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Abstract—Over the last few years, the active and growing interest
in Radiofrequency Identification (RFID) technology has stimulated a
conspicuous research activity involving design and realization of passive
label-type UHF RFID tags customized for specific applications. In
most of the literature, presented and discussed tags are prototyped
by using either rough-and-ready procedures or photolithography
techniques on rigid Printed Circuit Boards. However, for several
reasons, such approaches are not the most recommended, in particular
they are rather time-consuming and, moreover, they give rise to low
quality devices in one case, and to cumbersome and rigid tags in the
other. In this work, two alternative prototyping techniques suitable
for cost-effective, time-saving and high-performance built-in-lab tags
are introduced and discussed. The former is based on the joint use of
flexible PCBs and solid ink printers. The latter makes use of a cutting
plotter to precisely shape the tag antenna on thin copper sheets.
Afterwards, a selection of tags, designed and manufactured by using
both traditional and alternative techniques, is rigorously characterized
from the electromagnetic point of view in terms of input impedance
and whole tag sensitivity by means of appropriate measurement setups.
Results are then compared, thus guiding the tag designer towards the
most appropriate technique on the basis of specific needs.

Received 7 August 2012, Accepted 6 September 2012, Scheduled 23 September 2012
* Corresponding author: Luca Catarinucci (luca.catarinucci@unile.it).



92 Catarinucci, Colella, and Tarricone

1. INTRODUCTION

Passive Radio Frequency Identification (RFID) technology is increas-
ingly adopted in many contexts, even quite far from the canonical ones
basically related to logistics. Identification of goods containing liquid
or made of metal [1–6], RFID-based sensor data transmission [7–10],
platform tolerant tags [11, 12], are only a few of the many possible ex-
amples where tags customized for specific applications are needed. This
necessity has been acknowledged by the electromagnetic scientific com-
munity which, over the last few years, has put a great deal of effort into
RFID projects. The consequent rapid proliferation of scientific works
on tag design and optimization is a matter of fact [1–29]. However,
such a migration of electromagnetic competences towards this emerg-
ing technology has often led to readapt laboratory facilities formerly
used for other purposes. The main consequence is that, in most of the
mentioned literature, designed and discussed tags are prototyped either
by means of the here called PL RPCB — photolithography on rigid
Printed Circuit Boards (PCBs) — giving rise to non-flexible and cum-
bersome devices, or even by shaping the antennas on adhesive copper
sheets through handy cutters, with obvious consequences in terms of
quality, spatial resolution and repeatability. Actually, in recent years
a strong effort has been dedicated to develop different prototyping
techniques based on sophisticated conductive-ink printers capable to
directly print the tag antenna on flexible substrates [30–34]. More-
over, special materials such as metallic nanoparticles inks [35–37] and
conductive silver pastes [29] have been also adopted in this context
with interesting results. Nevertheless, even if the above mentioned
techniques are suitable to quickly produce precise and flexible tags
having good electromagnetic performance, they are still a hot research
topic and, mostly because of the cost, are not ready yet for a mas-
sive diffusion in research labs involved in RFID design. As a result,
the PL RPCB still remains, de facto, the most diffused prototyping
technique also for RFID applications.

In the first part of this work, two alternative prototyping
techniques suitable for built-in-lab tags are presented and discussed.
The former is based on the joint use of solid ink printers and flexible
PCBs (SI FPCBs). It is worth mentioning that, despite flexible circuits
are becoming a key technology in electronics [39, 40], they are rarely
adopted by the electromagnetic community. Actually, their use for tag
antenna prototyping, still very sporadic [41], seems to be the natural
way to satisfy the requirements of flexibility, low cost and robustness of
RFID tag prototypes. Finally, the combination of flexible PCBs with
a solid-ink printer is the real added value. A mask of the tag antenna
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capable to shield the copper in case of exposure to ferric chloride,
is directly obtained by adhering a wax-based ink onto the flexible
PCB, thus saving much of the time and avoiding most of the steps
(not completely error-free) specific of a traditional photolithographic
prototyping process.

The latter alternative approach, completely new in literature,
is as simple as effective. It consists of shaping the tag on flexible
adhesive copper sheets by using a machine called Cutting Plotter, and
of removing the extra copper manually. Indeed, despite this kind of
plotter is usually thought for typographic applications, their knives are
able to precisely incise even sheets of copper, thus making easy and
immediate the development of tag samples. The acronym CP FACS
(Cutting Plotter on flexible adhesive copper sheet) will be used from
now on to refer to such technique.

