate material,



conductor material, materials nearby during the use of the
tag), and manufacturing requirements (process limitations).

5. Conclusions

RFID tags can be manufactured using each of the methods
investigated in this paper. The performance of the fabricated
screen-printed tag is comparable to the copper etched tag
with the same conductor thickness. Observed minor differ-
ence in their performance is due to the lower conductivity
of the screen-printing ink. Decreasing conductor thickness
increases losses and thereby decreases efficiency and results
to weaker backscatter from the tag.

For a thin conductor layer, the nonuniform distribution
in the conducting material in a narrow trace which was
included in the matching network of the antenna detuned
the antenna significantly impairing its performance. Thus
the print quality needs special attention when UHF RFID
tags are printed using very thin conducting layers or narrow
traces.

Obtained results support the use of printing process
as an alternative to etching in manufacturing of RFID
tags. Especially printing is an advantageous manufacturing
method when the substrate does not tolerate the etching
chemicals or tags need to be integrated directly on the
product packages.
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Wireless Measurement of RFID IC Impedance
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Elsherbeni, Fellow, IEEE and Lauri Sydanheimo, Member, IEEE

Abstract— Accurate knowledge of the input impedance of an
RFID IC at its wake-up power is valuable as it enables the design
of a performance-optimized tag for a specific IC. However, since
the IC impedance is power-dependent, few methods exist to
measure it without advanced equipment. We propose and
demonstrate a wireless method, based on electromagnetic
simulation and threshold power measurement, applicable to fully
assembled RFID tags, to determine the mounted IC’s input
impedance in the absorbing state including any parasitics arising
from the packaging and the antenna-1C connection. The proposed
method can be extended to measure the IC’s input impedance in
the modulating state as well.

Index Terms—Impedance measurement, Microwave radio
communication, Microwave antennas, Error analysis, Monte
Carlo methods

I. INTRODUCTION

Radio Frequency ldentification (RFID) system is a wireless
automatic identification system, where objects are tagged
with transponders, consisting of an antenna and an integrated
circuit (IC). Passive RFID tags scavenge energy for their
operation from an incident electromagnetic field, set by the
reader unit. When the on-tag IC receives sufficient power to
enable its full functionality, it is able to demodulate commands
from the reader and to modulate the tag’s response to the
antenna-mode backscattered field by switching its input
impedance between two values. Most importantly, the IC’s
memory contains a unique identification code providing an
identity for the tagged object. Battery assisted passive tags are
equipped with an on-tag battery to provide energy for the IC,
but they also backscatter their response to the reader only
under the reader’s interrogation, as do the passive tags. Active
RFID tags, on the other hand, are capable of independent
transmission and they can act effectively as radio transmitters
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Computational electromagnetics (CEM) tools are essential
in design of RFID tags of any type. Towards the end of the
20" century, many efficient CEM tools have become widely
available for microwave engineers and at present a common
work station computer can be used to simulate various
microwave devices, including antennas. In field of RFID,
CEM tools have been successfully applied to design efficient,
compact tag antennas [2],[3]. Tag miniaturization is motivated
by the application: tags need to be seamlessly integrated into
product packages and have low manufacturing costs, but at the
same time sufficient power transfer between the I1C and the tag
antenna need to be arranged to cover the global UHF RFID
frequencies from 860 MHz to 960 MHz.

Research on different size-reduction and impedance
matching techniques has been carried out in the RFID context
[2]-[4] and the results from the research done in a more
general setting [5],[6] are also available for engineers and
researcher working on RFID. However, the lack of accurate
knowledge of the IC’s impedance may keep the tag designer
from getting the full benefit out of the applied antenna design
techniques. This is true particularly in design of broadband
impedance matching, which is the principal design goal in
many RFID tag designs. In view of this, accurate knowledge of
the tag antenna properties, provided by CEM tools or
measurements is not enough, but accurate knowledge of the IC
impedance is crucial for successful tag design as well.

In the absorbing impedance state, the integrated rectifier and
voltage multiplications stages provide sufficient DC voltage to
enable the IC’s functionalities. This frontend circuitry of the
IC is typically composed of capacitors, diodes and
semiconductor  switches, making its input impedance
capacitive and frequency and power dependent [7],[8]. In
addition, the packaging of the IC, as well as the tag antenna-1C
connection, affect the impedance, seen from the tag antenna
terminals towards the IC, making the input impedance of the
IC a complex quantity as a whole [9]. The same applies to the
modulating state input impedance, which together with the
absorbing state input impedance, determines the modulation
efficiency of the tag [10],[19].

On the product datasheets, IC manufacturers typically list
the input impedance of RFID ICs in the absorbing state at few
frequency points in the global UHF RFID frequency band or
provide an equivalent circuit model for the input impedance
without presenting the actual measured impedance data.
Further, the input impedance in the modulating state may not
be listed at all. Thus, by measuring the chip impedance in both
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operating states including the parasitic effects from the tag
antenna-IC connection, uncertainty related to the conjugate
impedance matching between the tag antenna and the IC can
be significantly reduced and more insight to the efficiency of
the backscattering modulation process can be obtained. We
expect the latter to become increasingly important for passive
tag design in the future as the sensitivities of the ICs improve
and especially for battery assisted RFID where the on-tag
power supply enables significantly better sensitivities to begin
with.

If the power loss due to the impedance mismatch between
the tag antenna and the IC is small enough, the IC may remain
operational at any available incident power above its
sensitivity level. Thus, the complex conjugate of the IC’s input
impedance at the sensitivity level is commonly taken as the
target for the tag antenna design. In practice the input
impedance of an RFID IC has a strong dependence on the
incident power and therefore carrying out the impedance
measurement at an appropriate incident power to the IC is of
great importance [11].

Typical measurement configurations to determine the IC’s
input impedance include an RFID tester to determine the
threshold power and a vector network analyzer (VNA) for
measuring the impedance of the IC [12]. The frequency
dependent threshold power of the IC is first determined with
the RFID tester and the impedance is then measured at this
power. The input impedance of the IC is capacitive and varies
significantly from the typical 50-Q characteristic impedance of
measurement devices. This is problematic since the sensitivity
of VNAs is best around their characteristic impedance with
performance decaying rapidly with loads differing from the
characteristic impedance [13]. By using static pre-matching
[14], VNA measurements are more accurate and the incident
power on the IC can be adjusted easily. Direct measurement of
the input impedance of the bare IC has the disadvantage that
the result does not include the effect of mounting parasitics.
This can be alleviated by mounting the IC on a sample of the
antenna material [12] or by employing a method for verifying
the matching condition between the antenna and IC [15]
specifically suitable for assembled RFID tags.

In this article, we propose a wireless measurement method
for measuring the absorbing state input impedance of an IC
mounted on an RFID tag, by combining information from
CEM simulations and far field measurement while
communicating with the tag using the EPC Gen2 protocol. The
method requires few specialized measurement devices and it
can be extended to measure the modulating state input
impedance as well.

The rest of the article is organized as follows. Section II
introduces the theoretical background and formulation of the
measurement method. In Section 111 the design of the test tag
antennas is discussed and the related simulation results, as well
as the raw measurement data are presented. Section IV
presents the results for the 1C impedance and the uncertainties
of the method, in Section V measured tag antenna performance

is compared with a prediction based on simulation with the
measured IC impedance and finally conclusions are drawn in
Section VI.

Il. PROPOSED MEASUREMENT METHOD

A. Power Transfer between Complex Impedances

Perfect power transfer between complex source Zs and load
Z, impedances occurs only when the impedances are complex
conjugates of each other. Kurokawa studied the concept of
power waves [16] and derived an expression for the ratio of
the available power from the source (Ps) and the reflected
power (Pr) from the load due to impedance mismatch:

2
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R 2
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where (-)* denotes the complex conjugate. The impedance
ratio, denoted by p in equation (1) is also defined as the power
wave reflection coefficient [16]. By observing that power
Ps—Pr=P_ is delivered to the load, the power transmission
coefficient (1) or the matching coefficient between the source
and the load can be written as

P 4R R, 4RsR,

T=—=-= = : 2
P |zo+2 |Zs-(Z) 2)

where the second equality follows from equation (1). As we
assume that Rs and R are strictly positive, it holds that 0<t<1
with the value 1=1 being attained only under the conjugate
matched condition: Zs=Z* and the value =0 being
approached as the distance between Zs and —Z, in the complex
plane tends to infinity. In this study we use equation (2) to
describe the quality of the power transfer between the tag
antenna and the IC.