Both techniques guarantee the required flexibility of the label-
type tag prototypes and promise much higher rapidity and better
cost-effectiveness than traditional procedures based on rigid PCBs.
Moreover, even though time-saving and flexibility are strategic, they
are only two of the various characteristics that may be desired for a tag
prototyping process. It is then crucial for the tag designer be provided
with all the elements useful to select the most appropriate prototyping
technique on the basis of specific needs. In such a context, a rigorous
classification of tags realized through such techniques is mandatory.

For such a reason, in the second part of this work, three different
tags (a wideband tag and two kinds of narrow-band tags) have
been designed and then manufactured through both traditional and
alternative prototyping approaches. Afterwards, the sets of tags
have been carefully characterized in terms of antenna impedance and
tag sensitivity, and results compared. Electromagnetic results are
very interesting: in spite of the extreme simplicity and rapidity, the
proposed methods are qualitatively comparable with those making
use of rigid PCBs as substrate. In addition, differences in terms of
other parameters, such as flexibility, cost and physical robustness, are
extensively commented.

The paper is structured as follows: Section 2 introduces and
comments on both the traditional and the alternative prototyping
techniques here considered; Section 3 is dedicated to the design and
realization of the tags under test, whose rigorous characterization is
carried out by means of the measurement techniques briefly described
in Section 4. In Section 5 results and comparisons are presented, whilst
further comments and suggestions are reported in Section 6. Finally,
conclusions are drawn in Section 7.
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2. TRADITIONAL AND ALTERNATIVE RFID TAG
PROTOTYPING TECHNIQUES

In this section, the most adopted prototyping techniques for built-
in-lab tags, the PL RPCB, is shortly recalled. Moreover, the
two proposed alternative approaches, namely the SI FPCB and the
CP FACS, are presented and discussed.

2.1. Tag Prototyping on Rigid PCBs via Photolithography:
PL RPCB

As previously stated, one of the most used and very popular
prototyping technique, typically used to produce both electronic
circuits and planar antennas, is the one based on photolithography
processes applied to rigid PCBs, mentioned in this work as PL RPCB.
The method is very well known and, for the sake of brevity, only the
list of the processes to be carried out to obtain a RFID tag prototype
will be here recalled. First, a black mask of the desired tag antenna
layout is printed on transparent glossy paper. Whereupon, the mask
is narrowly applied on the photoresist layer of the photosensitive PCB
which is then exposed for several minutes to ultraviolet (UV) light.
As a result, the layout of the antenna is impressed on the PCB thus
delineating a copper region shielded from the ferric chloride etching.
Indeed, only the photoresist external to this region is removed when
the PCB is etched with sodium hydroxide based solutions. Finally,
the extra copper is removed through ferric chloride exposure. Once
removed the residual photoresist and soldered the RFID chip, the rigid
RFID tag is definitely completed. It is worth highlighting that both
UV exposure and etching time are crucial for a successful realization of
the tag antenna and that, moreover, they strictly depend on type and
quality of used photoresist, acids and PCBs. Consequently, the average
realization time of a single tag antenna is variable, and typically ranges
from 45 to 75 minutes.

2.2. Solid Ink Based Tag Prototyping on Flexible PCBs:
SI FPCB

Different techniques for production of high frequency circuits and
antennas can be based on the use of flexible instead of rigid PCBs,
thus guaranteeing the precious added value of the flexibility which is
usually required in RFID tags development. Several types of flexible
PCBs are on the market. Among them, without loss of generality,
DuPont Pyralux samples [42] have been taken into account and studied
in this work. Typically, Pyralux is distributed as thin laminate sheets.



Progress In Electromagnetics Research, Vol. 132, 2012 95

Figure 1. SI FPCB prototyping process.

Each sheet is composed of a flexible substrate of polyamide of thickness
ranging from 12 to 45µm and a copper-clad laminate of thickness
varying between 12 and 35µm.