B. Threshold Power and Link Calculations for a Far Field
RFID System

For far field RFID systems, the Friis’ model [17] can be
applied to approximate the delivered power to the IC (Pic)
from the generator. In the present study we use linearly
polarized antennas on tag and reader side, which we have
carefully aligned to minimize the link loss due to polarization
mismatch and thus the Friis” model is applied assuming perfect
polarization matching. Under this assumption

2

Pc =7L:GGyy (ﬂj Prx s ®)
4rd

where Lc is the cable loss factor, Grx and G are the gains of

the transmitter antenna and the tag antenna, respectively, Prx is

the time-averaged transmitted carrier power, d is the distance

between the transmitter antenna and the tag antenna and Tt is
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the power transmission coefficient between the tag antenna
and the IC.

In the absence of any multipath propagation and assuming
that the receiver sensitivity is not limiting the communication
with the tag, which is commonly the case with passive RFID
tags, the transmitted power is given as

IDIC,O

PTH /1 2 (4)

7L GGy (47[(1)
when the delivered power to the IC equals the IC’s sensitivity,
denoted Pico. Since in practice the sensitivity of the IC is
defined with respect to an operation that produces an
observable response from the tag, also Pty has this property.
Commonly, the sensitivity of the IC refers to its read
sensitivity, i.e. to the minimum power required to reply to the
EPC Gen2 protocol’s query command. This is the most
common and expectedly the least power consuming task for
the IC, since the tag’s reply to query consists only of its ID
number. Therefore we adopt this definition for the IC’s
sensitivity as well.

As we measure the impedance at the read sensitivity of the
IC, the measurement result can be useful for designing RFID
tags with maximal readable range. However, it may not yield
maximal operation range for other commands such as write.

In order to solve equation (4) with respect to the IC’s
impedance, contained implicitly in 7, all the other quantities in
the equation need to be known and since the impedance is a
complex quantity, a pair of equations is required to produce
solutions for both real and imaginary parts. As modern CEM
tools allow accurate simulation of simple antenna structures,
we use three plain straight dipoles as test tags. These antennas,
the simulation results and the developed procedure to obtain
the IC impedance are described in the next section. In
addition, we measure the gain of the transmitter antenna and
use the IC’s sensitivity provided by the manufacturer.

In the tag measurements, we used a compact anechoic
cabinet and in order to further suppress any possible multipath
propagation due to the non-idealities of the measurement
environment, we have mapped Pty to its free space value by
multiplying the raw measurement quantity by a correction
factor

Lot

e ®
47d

where L is the path loss, from the transmitter output to an
imaginary unity-gain tag and L. is the cable loss between the
generator output and transmitter antenna. In  our
measurements, the quantity Lt is obtained through a
calibration procedure included in the measurement equipment
used. This process is based on measuring a reference tag with

accurately known properties, which allows the system to
calculate Li. For calibration, we used a reference tag provided
by the measurement device manufacturer.

Though path loss correction by using the factor A can
provide additional accuracy, correcting the measured Py is
not in general necessary; the IC impedance can be obtained
similarly through the procedure described below by assuming
perfectly anechoic measurement environment. Therefore we
have suppressed the factor A from the formulation presented,
yet keeping in mind that at any point Pty can be replaced by
APTH.

C. Measurement of an RFID IC’s Absorbing State Input

Impedance

Proceeding with the solution of equation (4) with respect to
the IC’s impedance, the tag antenna and the IC impedances are
denoted by Za=Rat+jXa and Z =R +jX., respectively.
Considering the tag antenna as the source and the IC as the
load and taking T to be constant, equation (2) can be
rearranged to

e (L= T SO

which defines a circle in the complex plane with center point
2-71
P(T):(RATl_XAJ (7

and radius

1-7

r(r)=2R, ®)

Thus, measuring Pty for two tag antennas and solving t for
each measured tag from equation (4), substituting the
measured values into equations (6)-(8) and locating the
intersection points of the constant-t circles obtained yields the
solutions for the IC’s impedance. However, as two circles may
intersect each other at zero, one, two or an infinite number of
points, care must be taken to pick the physically meaningful
solution. The cases with one or infinite number of intersection
points are special cases, rarely if ever arising in our
measurement procedure and therefore we assume to have zero
or two intersection points throughout the presented analysis. In
the case with two intersection points, only one of them can
represent the physical solution and if, due to measurement
uncertainty or errors, the circles do not intersect, the I1C’s
impedance cannot be determined from the data.

To pick the physical solution for the IC’s impedance
corresponding to one of the two intersection points of the
constant t-circles defined by equations (6)-(8), we use three
test tags to obtain three pairs of equations, each producing two
pairs of solutions. Three is the minimum number of tags
required for identifying the physical impedance solution with
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Tag 1 and Tag 2, 2™ Solution

Tag 2 and Tag 3,
1% Solution

P(t)

Tag 1 and Tag 3,
2™ Solution

P(t2)

Tag 1 and Tag 3,
1* Solution

Tag 2 and Tag 3,
2" Solution

Tag 1 and Tag 2,
1% Solution

Fig. 1. llustration of constant-t circles obtained by measuring PtH of three
test tags and solutions for the IC’s impedance produced by each test tag pair.
The centre points and radii of the circles are determined by equations (7) and
(8), respectively.

the method described here, but using more test tags could
improve the accuracy of the measurement method, since the
threshold power measurement would be repeated for a greater
number of individual ICs.

Assuming a sufficiently small measurement uncertainty and
identical ICs in all the test tags, the physical solutions
produced by each tag pair are expected to be bunched close to
each other — ideally at the same point — in the complex plane,
as illustrated in the Fig. 1. To identify these solutions, we
consider the solution triplets (circle intersection points marked
in the Fig. 1) where only one solution produced by each tag
pair is included. For clarity, these triplets are listed in Table I.
As we know that ideally the triangle spanned by the physical
triplet would degenerate to a single point, we expect this triplet
to be the three solutions on the same row in Table I, which
span the triangle with the minimal circumference in the
complex plane. Referring to the example in Fig. 1, this triplet
would be formed by the first solutions produced by each tag
pair

In this article, we only consider the case with three tags.
With a number of tags n > 3, the selection of the physical
solutions becomes more involved, since instead of triangles, n-
polygons would need to be examined. As n increases, it might
be useful to simply consider the sample variance of different
solution combinations to determine the physical solution.

D. Measurement of an RFID IC’s Modulating State Input
Impedance

Assuming that the absorbing state input impedance of an IC
is measured — or otherwise accurately known — the above
method can be extended to extract the IC’s modulating state
input impedance based on the measured backscattered signal
power. Below we assume that the backscattered power is
measured at the transmitted threshold power, since during the
backscatter measurement the incident power to the IC needs to

TABLE |
SOLUTION TRIPLETS WHERE ONLY ONE SOLUTION PRODUCED BY EACH TAG
PAIR APPEARS.

Tag 1 and Tag 2, Tag 1 and Tag 3, Tag 2 and Tag 3,

1%t Solution 1%t Solution 1%t Solution
Tag 1 and Tag 2, Tag 1 and Tag 3, Tag 2 and Tag 3,
1%t Solution 1% Solution 2" Solution
Tag 1 and Tag 2, Tag 1 and Tag 3, Tag 2 and Tag 3,
1%t Solution 2" Solution 1%t Solution
Tag 1 and Tag 2, Tag 1 and Tag 3, Tag 2 and Tag 3,
1%t Solution 2" Solution 2" Solution
Tag 1 and Tag 2, Tag 1 and Tag 3, Tag 2 and Tag 3,
2" Solution 2" Solution 2" Solution
Tag 1 and Tag 2, Tag 1 and Tag 3, Tag 2 and Tag 3,
2" Solution 2" Solution 1%t Solution
Tag 1 and Tag 2, Tag 1 and Tag 3, Tag 2 and Tag 3,
2" Solution 1%t Solution 2" Solution
Tag 1 and Tag 2, Tag 1 and Tag 3, Tag 2 and Tag 3,
2" Solution 1%t Solution 1%t Solution

correspond to the value at which the absorbing state input
impedance is known.

In the impedance modulation process, the input impedance
of the IC is switched between the absorbing and modulating
states, to modulate the response from the tag to the reader in
the antenna-mode scattered field, which is the load dependent
component of the total scattered field of the tag antenna [18].
The quality of this modulation procedure can be described
with the modulated radar cross-section denoted as om, which is
analogous to the classical radar cross-section, but combines
the tag antenna’s reflectivity and the modulation efficiency of
the tag. The total backscattered information carrying power
equals the incident carrier power density at the tag’s location
multiplied by om. Using 1:1 duty cycle in the impedance
switching scheme to modulate the backscatter results in [19]

G2 1‘
o, = — -
m 472_ 4 pl ,02

2

, )

where p1 and p, are the power wave reflection coefficients
between the tag antenna and the IC in the absorbing and
modulating states of the IC, respectively. Denoting the IC’s
impedance in the modulating state by Zw = Rm+Xum, equation
(9) can be written as

_62/12 Ri‘ZL_ZM‘Z _GZﬂZ
4r |z,+2 [z +2,f 47

Logs (10)

m

where the explicitly impedance dependent part of o has been
defined as the modulation loss factor Lmeg. Under the Friis’
model [17], the backscattered signal power is
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AG?

Bs =~ Om W Pr (11)
when a single antenna with gain Grx on the reader side is used
for both transmission and reception. Since for a constant Limod,
equation (10) defines a circle in the modulating impedance
plane, the intersection point method described in Section 2.3
for the absorbing state impedance can be applied for the
modulating state impedance as well. In this article, we present
measurement results only for the absorbing state impedance
and reserve the more accurate description and demonstration
of the measurement of the modulating state impedance for the
future.

Il. TEST TAGS AND MEASUREMENT RESULTS

The test tag antennas serve as test beds for the IC under test.
From the point of view of tag antenna design, the only
requirement for these antennas is sufficient gain and power
matching with the IC to allow the threshold power
measurement. ldentical test tag antennas cannot be used, since
as a result, the constant-t circles illustrated in Fig. 1 would in
theory lie on top of each other and the intersection point
method described in Section 11.C could not be used to find the
solution for the IC’s input impedance.

Keeping in mind that reliable simulation results for the test
tag antennas are essential for the accuracy of the proposed
method, simplistic antenna geometries are preferred. Because
the measured impedance obtained from the proposed method
is the input impedance of the whole circuitry beyond the test
tag antenna terminals, it is important to mount the IC in the test
tags exactly as in the tag antenna designs where the measured
IC impedance is going to be used later.

We use straight dipole antennas to demonstrate the
measurement method in practice. Dipole antennas have the
advantage of structural simplicity, which facilitates accurate
modeling. The dipoles are balanced structures to which ICs
with differential input can be directly connected. Furthermore,
dipole antennas are inherently linearly polarized, which
simplifies the wireless link calculations. The size of the test tag
antennas was selected so that within the studied frequency
range they operate between their first and second resonance
where the antenna input is inductive. This provides sufficient
power matching to the IC under test to allow the threshold
power measurement.

Three test tags, referred to as Tag A, Tag B, Tag C and an
additional tag, Tag D were fabricated. Tag D was not used in
the measurement procedure, but later to compare the measured
and simulated tag antenna performance. The geometry and the
dimensional parameters of all four tag antennas are shown in
Fig. 2 and the values of the dimensional parameters are listed
in Table 1. As explained above, identical test tags cannot be
used to measure the IC’s impedance with the proposed method
and therefore the length of each test tag antenna is different.

< > v

« & ] [

leE >

Substrate

Fig. 2. Geometry and the related dimensional parameters of the test tags.

TABLE I
VALUES OF THE DIMENSIONAL PARAMETERS OF THE FABRICATED TAGS IN
MILLIMETERS.
a b c d e
Tag A 74.5 1 3 15 15
Tag B 79.5 1 3 15 15
TagC 84.5 1 3 15 15
Tag D 89.5 1 3 15 15
TABLE Il
ELECTRICAL PROPERTIES OF ROGERS RT/DUROID 5880.
. Relative Loss  Conductor Conductor
Thickness oo . .
permittivity tangent  material thickness
3.17 mm 2.2 0.0009 Copper 35 um

The assembled tags are equipped with the Alien Higgs-3 IC
[20], which is provided by the manufacturer in a strap for easy
attachment. Conductive epoxy was used to attach the strap to
the antenna. Substrate material used for all fabricated tag
antennas is the commercially available Rogers RT/Duroid
5880 with electrical properties listed in Table I11.

The test tag antennas were simulated with the Ansoft High
Frequency Structure Simulator (HFSS) based on the finite
element method and a finite-difference time-domain (FDTD)
code based on [21]. Simulated antenna impedance and gain in
the direction normal to the antenna plane and away from the
substrate are shown in Figs. 3-6. Good agreement between the
results obtained by two fundamentally different CEM
techniques provides additional assurance to our simulation
procedures. Moreover, results from the two simulators serve as
an example of the impact of small deviations in the simulated
parameters to the final outcome of the proposed impedance
measurement method.

The difference between the simulated impedance and gain
between the different tag antennas is explained by the different
length of the antennas alone, since all the other dimensional
parameters are the same for all tags.

The threshold power of each test tag was measured in a
compact anechoic cabinet with Tagformance measurement
device [22], which is a measurement unit for RFID tag
performance characterization. It allows power ramping at a
defined frequency and thereby threshold power analysis. The
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Fig. 3. Simulated impedance and gain of Tag A.
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Fig. 4. Simulated impedance and gain of Tag B.
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Fig. 5. Simulated impedance and gain of Tag C.
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Fig. 6. Simulated impedance and gain of Tag D.
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core operations of the device are performed with a vector
signal analyzer. The sample mean of five threshold sweeps for
each individual tag in identical conditions is presented in Fig.
7. In the measurement configuration, the separation between
the linearly polarized transmitter antenna and the tag under test
was 0.45 m and the transmitter antenna gain, provided by the
manufacturer, is shown in Fig. 8

The measured threshold power of each test tag, shown in
Fig. 7, is the raw measurement data for the proposed
impedance measurement method. Each curve carries
information about the tag antenna gain and impedance
matching, which affect the power delivery from the incident
wave to the IC. For example, the transmitted threshold power
of Tag A at 900 MHz is Pty = 2.9 dBm. At this frequency, the
free space attenuation factor (A/4nd)? under the Friis’ model is
approximately —24.7 dB, the simulated tag antenna gain is 2.2
dBi (Fig. 3) and the transmitter antenna gain is 8.6 dBi (Fig.
8). Summing these values shows that around —11 dBm incident
power on the IC enables response from the tag to the query.
Since the read sensitivity of the IC is —18 dBm [20], there is an
around 7 dB mismatch loss, which translates to a power
transmission coefficient T ~ 0.2. As observed from Fig. 7, we
were also able to conduct the measurement with much higher
mismatch loss, corresponding to up to 6 dBm threshold power.
This highlights the fact that the threshold power of the test tags
can be successfully measured although knowledge of IC
impedance is not available for designing impedance matching
for these tags. Despite the observed mismatch the highest
transmitted power we needed in the experiment was around 6
dBm. This implies that the measurement method is suitable for
larger measurement chambers as well.