Based on the use of such Piralux laminates, a new very practical
alternative prototyping solution, the SI FPCB whose flow-chart is
represented in Figure 1, can be introduced. As shown, only two main
steps are needed. Indeed, once the antenna layout has been optimized,
it is directly printed on the Piralux sheet by a so-called solid-ink
printer which, differently from traditional office printers, deposit a
layer of a wax-based ink which perfectly adheres on copper layers.
Moreover, such solid ink at the same time shields the copper from
subsequent acid etchings, which represents the second and last step of
the procedure. In this way, compared with PL RPCB, the prototyping
process is greatly accelerated and simplified, as time consuming and
tedious steps such as UV exposure and sodium hydroxide etching are
not required anymore. Indeed, a tag is realized in less than 30 minutes,
making use, de facto, only of the last step of the photolithography
process. Moreover, flexibility is guaranteed and materials and costs are
significantly reduced. A suitable printer costs less than 800 USD and
guarantees thousands of prints with a few dollars of wax-based ink. As
for the consumables, 15 USD are enough for a single A4 format pyralux
sheets, whilst the ferric chloride has a negligible cost per antenna.

It is worth highlighting that the use of wax-based solid ink printers
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(a Xerox Phaser 8550 in the case of Figure 1) is crucial, because
common ink-jet and laser printers are not appropriate at all. The
former because common liquid ink does not adheres on copper, the
latter because laser printers cannot print on reflecting surfaces.

As for the better resolution achievable with this technique, it
strongly depends on the resolution of the printer, as happens also in
PL RPCB case. Most of solid ink printers guarantees a resolution
inferior to 250µm. Nevertheless, in the author’s experience, antennas
requiring resolutions better than 600µm (very unusual in UHF RFID
tag design) require a very careful realization in clean rooms and
the etching time should be opportunely estimated. Vice versa, no
particular precautions are needed for classical RFID antennas, where
resolution higher than 1 mm are usually adopted.

2.3. Cutting Plotter Based Tag Prototyping on Flexible
Adhesive Copper Sheets: CP FACS

CP FACS (Cutting Plotter Based Tag Prototyping on Flexible
Adhesive Copper Sheets) is a novel and particularly time-saving
technique useful to prototype extremely flexible and high-performing
RFID tags through the use of a cutting plotter. This machine is
regularly used in the graphic industry for cutting and shaping vinyl
foils. Indeed, a cutting plotter is similar to a printer, but it is equipped
with a precise cutting tip. In the antenna realization context, the use
of cutting plotters is substantially new. The idea is to use flexible
adhesive copper sheets instead of vinyl foils. In this way, in a first step
the tag antenna layout can be straightforwardly shaped on the copper
sheet surface. In the second and last step, the extra adhesive copper
is manually removed. In Figure 2, for instance, the flow-chart of the
CP FACS procedure is reported and the two mentioned steps, the tag
shaping and the extra copper removing, are highlighted.

The use of this prototyping technique promises immediate

Design &

Simulation

STEP 1: Cutting Plotter

engraves the antenna shape

STEP 2: The extra copper is

removed

Figure 2. CP FACS prototyping process.
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advantages especially in terms of average prototyping time. Indeed,
only few seconds are required to incise the tag antenna on the support
and about a couple of minutes to remove the extra copper, depending
on the tag complexity. Therefore, less than 5 minutes including
soldering are necessary to obtain a functioning tag. Moreover, this
technique could be also attractive because it does not make use of
chemicals and, moreover, guarantees very low cost of both installation
and management. Indeed, the cost of suitable cutting plotter is less
than 1000 USD and the only necessary consumables are the adhesive
copper sheets, costing less than 5 USD each for the A4 format.

Finally, for the CP FACS prototyping process, the achievable
resolution mainly depends on two different factors. The first one is
the cutting plotter resolution, which is around 250µm also for entry
level machines. The second one is the fragility of the copper. Indeed,
once the antenna shape has been incised, the elimination of the extra
copper becomes a crucial operation if lines 250µm large are used. No
problem have been experienced with very simple antennas requiring
500µm of resolution, whilst for very complicated antenna shapes, lines
larger than 1mm should be preferred.