IV. IC IMPEDANCE AND MEASUREMENT UNCERTAINTY

We have applied a Monte Carlo simulation method to
determine the IC’s impedance and to quantify its uncertainty.
In order to perform the simulation, we first estimate the
probability density function (pdf) for the tag antenna
impedance Za, gain G and threshold power Pry. As shown by
measurements in [12] and [14], the read sensitivity of RFID

7 T
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Fig. 7. Measured threshold power of the fabricated tags.

ICs is nearly constant in the bandwidth of interest and thus we
take it to be constant in our simulations. As the conditions in
the anechoic chamber remain constant during the threshold
power measurement, we also assume the correction factor A
defined in equation (5) to be constant.

A. Parametric pdf Estimation and the Simulation
Procedure

Based on the principle of maximum entropy [23], we have
chosen to represent the four quantities of interest as a vector
valued random variable x = [Ra, Xa, G, Pqu], following a
multivariate normal distribution N(x; p, ) with parameters p
and X, the mean vector and covariance matrix, respectively.
On any given frequency, the mean values for the impedance
and gain of a tag antenna are obtained via CEM simulations.
The mean value for threshold power at the IC’s read sensitivity
is obtained by using the measurement procedure described in
Section 11l and computing the arithmetic mean of several
repeated measurements. The elements of the covariance matrix
are defined as:

O'i2
=
Pij0i0j

where ¢i? is the variance of variable i and pj is the linear
correlation coefficient between variables i and j. We assume
the standard deviation (the square root of the variance) in both
real and imaginary part of the tag antenna impedance and tag
antenna gain to be proportional to their mean values. Mats et
al. [24] studied the impedances of certain commercial tag
antenna designs and found the 95% confidence limits of the
real part of the impedances to be within £10% of their mean
value, but also less than 3 Q even for antennas with a high
resistive impedance. The 95% confidence limits of the
imaginary part of the impedance was found to be at
approximately 3% of their mean value. Additionally, they
report that there is a slight positive correlation between the real
and imaginary parts of the impedance. Based on this study, a
standard deviation of 3% proportional to the mean value is set

when i = j

when i = j, (12)

9.5
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G, [dB]
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Fig. 8. Gain of the transmitter antenna.
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for both the real and imaginary part of the tag antenna
impedance in our test tags, with an additional limitation that
the standard deviation is not allowed to be lower than 0.5 Q or
higher than 10 Q. A weak linear correlation coefficient of 0.25
between the real and imaginary part is assumed. Additionally,
based on authors’ experience, the tag antenna gain is assumed
to have a proportional standard deviation of 2% of its mean
value on linear scale. The standard deviation for threshold
power is obtained through a standard procedure [25] as sample
standard deviation from measurement data. It is different for
each of the tags and frequencies measured, with typical values
of standard deviation ranging from 1 to 2 percent of the

sample mean of the measurement result. For each of the kk

tags measured, we now have frequency dependent parametric
pdf estimates N(xx; p(f), Z«(f)).

For the purposes of our simulation, we handle the complex-
valued IC impedance as a two-dimensional quantity Z_ = (R,
XL). The simulation procedure we have used is summarized in
Table IV. On each measured frequency, we draw samples from
the pdf estimates and compute for each possible tag pair the
sample mean Zma(f), which gives the expected values of IC
impedance, and the sample covariance matrix Cn(f) to quantify
the uncertainty associated with the expected values. In our
simulation studies we have used a sample size of S=30000.
The method described in Section 2.3, involving a search
through all possible solution triplets to identify the physical
solution as the triplet spanning the triangle with the minimal
circumference in the complex plane is applied to select the
most probable solutions for the IC impedance.

Propagating a sample from a normal distribution through the
non-linear equations in Section I, results in a non-normal
distribution for the 1C impedance Z, [25]. However, as in our
studies no significant difference was found between
representing Z. as a normal distribution or with a more
complex parametric pdf estimate, such as a Gaussian mixture
model (GMM) [23], we shall only consider the normal
distribution representation.

B. Impedance Measurement Results

Following the simulation procedure presented in the
previous subsection, we compute for both HFSS and FDTD
simulation data the sample means and sample standard
deviations of each of the selected solution triplets. The results
are shown in Figures 9-12.

On each frequency the solution triplet might come from a
different row of Table | and therefore the details of the
solution triplets are not listed in the figures. In all figures the
mean values of the triplets are represented by opaque markers
and the corresponding standard deviations are represented by
bars.

Figures 9-10 show that the frequency trend of the three
resistance solutions is consistent for both simulators. Also, for
both simulators, the third resistance solution seems to differ
approximately 3 Q from the other solutions at the lowest
measured frequency, but approaches the two other solutions as

TABLE IV
THE SIMULATION PROCEDURE APPLIED TO ESTIMATE IC IMPEDANCE
SOLUTIONS.
1: For each measured frequency f
2: For each measured tag k
3: Draw a random sample Xtk of size S from
N(xk; (), Zk().
4: End
5: For each possible tag combination m
6: Applying the equations in section I,
compute the IC impedances Zm
7 Compute sample mean Zma(f) and sample
covariance Cm(f) of the two solutions in
Zn.
8: End
9: For each possible solution triplet (see Table 1
for list of all triplets)
10: Using impedance values from all Zm,

apply the method described in section Il
to find the most probable solution triplet.
Record the sample means and covariances
for the selected triplet.

11: End

12:  End

the frequency increases. From Figs. 11-12 it is seen that for
both simulators, the frequency trends are different among the
three reactance solutions. The slightly better agreement
between the reactance solutions from the different simulators
in the middle of the frequency band may be explained by the
better agreement of the simulated gains between the different
simulators at these frequencies. Also the individual
characteristics of the ICs on the test tags may cause variations
among the three solutions obtained using the same simulator.

At each frequency the simulation procedure of Table IV was
applied to estimate the parameters of three conditional
probability distributions fi(Z.|Yi), where Y; are the data sets
containing all measurement and simulation data related to one
row of Table I, indicating the most probable solution triplet.
Since on each row of Table I, each tag is present in multiple
columns, we can conclude that the data sets Y; are not
independent, from which it follows that the three fi(Z.|Y;) are
not independent. To obtain a single mean and covariance
parameter on each frequency, we approximate the distributions
as independent and apply Bayes’ formula [23] to obtain an
estimate g(Z.|Y1,Y2,Ys) of the distribution of the IC’s
impedance given all data sets Y. Since all fi(Z.|Yi) are normal
distributions with parameters pi and Xi, g(Z.|Y1,Y2,Y3) is also
a normal distribution with parameters p; and X, given by

Tl =X+ 4+

n =5 (570, + 5, + 3, )

(13)

(14)
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Fig. 9. Sample means with standard deviations of the IC's absorbing state Fig. 10. Sample means with standard deviations of the IC's absorbing state
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where (-) denotes matrix inversion. Figures 13-16 show the
final estimates with one standard deviation limits for the IC’s
resistance and reactance with both HFSS and FDTD
simulation methods. The means are indicated by opaque
markers and the one standard deviation limits represented by
the bars. The mean values are obtained from equation (14) and
the standard deviations from equation (13).

Compared with the FDTD data, the final result with HFSS
simulation data shows a steeper rise trend in the reactance after
920 MHz, but both methods predict the local reactance
minimum at around 890 MHz. The standard deviations depict
the uncertainty of the measured impedance and they are nearly
equal using either simulation data. This suggests that the
reliability of the proposed measurement method does not
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depend on the selected CEM tool, as long as the simulation
model includes the essential physical details. The results
obtained are credible from the physical point of view and
indicate that our method is feasible for studying the absorbing
state input impedance of an RFID IC.

It should be noted that the equivalent circuit model in the
manufacturer’s datasheet [20] gives somewhat different values
for the input impedance of the measured 1C because the circuit
model is given at —14 dBm input power, whereas we measured
the input impedance at the read sensitivity of the IC, which is
—18 dBm. However, as a further assurance, a demonstration of
the applicability of the proposed method in a practical design
task is presented in the next section.
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V. DESIGN EXAMPLE USING THE MEASURED |IC IMPEDANCE

For a receiving antenna, the realized antenna gain (Gg)
describes how much power from an incident electromagnetic
plane wave is delivered to the antenna load compared with a
lossless perfectly matched isotropic antenna with identical
polarization properties. In another words Ggr = Gt

The performance of passive RFID tags can be evaluated by
analyzing the realized tag antenna gain, since currently the
detection range in passive RFID systems is limited by the
power delivery to the IC and Gg includes the contributions of
both tag properties; the impedance matching and the tag gain,
which determine the power delivery from an incident wave to
the IC.

In an anechoic measurement environment, the realized gain
of a tag antenna can be conveniently approximated by
performing a threshold power measurement and solving
equation (4) with respect to Gt. Simulation-based estimate for
realized gain is obtained in a straightforward fashion as well,
provided that the IC’s impedance is known. Whenever this
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information is available, like in this case from the
measurements, T can be calculated according to the simulated
antenna impedance using equation (2) with the antenna as the
source and the IC as the load.

To evaluate the applicability of the measured IC impedance
in tag antenna design we compared the measured and
simulated realized gain of four tags; Tag A, Tag B, Tag C and
Tag D, described in Section 3. Tag D was not used in the
impedance measurement and thus it serves as an additional
comparison tag, which is completely independent of the
impedance measurement.

Based on the simulation results presented in Section 3, for
the tag antennas considered here, the frequency trend of the
realized gain is expected to be dominated by the impedance
matching, due to the greater variability of the simulated tag
antenna impedance and measured IC impedance compared
with the simulated tag antenna gain.

Comparisons between the measured and simulated realized
gains of each of the individual tag are presented in Figs. 17-20.
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Fig. 20. Measured and simulated realized gain of Tag D.
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According to the results shown in Figs. 17-20, there is a
maximum 0.5 dB difference between the measured and
simulated results (both simulators) for all the test tags over the
studied frequency range. The frequency trend of the curves for
each tag is predicted well by the simulations where the
measured IC impedance was used. This suggests that the
frequency dependency of the IC’s impedance is captured
accurately by our measurements.

As a whole the simulation and measurement results are in
very close agreement, particularly for Tag B and Tag D. The
slight level shift between the simulation and measurement
results for Tag A and Tag C can be due to a small
misalignment between the antennas during the measurement.

VI. CONCLUSIONS

We have demonstrated a wireless measurement method,
based on CEM simulations and threshold power measurement,
to determine the absorbing state input impedance of an RFID
IC. The presented method takes into account parasitic effects
arising from the packaging and the antenna-1C connection and
thus provides ready-to-use data for tag antenna designers.
Method has been applied to a set of test tags, its uncertainty
has been quantified by Monte Carlo simulations and the
simulated realized gain of the test tags using the measured IC
impedance has been compared against measurement results to
demonstrate the degree of accuracy expected from the
proposed measurement method. Future work includes further
demonstrations of the method by measuring the modulating
state input impedance of an RFID IC.
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Low-Profile Conformal UHF RFID Tag
Antenna for Integration with Water Bottles

Toni Bjorninen, Member, IEEE, Atef Z. Elsherbeni, Fellow IEEE,
and Leena Ukkonen, Member, IEEE

Abstract—Development of a low-profile and conformal RFID
tag antenna with an omnidirectional radiation pattern when
mounted on a water bottle is presented. The antenna design and
design parameters uncertainty is quantified using numerical
simulations. The simulation-based antenna design is verified
experimentally for single and multiple tagged bottles
configurations.

Index Terms—Radio Frequency Identification (RFID), RFID
tag antennas, Conformal antennas, UHF antennas

I. INTRODUCTION

Versatile and energy efficient passive radio-frequency
identification (RFID) technology is a strong candidate to
replace some of the present automatic identification systems,
based on the visual line of sight connection, biometric
identification, and tracking assets with active transmitters. The
advantages of RFID in asset tracking and supply chain
management are already widely recognized [1], but there are
still unresolved issues related to the design of cost effective
RFID tag antennas for the identification of objects with non-
planar surfaces and unfavorable material content for the
operation of antennas. However, objects of this type are
encountered continually in practical applications of RIFD,
such as in the identification of water bottles, and it is therefore
crucial to explore cost effective tag antenna solutions further.

The water bottle tag shares the design constraints and
requirements with many tags intended for item-level RFID.
Due to the very large asset base, the tag manufacturing costs
need to be low. For flexibility and reliability, a single tag has
to cover the whole global UHF RFID frequency band from
860 MHz to 960 MHz with good spatial coverage (also in the
proximity of other tagged objects). Very often the tags also
need to be seamlessly integrated with the objects.

The special features in the design of the water bottle tag
antenna arise from the water contents of the bottle and the
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curved bottle surface. Firstly, since water has considerable
electrical conductivity and it has high permittivity at the
microwave frequencies [2], strong interaction between the
water and the tag antenna is to be expected. Secondly, as the
radiated field of a current on a cylindrical surface depends on
the radius of the cylinder [3], the curved bottle surface need to
be accounted for in the design. Neglecting these two design
aspects while bending a traditional planar general purpose tag
antenna onto the bottle, results in distorted radiation pattern
[4] and declined read range due the influence of water on the
antenna input characteristics [5]. A conformal antenna array on
a cylindrical surface can produce a uniform radiation field in
the plane perpendicular to the cylinder axis [6], but
considering the tag design constraints discussed above, array
configuration may not be a feasible solution in the present
application. However, in RFID context, a dielectric resonator
tag antenna on a bottle filled with liquids [7] and a dipole tag
antenna wrapped around a human arm [8] have been reported
providing omnidirectional radiation patterns. This motivated
us to further investigate single-element tag antennas for water
bottle identification.

The tag antenna prototype presented in this letter is
fabricated on a thin flexible platform for seamless integration
with a bottle. The tag performance is characterized with the
antenna conductor facing the bottle surface, in order to better
understand the expected performance in a scenario where the
tag is manufactured directly onto the bottle or in the backside
of an ordinary product label.

Il. TAG ANTENNA DESIGN

The design process outlined in this section is based on finite
element method (FEM) simulations using ANSYS high
frequency structure simulator (HFSS) [9]. To account for the
influence of water on the antenna, a co-design approach, where
the water bottle is considered as part of the antenna, was taken.
The material parameters used for water at 1 GHz and
temperature of 20 C° are oyaer=0.267 S/m and &y yaer=79.2 as
reported in [2]. Other materials included in the simulation
model are the bottle plastic and the antenna platform material.
Relative permittivities of & powe=2.19 and & piaorm=3.18 were
measured over the frequency range from 800 MHz to 1 GHz
for these materials with Agilent VNA E8358A, using Agilent
85070E dielectric probe kit. In the simulations, both the plastic
bottle and the antenna platform were modeled as low loss
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dielectrics with a loss tangent of 0.005.

An important initial observation that steered the design
towards the prototype presented below was that by bending a
center-fed dipole antenna onto a plastic cylinder (& pote=2.19)
filled with water, the nulls from the dipole E-plane radiation
pattern can be removed by an appropriate choice of the dipole
length. Another key-observation was that with a fixed dipole
length, which provided the omnidirectional pattern, the best
radiation efficiency (e,) is achieved with a narrow dipole
width. These two observations are exemplified in Fig. 1.

Based on these observations, modifications of the simple
straight dipole were investigated in order to achieve the
omnidirectional radiation pattern simultaneously with good
conjugate impedance matching between the tag antenna and
the IC. Here, the parameters of interest are the tag antenna gain
pattern (Gg) in xy-plane of Fig. 1, radiation efficiency, and
power transmission coefficient (z) given by

r= 4 R(;(Ztag )Re(zzic )1 (1)

tag + Zic

where Z,q and Z;, are the tag antenna and IC impedance,
respectively. The power transmission coefficient indicates how
many percentage of the available power from the antenna is
delivered to the tag IC [10]. The prototype tag is equipped
with Higgs-3 EPC Generation 2 UHF RFID IC by Alien
Technology [11]. The measured tag IC impedance at the wake-
up power of the IC reported in [12] was used in the design.