(a) (b)

(c)

Figure 3. Layouts of the three studied tag antennas: (a) narrowband
folded dipole, (b) narrowband meandered dipole, and (c) wideband
meandered bow-tie. Dimensional parameter varies according to the
prototyping method.
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3. DESIGN AND REALIZATION OF UHF RFID TAGS
FOR THE EVALUATION OF THE PROTOTYPING
TECHNIQUES

In this section some types of UHF RFID tags, suitable for the
evaluation of the main properties of above described PL RPCB,
SI FPCB, and CP FACS prototyping techniques are designed.
More in detail, in order to achieve an exhaustive electromagnetic
characterization of the methods, three different tag antenna samples
based on some of the most popular tag design techniques (such as
folded dipole, meander-line and capacitive-tip loading) [43], have been
selected, simulated and realized.

Before illustrating the antenna details, it is worth clarifying
that, without loss of generality, FR4 (thickness 800µm; εr = 3.7),
polyamide (thickness 35µm; εr = 2.6) and paper (thickness 35µm;
εr = 1.8) have been used as substrates for PL RPCB, SI FPCB,
and CP FACS approaches respectively. When such substrates are
numerically modeled for simulation purposes, the extreme thinness of
polyamide and paper layers does not significantly affect the antenna
parameters, as exhaustively verified.

In Figure 3, the three proposed tag antenna layouts are illustrated.
The first one is a simple narrowband folded dipole working in European
dedicated RFID band (865–868 MHz). Vice versa, the second layout
is referred to a slightly more complicated narrowband antenna, based
on meander-line technique. This model of antenna has been selected
since it is representative of a large class of popular tags which make
use of meandered lines. Finally, the last one is an example of
meandered bow-tie wideband antenna designed to work in both UE and
USA RFID band (865–928 MHz), so to evaluate the appropriateness
of the prototyping methods also in a wide range of frequencies.
Three different sets of the proposed antennas, properly optimized for
PL RPCB, SI FPCB and CP FACS techniques respectively, have been
simulated through the full wave simulator CST Microwave Studior.

Table 1. Optimized antenna parameters.

Folded Dip. Meander-line Bow-tie

Parameters

[mm]
La1 La1 Lb1 Lb2 Lb3 Lc1 Lc2 Lc3 Lc4

PL RPCB 13.0 20.8 15.0 23.0 17.0 9.0 9.0 7.0 27.8

SI FPCB

/CP FACS
20.0 32.0 20.0 26.0 24.9 10.1 13.0 8.0 26.7
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In order to design high-performance RFID tags, as well known, a
good conjugate impedance matching between tag antenna and RFID
chip is necessary. In this case all the designed antennas have been
carefully matched to the Impinj Monza 3 chip [44] having a measured
input impedance equal to Zchip UE = 31-j157Ω@866 MHz (central
frequency in the UE band) and Zchip USA = 32-j165Ω@915 MHz
(central frequency in the USA band). On such basis the Lij antenna
parameters shown in Figure 3 have been opportunely optimized, and
results for each set of considered antennas are summarized in Table 1.
It is worth noting from Table 1 that exactly the same antenna
parameters have been found for SI FPCB and CP FACS techniques,
and that, vice versa, they are appreciably different from those referred
to PL RPCB. This was expected and it is substantially due to the
similarity in terms of substrate thickness and permittivity in the two
proposed approaches, whilst the impact of FR4 substrates in PL RPCB
is appreciable. The corresponding simulated |S11| curves are reported
in Figure 4 where the continuous line is referred to PL RPCB and the
dashed line to both SI FPCB and CP FACS as they share the same
simulation results. It is apparent from the graphs that, as desired, both
folded dipole and meandered dipole tags are correctly sized for UE
RFID band as simulated |S11| is, in both cases, below −40 dB around
866MHz. Moreover, the wideband behavior of Bow-tie antennas is
clearly appreciable in Figure 4(c) where the −10 dB band is large
enough to include both UE and USA standards.

Once completed the simulation and optimization phases, all
antennas have been manufactured by following PL RPCB, SI FPCB
and CP FACS procedures. For the sake of clarity, photos of the nine
obtained prototypes have been organized in Table 2 where rows are
referred to the used techniques and columns to the antenna layouts.

(a) (b) (c)

Figure 4. Simulated and measured |S11| of the three studied
tag antenna types: (a) narrowband folded dipole, (b) narrowband
meandered dipole, and (c) wideband meandered bow-tie.
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Table 2. Realized tag antenna prototypes.

Tag type

Technique

Folded Dipole Meandered Dipole Bow-tie Dipole

PL_RPCB

SI_FPCB

CP_FACS

In the next section, the measurement techniques adopted for the
characterization of the antennas of Table 2 will be briefly described.