In the present application, the achievable radiation
efficiency of the antenna on the bottle is severely limited by
the presence of the water. A folded dipole antenna, while in
the vicinity of a bottle filled with water, can potentially have
high input impedance compared to that of a straight dipole of
the same length [4][13]. The antenna input impedance plays a
major role in its radiation efficiency. Moreover, to be able to
easily wrap the tag antenna onto the bottle, the antenna
footprint size is limited to approximately that of an ordinary
paper product label placed on the smooth cylindrical section of
the bottle. Since the achievable radiation efficiency is
proportional to the electrical size of the antenna, it is best to
try to make use of the available space as much as possible.
Taking into account that increasing the width of a straight
dipole beyond 1 mm did not increase the radiation efficiency
in the initial studies (see Fig. 1), the selection of the prototype
antenna geometry converged to a three-wire antenna with up to
3 mm trace width, occupying the area of an ordinary product
label. Further simulations showed that open-circuiting the two
folded dipole arms in the middle and bending them inward is
favorable for achieving higher radiation efficiency, with minor
effects on the other antenna properties. Thus the impedance
matching and final tuning of the antenna shape was based on
the antenna geometry shown in Fig. 2.

As shown in the cross-sectional view in Fig. 2, the antenna
prototype consists of copper trace on a plastic platform, which
is then wrapped onto the outer surface of the bottle. However,
to achieve potential material savings by eliminating the need
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Fig. 1. Top left: simulated normalized (to the maximum value over all spatial
directions) power pattern of a dipole with W=1 mm in the xy plane. Bottom
left: simulated radiation efficiency of the dipole versus the dipole width.

for an additional antenna platform, pad printing technique [14]
could be used to print the antenna directly onto the bottle
surface using conductive thick film ink. Alternatively, as the
narrow antenna trace was found favorable in this application,
the antenna shape is well-suited for fabrication with inkjet
printing [15] in the backside of an ordinary paper product
label.

The impedance matching between the tag antenna and the
tag IC was performed with the T-matching approach based on
shorting the antenna terminals near the tag IC with a
conducting loop. In this way, the input impedance of a short
dipole can be made from capacitive to inductive and the input
reactance of the fixed-length T-matched antenna is controlled
by the shape of the shorting loop [10].

To preserve the symmetry of the antenna structure, the T-
matching loop was placed on both sides of the tag IC. Finally,
the built-in genetic optimizer of the HFSS version 12 was
employed to optimize the antenna gain pattern and the power
transmission coefficient in the global UHF RFID band. The
simulation model and the associated parameters are shown in
Fig. 2 and the numerical values of these parameters are listed
in Table I. The optimization was done first for parameters a, b
and w to achieve an omnidirectional pattern with maximal
radiation efficiency and afterwards for parameters u and v to
arrange for good conjugate impedance matching with the tag
IC.

In empty space the read range of a passive UHF RFID tag is

a

z

y_l, x JD—’ y
w u
b % I - H4 «~—R3
H3 «~R2
[q H2
“ 0
Material layers
Tll Antenna platform SN NN
TZI Antenna conductor HL D
T3I Plastic bottle
Water

Fia. 2. The simulation model and the associated parameters.
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TABLE |

VALUES OF THE MODEL PARAMETERS IN MILLIMETERS.

a b c u v w D
87.8 57.9 41.9 9.2 18.9 0.75 86.5
q H1 H2 H3 H4 R1 R2
15.6 123 56 26 26 32 22.3
R3 T1 T2 T3
133 0.125 0.025 0.3
TABLE Il

THE DESIGN FREQUENCIES AND THE CORRESPONDING EIRP VALUES.

Region EU us Japan
f [MHz] 865.6-867.6 902-928 952-956.4
EIRP [W] 3.28 4 4

typically limited by the reader-to-tag link, since the power
required for activating the tag IC is orders of magnitude larger
than the weakest tag signal that can be detected at the reader.
As the transmitted power is limited by the regulated EIRP (see
Table I1), the performance of this link is determined by the
realized tag antenna gain, given by G, «g=tGg. The effective
aperture of the tag antenna (A ) and thereby the delivered
power to the tag IC (P;.) are also determined by the realized
tag antenna gain through

/,LZGr,tag
Az

z-Ae,tag = 1 Pic = TZpoIAe,tagSincl (2)
where y,q is the polarization mismatch factor between the tag
and reader antenna and S;, is the incident power density at the
tag’s location. An estimate for the tag read range from (2) is:

d :i ;{puIGr.tagElRP (3)
0 ar Peo ’

where Py o is the wake-up power of the tag IC.

To evaluate d,g using the simulated tag antenna properties,
given in equation (1), was first calculated using the IC
impedance data from [12] and the simulated tag antenna
impedance. The realized tag antenna gain was then calculated
using the simulated tag antenna gains and power transmission
coefficients listed in Table Ill. Finally, the tag read range is
determined using the -18 dBm tag 1C wake-up power reported
by the manufacturer and assuming good polarization alignment
(tpor=1).

Simulation results in Fig. 3 clarify the effect of bending and
poximity of water on the tag antenna radiation pattern. The
high dielectric constant of water helps to remove the deep
nulls seen in the patterns without the water bottle. The co-
design approach where the bottle is considered as a part of the
antenna during the optimization process, provides further
improvement. The corresponding read range patterns are
shown in Fig 4. This figure includes also the uncertainty
envelopes corresponding to one standard deviation uncertainty

TABLE llI

SUMMARY OF THE ANTENNA DESIGN DATA. GAIN VALUE IS GIVEN IN THE
DIRECTION OF THE POSITIVE X-AXIS IN FIG. 2.

fIMHZ]  Ziag [Q] Ze [Q] T e Gag [dBI]
866.6  14+j166  11-j164 098  0.065 9.7
915 224205 11-j162 034 0076 -10.8
9542  42+j236  11-j146 017  0.079 -10.3

reported for the measured tag IC resistance and reactance [12],
and maximum 5% variation in the simulated tag antenna
resistance, reactance, and gain.

I1l. MEASUREMENTS AND DISCUSSION

A power ramping method was used to evaluate the tag read
range experimentally. For this purpose, EPC Generation 2
query command (to which the tag replies with its identification
code) was sent to the tag under test, while illuminating it with
a decreasing carrier power density. The measured quantity was
the threshold power (Py), the minimum transmitted carrier
power, which enables a valid response from the tag. During the
measurement the reader and tag antennas were aligned to
minimize the polarization loss (y,=1). The measurement was
conducted in a compact anechoic chamber with Voyantic
Tagformance Lite measurement device [16], which is a
measurement unit for RFID tag performance characterization.
It allows power ramping at a defined frequency and thereby
the threshold power analysis. The measurement environment
was also characterized in terms of the measured pathloss (L)
from the generator’s output port to the input port of an
equivalent isotropic antenna placed at the tag’s location using
the device calibration procedure. In this way, the effect of
possible multipath propagation is further suppressed. Using
these measured data, the tag read range is then calculated with

dlag :i EIRP . (4)
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In practical applications several tagged bottles are likely to
be placed close to each other. Therefore, configurations with
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Fig. 3. Simulated tag antenna directivity the xy plane in Fig. 2.
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four tagged bottles were studied as shown in Fig. 5. These
configurations are symmetric w.r.t. individual tags and thus Py,
was measured for only one tag.

The measured and simulated tag read ranges shown in Fig. 4
verify the simulation-based design within the expected limits
of uncertainty at 915 MHz and for the majority of the
measured directions at 954.2 MHz (the measured result is
contained in the uncertainty envelope around the simulation
result). At 866.6 MHz the simulation result is slightly too
optimistic, but despite the level-shift between the measured
and simulated curves, their angular responses agree fairly well.
Overall, these results indicate that the simulation-based design
was successful and the developed simulation model predicts
correctly the desired uniform radiation around the bottle with
the antenna occupying less than half of the bottle
circumference. Most importantly, the measured results in Fig.
4 show that the tag read range around the bottle is more than
two meters which is sufficient for the considered application.