4. EXPERIMENTAL SETUPS FOR THE MEASURE-
MENT OF SIGNIFICANT METRICS OF PASSIVE UHF
RFID TAGS

In order to measure the performance of the several prototyped tags and
to compare them, two different metrics have been selected. The first
one is the impedance of the tag antennas, measured before soldering
the RFID chips. The second metric characterizes the assembled tags
(e.g. antenna with soldered chip) and is called tag sensitivity.

Both metrics require specific measurement setups, which will be
concisely described in the following subsections.

4.1. Measurement Setup for RFID Tag Antenna Impedance

All the realized passive RFID tag antennas are balanced loads, whose
impedance, as well known, cannot be directly measured by directly
connecting the antenna to one port of a Vector Network Analyzer
(VNA). In fact, the port of a VNA is an asymmetrical port, and when
a balanced antenna is connected to such a port, the currents will not
be equal and opposite, because some current flows on the outside of
the outer conductor, and consequently the antenna impedance results
different from what expected.

To overcome such a limitation, the method firstly proposed in [45]
and rigorously validated in the RFID context in [46] is applied. It is
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Figure 5. The two-port probe used to measure the input impedance
of the tags under test.

based on the use of an ad-hoc 2-port probe suitable for the broadband
evaluation of both common mode and differential mode impedances
of balanced loads and, consequently, of the searched input impedance.
The photo of the two-port probe used in this paper is represented
in Figure 5. It substantially consists of two identical coaxial cables
having the outer conductors soldered together. The inner conductors
represent the terminals to contact the antenna input. In such a way,
the probe is balanced and correctly drives the antenna. Nevertheless,
a particular procedure must be adopted in order to de-embed the
probe contribution from the measured values. More specifically, the
procedure consists of different steps. Firstly the probe is connected to
the two ports of a VNA and the probe parameters are evaluated by
means of short-circuit measurements. Then, the antenna is connected
to the probe, so that the 2-port scattering parameter of the couple
probe-antenna are measured. Afterwards, the contribution of the probe
is de-embedded, the antenna scattering parameters obtained and its
input impedance derived.

4.2. Measurement Setup for RFID Tag Sensitivity

Besides the antenna impedance, the performance of the assembled
tag must be measured as well and a suitable metric which takes into
account all the crucial aspects in defining the tag quality — the chip
and its sensitivity, the tag antenna shape, and finally the goodness
of the conjugate impedance matching between them — should be
considered. As demonstrated in [47–49], a very appropriate parameter
is the tag sensitivity. More specifically, such Tag sensitivity STH,tag has
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been defined as the ratio between the RFID chip sensitivity STH,chip

and the factor Gtag(1 − |Γ|2), where Gtag and |Γ|2 are the gain and
the power reflection coefficient of the tag antenna. In the same
bibliography, STH,tag as a function of STH,chip has also been obtained.
In fact, as STH,chip is the minimum power at the chip terminal capable
to switch on the chip circuitry, it can be derived from the Friis formula:

STH,chip = EIRPONGtag

(
1− |Γ|2

)(
λ

4πd

)2

ηplf (1)

where EIRPON is minimum equivalent isotropically radiated power by
the reader required to communicate with the tag, λ the wavelength, d
the distance between tag and reader antenna, and ηplf the polarization
loss factor.

Consequently, the tag sensitivity can be evaluated as:

STH,tag =
STH,chip

Gtag

(
1− |Γ|2

) = EIRPON

(
λ

4πd

)2

ηplf (2)

It can be observed that the rigorous measurement of EIRPON assures
the STH,tag estimation.

An experimental setup based on the cheap and flexible Software-
Defined Radio (SDR) tool introduced in [38] is used in an anechoic
environment to determine EIRPON at different frequencies in the 860–
960MHz band with 1MHz step. Successively, the tag sensitivity can
be coherently calculated by (2), with the appropriate values of d and
ηplf (in the used setup, d is set to 0.6 meters and ηplf to 0.5, due to
the circularly polarized antennas used to interrogate the tags).

In the next section, all the prototyped antennas of Table 2 will be
deeply tested by means of the above described measurement methods,
in order to evaluate advantages/disadvantages of all considered
prototyping techniques.