The experimentation with the multi-bottle configurations
shows that although the other near-by tagged bottles affect the
tag antenna radiation pattern, dead zones did not emerge in
either of the studied configurations, as seen from Fig. 6. In
particular, the performance of configuration 2 of Fig. 5, where
the measured tag is in physical contact with two other tag
antennas and surrounded by the water from all sides, is still
reasonable with above one meter minimum read range at all
the measured frequencies.
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Fig. 4. Simulated and measured read range patterns of the tag in the xy
plane in Fig. 2, and the associated uncertainty envelopes.

IV. CONCLUSIONS

The development and experimental verifications of a low-
profile and conformal tag antenna for identification of water
bottles with passive UHF RFID has been discussed. The
developed tag antenna does not contain any material layer
between the tag antenna conductor and the bottle and it could
therefore be directly manufactured onto the bottle or printed in
the backside of an ordinary paper product label for seamless
integration with the bottle.

Configuration 2
R
&S
%

*x
Bottle 3

Configuration 1
Bottle 4 l Bottle 2

Fig. 5. Cross-section of the multi-bottle measurement configurations. Red
arrows show where the tags are facing. Blue arrows indicate regions where
the tags are in physical contact with each other.
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Fig. 6. Measured tag read range in the multi-bottle measurement
configurations shown in Fig. 5. Left: Configuration 1, right: Configuration 2.
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Long Range Metal Mountable Tag Antenna for Passive UHF RFID
Systems
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Abstract—Development of a long range platform tolerant
metal mountable patch-type tag antenna for passive ultra high
frequency (UHF) radio frequency identification (RFID) systems
is discussed. Results from full-wave electromagnetic
simulations are presented to explain the design procedure and
to evaluate the performance of the prototype tag antenna. The
design uncertainty is quantified based on the expected
maximum variations in the tag antenna and tag chip
impedance. Wireless RFID measurements based on the EPC
Generation 2 protocol are used in experimental tag design
verification. The prototype tag achieves 25-meter maximum
theoretical line of sight read range on metallic objects at 915
MHz.

I. INTRODUCTION

assive radio frequency identification (RFID) technology

based on electromagnetic interaction between reader and
RFID tags has potential to overcome many of the limitations
of the present automatic identification systems based on e.g.,
bar-code technology, machine-vision, biometric
identification, or using active transmitters to track assets.
Despite being relatively low-power devices with operation
based on energy-scavenging, presently the detection range of
the general purpose low-cost tags can extend beyond 10 m
line of sight distance.

The fundamental limitations on the performance of RFID
tags are set by the sensitivity of the on-tag RFID IC and
performance of the tag antenna, which is responsible for the
energy scavenging and establishing the wireless
communication link with the reader. The operation of
antennas is affected by the electromagnetic properties of
materials in contact or in the vicinity of the antenna
conductor. In particular, when a tag antenna is placed near a
conducting surface, a strong image current is created in the
conducting surface. This results in the degradation of the
radiation efficiency of the antenna. In addition, the
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separation from a metal surface, even a one with a small
size, can significantly affect the tag antenna radiation pattern
and input impedance [1-2].

Objects with a conducting surface or metallic contents are
however encountered continually in practical applications
and it is therefore important to explore tag antenna design
approaches further to guarantee reliable identification for
these objects as well. One of the key-issues of the design is
the trade-off between the antenna height and the on-metal
performance. For example, a 3.4-meter line of sight on-metal
read range is achieved with a meandered patch-type tag
antenna with the height of 0.8 mm [3] and a 15-meter line of
sight on-metal read range is achieved with a normal mode
helical antenna with the total antenna height of 4 mm [4]. In
addition, the overall footprint of the tag antenna design
affects its performance [5]. The tag antenna design discussed
in this article demonstrates a solution with the total height of
3.3 mm and a 25-meter theoretical line of sight read range
on metal. The overall footprint of the presented antenna
design with substrate and ground plane is 68 mm x 131 mm.

II. TAG ANTENNA DESIGN

A. Concept and Requirements

Tag antennas with high performance when mounted on a
metallic surface are needed in industrial asset management,
for example in the identification of cargo containers and
machinery. In addition, identification of moving vehicles for
example in road tolls and parking garages and identification
of railroad cars are also potential applications for metal
mountable tags. In these applications, patch-type tag
antennas have the advantage of having rugged structure. In
addition, the ground plane included in the antenna provides
platform tolerance. Patch-type tag antennas have high gain
compared to omnidirectional tag antennas, such as dipoles
and slots. This allows much longer read range for the tag.
With the present passive RFID technology the line of sight
read range of patch tags can extend beyond 20 meters.

The tag antenna design presented in this paper was
inspired by the metal mountable patch-type tag antenna
presented in [6]. Instead of using the inset feed with
additional tuning stubs to match the tag antenna to a
capacitive tag chip as in [6], the proposed design employs an
inductive feed network composed of narrow grounding
strips.



B. Design Process and Simulation Results

The design process outlined in this section is based on the
finite element method (FEM) simulations with Ansoft’s
High Frequency Structure Simulator (HFSS). The simulated
antenna structure is composed of a rectangular patch element
placed on a 3.175 mm thick Rogers RT/Duroid 5880
dielectric substrate with the relative permittivity of 2.2 and
loss tangent of 0.0009. The patch is connected directly to
one of the chip terminals. The other terminal is connected to
the ground plane via three narrow traces crossing over the
substrate edges. The ground plane reduces the influence of
the materials behind it on the antenna performance. To
reduce the interaction of the fringing field at the patch edges
with the metallic object behind the tag antenna, the substrate
and ground plane are extended beyond the patch edges.
Finally, to guarantee maximal tag antenna performance on a
metallic object, all the simulations were done with a 20-by-
20 cm copper sheet placed behind the tag antenna ground
plane. The simulated antenna geometry and the associated
parameter values are shown in Fig. 1. The parameter values
to describe the geometry of the final tag antenna design are
listed at Table I.

Tag chip

placement

Conductor

f Substrate
h

Fig. 1. Tag antenna geometry and the related model parameters

The directivity of the tag antenna is determined by the

TABLE1
VALUES OF THE MODEL PARAMETERS IN MILLIMETERS
a b c d e f g h

102.75 36 16 1 10.5 1 335 131.25

patch size (parameters ¢ and b in Fig. 1). Sufficient
separation between the patch and the substrate edges
(parameter ¢ in Fig.1) was found after initial simulations.
The gap between the patch and the grounding strips
(parameter d in Fig. 1) was set to | mm to facilitate the tag
chip attachment. With these parameters fixed, the input
impedance of the tag antenna is controlled by the width of
the grounding strips (parameter f'in Fig.1) and the length of
the x-directed grounding strip (parameter e in Fig. 1), which
both affect the inductance of the ground connection.
Following the steps outlined above, the shape of the patch
and the grounding strips were tuned to maximize the tag
antenna performance when it is placed on a 20-by-20 cm
copper sheet. The built-in genetic algorithm in HFSS version

12 was employed in this process. The design metrics used
was the theoretical maximum line of sight read range (d,.,)
in the forward direction (the direction of the positive z-axis
in Fig. 1) given by

4Re(Z,,,)Re(Z,)
= = , Wil T= >

tag — 4 P
ar\ o P Ze + 2

tag

A |7G, EIRP

(1)

where Gy, is the tag antenna gain in the forward direction,
EIRP is the equivalent isotropically radiated power (limited
by the radio regulations), and 7 is the power transmission
coefficient between the tag antenna and tag chip impedances
Z and Z, respectively. The prototype tag is equipped with
the Higgs-3 EPC Generation 2 UHF RFID IC by Alien
Technology with read sensitivity P;.,~-18 dBm and
impedance at the chip sensitivity level measured in [7]. The
design frequency is 915 MHz, the center frequency of the
US RFID band with EIRP=4 W [8].