5. VALIDATION RESULTS

In this Section, in order to classify PL RPCB, SI FPCB, and CP FACS
prototyping methods and to allow a fair comparison among them,
the three groups of three tags designed and realized in Section 3,
are exhaustively characterized and compared. Specifically, several
measurements of tag antenna impedance and tag sensitivity have
been carried out in the whole UHF range (860–960 MHz), and results
compared. A significant selection of such results is summarized below.

The first shown results are referred to the comparison between the
antenna impedances simulated through CST Microwave Studior and
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(a) (b) (c)

Figure 6. Comparison between simulated and measured tag antenna
impedance by varying the prototyping method for the three studied
antenna layouts: (a) folded dipole, (b) meandered dipole, and
(c) meandered bow-tie. The UHF RFID investigated bandwidth is
highlighted.

the ones measured through the rigorous experimental setup described
in [45] and briefly recalled in Section 4.1. Such a comparison is
quite relevant, because the degree of adherence between simulated and
experimental data is also a measure of the capability to accurately
model a tag to be realized with a specific technique and, consequently,
of the ability to predict and govern its properties.

In Figure 6(a), for instance, both the real and imaginary part
of the impedance of the folded dipole antenna are reported. More
specifically, the two simulated results — one for the PL RPCB case
and one valid for both SI FPCB and CP FACS alternative approaches
— are compared with experimental data. In the already observed
Figure 4(a), the same results of Figure 6(a) are post-processed and
shown in terms of |S11|, for an easier and more familiar consultation.
The very good agreement among results in the RFID UHF band
(highlighted in the figure) demonstrates that none of the prototyping
methods substantially affects the expected antenna properties, at least
for the considered very simple tag shape. In addition, results shown in
Figures 6(b) and 6(c), other than the calculated |S11| of Figures 4(b)
and 4(c), confirm such a corollary also for the two and more complex
cases of the meandered dipole and meandered bow-tie.

Although rather useful, the comparison between simulated and
measured antenna impedance, if singularly considered, is not totally
adequate for a rigorous classification of prototyping methods. For



104 Catarinucci, Colella, and Tarricone

(a) (b) (c)

Figure 7. Comparison between measured tag sensitivity by varying
the prototyping method for the three studied antenna layouts:
(a) folded dipole, (b) meandered dipole, and (c) meandered bowtie.

instance, antenna impedance does not take into account the RFID
chip and the possible effects of the soldering. As previously argued, a
particularly suitable metric is the sensitivity of the whole tag, firstly
introduced in [47] and concisely described in Section 4.2 along with the
testing platform and the experimental setup for its measurement.

To measure such a tag sensitivity, an exhaustive measurement
campaign has been performed. In order to achieve an extensive
performance comparison, the sensitivity of all the tags under test,
including narrowband ones, has been measured in the whole 860–
960MHz band. Moreover, the RFID reader antennas used in the
measurement set-up have been opportunely characterized [50–52].

In Figure 7(a), for instance, the tag sensitivity of the folded-dipole
tag prototyped through the three different techniques is reported. As
explained in Section 3, this is a narrowband tag optimized for UE RFID
bandwidth. In such a range, (865–867MHz), it can be observed that
the sensitivity of all prototypes is substantially the same. For higher
frequencies, some minor differences can be observed. More specifically,
the cutting plotter-based tag still works also in the USA band (902–
928MHz) and performance decreases radically in the Japanese one
(952–954MHz). The same behavior is recorded for the other two
techniques, but even better sensitivity values in the USA band are
recorded.

Similar considerations can be done for the tag sensitivity of the
three narrowband meandered dipoles reported in Figure 7(b). Also in
this case all tags work fine and with similar performance in the desired
bandwidth, with negligible differences elsewhere. Finally, results for
the wideband case of Figure 7(c) are impressive. The three curves
substantially collapse in the same graph. Even with the chip soldered
on the tag antenna, no substantial differences can be appreciated
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among tags under test. Moreover, it is worth observing that very
good sensitivity values, under −10 dBm, are measured in the whole
investigated bandwidth, including the Japanese one, not considered in
the simulation. It is not surprising at all. The very good sensitivity
of the used chip (−15 dBm) facilitates the chip energization, so that
good performance in frequency ranges larger than those expected can
be achieved.

6. COMMENTS

Results presented in Section 5 deserve detailed and deeper comments.
First of all, regardless the prototyping method, tags with the same
layout guarantee essentially the same performance. Consequently,
the individuation of the most convenient prototyping approach for a
specific case should rest on other elements. The most significant one
is undoubtedly the property of rigidity/flexibility that the tag should
satisfy according to the application context. But also the cost, the
processing time, and the physical robustness should be taken into great
account.

Most of the times, the tag design is thought for a final flexible
device and of course one of the two alternative approaches, SI FPCB
or CP FACS, is strongly recommended. The choice, as stated in the
previous paragraph, should be motivated by requirements different
from performance. For instance, to reduce costs and shorten processing
time, CP FACS is a good choice. When physical robustness is crucial,
SI FPCB has to be preferred. Vice versa, whenever rigidity is required
for the definitive prototype, only the PL RPCB traditional approach
can be adopted.

Another distinction must be done on the basis of the realization
type, definitive or intermediate. Indeed, after the simulation phase and
just before the definitive prototyped tag, it could be necessary to realize
intermediate tag samples, whose characterization will be the feedback
for potential re-optimizations. Of course, requirements to be satisfied
by intermediate tag samples are mostly related to cost-effectiveness
and rapidity and may differ from the definitive tag desiderata.

For flexible tag realizations, regardless the desired properties for
the final device, intermediate samples can be indifferently prototyped
through both CP FACS and SI FPCB approaches. Indeed, as
discussed in Section 3, the very thin substrate made of polyamide,
in one case, or paper, in the other, does not affect the simulation
results so that, in both cases, the same antenna dimensional parameters
are obtained from the simulation. On the contrary, when rigidity is
required, not only the definitive tag prototype, but even the possible
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intermediate realizations, have to be carried out through the same
lengthy and articulated PL RPCB technique. Indeed, differently from
SI FPCB and CP FACS methods, the thick substrate affects the tag
properties with consequent impact on the value of each dimensional
parameter of the tag antenna, as stated in Section 3 and shown
in Table 1. Hence, in this case, the use of faster prototyping
techniques such as CP FACS and SI FPCB is practically useless even
in intermediate steps.

7. CONCLUSIONS

The process that brings to a new passive UHF RFID tag may require
the realization of numerous samples. In fact, it starts from an idea and
continues with full wave simulations. Then it passes through one or
more intermediate realizations and, finally, ends up with the ultimate
tag prototype. Besides this potential large number of realizations,
prototyping systems commonly adopted in most of the electromagnetic
labs, involved in RFID tag design, are inherited from other activities
and are usually based on rigid Printed Circuit Boards (PCBs) shaped
through photolithography. Apart from being articulated and time-
consuming (almost one hour is needed to realize a tag sample), this
last technique is also not totally appropriate for the addressed purpose,
as it produces rigid instead of flexible tags.

In this work, two alternative prototyping techniques have been
presented. Thanks to the joint use of flexible PCBs and a wax-
based solid ink printer, the first proposed method produces flexible and
physically robust tags in less than 30 minutes, making use, de facto,
only of the last step of the photolithography process (chemical exposure
to ferric chloride). The second method, simple but very effective, is
even much more rapid: it takes only 5 minutes including RFID chip
soldering. It consists of engraving the tag shape on adhesive copper
sheets through a numerical control cutting plotter, and of removing
the extra copper manually. Such a technique guarantees the desired
tag flexibility and it is extremely cost-effective. As for the physical
robustness of the realized tags, it is certainly satisfactory even though
it is worst than the other two considered techniques.

In order to investigate the quality of tags realized by means of
these three approaches, an exhaustive measurement campaign has been
presented. Firstly, three tag layouts have been selected and full wave
simulations carried out taking into account the characteristics of each
prototyping method. Layouts differ from one another in terms of
both adopted design technique — folded dipole, meandered dipole and
meandered bow-tie, respectively — and working frequencies. Then,
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each tag type has been realized through both traditional and proposed
alternative processes, and a comparison in terms of tag antenna
impedance as well as tag sensitivity has been performed. Results
are impressive. In spite of a greater simplicity, rapidity and cost-
effectiveness, the two proposed prototyping methods generate label-
type tags with performance as good as the rigid photolithography-
based ones. Case by case, physical robustness, cost, processing time
and simplicity, rather than tag performance, will dictate the most
appropriate prototyping choice, as exhaustively commented in the
paper.
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