The tag read range is a very descriptive design metrics,
but since the EIRP in (1) is only defined at certain
frequencies, the realized tag antenna gain, given by
Grg=1Grg, 1s a preferred quantity for purposes of
experimental tag design verification. It is a fundamental tag
performance quantity, which combines the radiation
properties of the tag antenna with the impedance matching.
The effective aperture of the tag antenna (4,,,,) and thereby
the delivered power to the tag chip (P;.) are also determined
by the realized tag antenna gain through
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where S, is the incident power density at the tag’s location.
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Fig. 2. Simulated antenna impedance and the conjugate of the tag

chip impedance [7].

The simulated tag antenna impedance in air and on metal
as well the conjugate of the tag chip impedance obtained in
[7] are shown in Fig. 2. These quantities determine the
power transmission coefficient (z) in (1). The maximum
radiation intensity of the tag antenna is in the forward
direction and the values of the simulated radiation properties
in this direction are summarized in Table II. In addition, the



TABLE II
SIMULATED PERFROMANCE OF THE TAG ANTENNA IN THE FORWARD
DIRECTION AT 915 MHZz.

D [dBl] e. Gtag Gr, tqg

7 [dBi] [dBi]
In the air 5.5 0.95 53 0.82 4.5
On metal 7.2 0.89 6.7 0.99 6.7

tag antenna is linearly polarized with predominantly x-
directed current in the patch element.

For comparison between the simulated and measured
frequency response of the tag, the simulated realized tag
antenna gain for 860 MHz to 960 MHz frequency range is
presented in Fig. 3. Figure 4 shows the simulated maximum
line of sight tag read range patterns in two orthogonal plane
cuts, both in air and on metal. The results in Figs. 3-4
include also an uncertainty envelope corresponding to one
standard deviation (STD) uncertainty in tag chip resistance
and reactance obtained in [7], combined with a maximum
5% error in the simulated tag antenna resistance and
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Fig. 3.
forward direction and the associated uncertainty envelope.

Simulated and measured realized tag antenna gain in the

reactance. The uncertainty envelope helps to quantify the
design uncertainty.

III. TAG MEASUREMENTS AND DISCUSSION

The direct measurement of the tag read range by taking
the tag farther away from the reader antenna until its
response stops is sensitive to the contributions of multipath
propagation. By conducting this measurement in an anechoic
chamber the multipath can be suppressed, but since the
anechoic chambers are often limited in size, an alternative
method based on ramping of the transmitted power is
advantageous. This method provides higher repeatability and
accuracy, since neither the tag nor the reader antenna needs
to be moved during the measurement. However, this
measurement describes the theoretical maximum read range
of the tag. Read range in the real application environment is
dependent on many factors, such as reader equipment and

multipath propagation. Theoretical maximum read range,
however, helps to compare the performance of different tags
and gives reliable guidelines on the performance of the
measured tag.

To obtain the theoretical maximum read range and the
realized gain of the tag antenna using the power ramping
method, the EPC Generation 2 query command (to which
the tag replies with its identification code) was sent to the
tag under test with gradually decreasing carrier power
density with defined power steps. With this method, the
measured quantity was threshold power (Py,), defined as the
minimum transmitted power which enables a valid response
from the tag.

The measurement was conducted in a compact anechoic
chamber with Tagformance” measurement device, which is
a measurement unit for RFID tag performance
characterization. It allows power ramping at a defined
frequency and thereby threshold power analysis. The core
operations of the device are performed with a vector signal
analyzer. Using a calibration tag provided by the device
manufacturer, the measurement environment was also
characterized in terms of the measured pathloss (L) from
the generator’s output port to the input port of a hypothetic
isotropic antenna placed at the tag’s location. With this
procedure, any possible multipath propagation in the
measurement environment is further suppressed. Using these
measured data, the realized tag antenna gain (G, ) and the
maximum line of sight read range (d,,) are calculated with

P
G =—"— and d, = A | EIRP A3)
wad P, 4r wad P,
These quantities are presented in Figs. 3 and 4, respectively,
together with the corresponding simulation results and the
uncertainty envelopes associated with the simulations.

As seen from Fig. 3, the simulated and measured realized
tag antenna gain in the forward direction agree well within
the studied frequency range and for the majority of the
frequency points, the measured value remains within the
uncertainty envelope based on the maximum expected tag
chip and tag antenna impedance variations. This verifies the
simulated frequency response of the tag and adds further
assurance to the analysis and comparison of obtained results.

In air, the measured realized tag antenna gain peaks at 912
MHz with maximum value of 5 dBi. When the tag is placed
on a metal surface, the peak value 6.7 dBi is achieved at the
design frequency, 915 MHz. This shows that the simulation
based design with the copper sheet behind the tag antenna
was successful and that the tag is platform tolerant. At 915
MHz, the measured realized gain value is around 1 dB lower
than the simulated value, both in the air and on metal. As the
power transmission coefficient is sensitive towards
impedance variations in the neighborhood of conjugate
impedance matching, this is likely to be caused by a slight
impedance mismatching.



The simulated values in Table 1 suggest that the
improvement of the tag performance when it is placed on a
metal sheet is explained by the improved directivity and
impedance matching. The former is achieved, since the
metal sheet reduces the back lobe of the tag antenna and
boosts the directivity in the forward direction. The latter one
is achieved by designing the impedance matching with the
metal sheet included in the simulations. However, the
radiation efficiency of the tag antenna is expectedly lower on
metal than in the air, but in the presented design the
efficiency drop is only 6%-points, from 95% to §9%, so that
improvement in the overall performance is still achieved.

The measured and simulated maximum line of sight read
range patterns at 915 MHz, both in the air and on metal, are
presented in Fig. 4 in two orthogonal plane cuts. The peak
value occurs in the forward direction with the measured
values of 20.3 m and 25.4 m, in the air and on metal,
respectively. Although the tag antenna pattern is directive,
the measured 10 m read range is still achieved within a 65-
degree beam. Moreover, in the xy-plane of Fig. 1, the
measured read range in the directions of positive and
negative x- and y-axes is more than 4 m. Thus, the tag has
good coverage also away from the main beam direction and
it remains is readable in the lateral directions of the metal
surface.

The presented read ranges are sufficient for a number of
identification applications requiring longer read range than is
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achievable with for example dipole-type tag antennas. These
applications include identification of cargo containers,
machinery, railroad cars and other vehicles. However, the
results in this paper present the theoretical maximum read
range and therefore the exact application specific read range
has to be tested in the application environment.

In addition, the proposed antenna design is suitable for
applications where tag antenna size is not the most critical
parameter. In addition to the height of the antenna, its
overall footprint affects the on-metal performance:
decreasing footprint results in lower gain and shorter read
range. Therefore, the presented patch-type tag antenna
design can be proposed to applications where long and
reliable read range is emphasized.

IV. CONCLUSIONS

A high performance platform tolerant metal mountable
patch tag antenna for UHF RFID systems was developed.
An inductive ground connection composed of thin conductor
strips is used to achieve good conjugate impedance matching
with a capacitive tag chip. The results from full wave
electromagnetic simulations and measurements agree closely
and the experimental results are within the uncertainty
bounds based on the maximum expected tag chip and tag
antenna impedance variations. The measured realized gain
of the metal-mounted prototype tag antenna at 915 MHz is
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Fig. 4. Simulated and measured maximum line of sight read range patterns and the related uncertainty envelope in meters with the coordinate system
of Fig. 1. Top left: xz plane in the air. Top right: yz plane in the air. Bottom left: xz plane on metal. Bottom right: yz plane on metal.



5.7 dBi with corresponding maximum theoretical line of
sight read range of 25 meters.
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Errata

The caption of Fig. 6 should read: ”Simulated tag antenna directivity [dBi] at 915 MHz in yz-plane
(on the left) and xz-plane (on the right) in Fig. 4”.











