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Węglarski, M.; Lichoń, W.;
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Abstract: The problem considered in the paper concerns the synthesis process of antennas for
autonomous semi-passive RFID transponder/sensors dedicated to active glazing units. Glazing
units are frequently used in modern multi-storey buildings to create amazing facades. When they
are integrated with photovoltaic (PV) modules, active units are obtained. It is desirable, mainly for
economic reasons and in order to ensure the high efficiency of a micro-photovoltaic power plant,
that active glazing units are equipped with a system for monitoring their operating parameters. In
connection with this, design problems occur that fall within the fields of sensor technology and radio
communications. The main purpose of the presented study was to prepare appropriate input data
for design tools used in the synthesis of antenna systems in the UHF band. Many important issues
are considered including: proximity to structural elements of the building facade and PV cells, which
disturbs the shape of the radiation pattern and affects the impedance parameters of the antenna
system; the need to ensure easy integration of the RFID sensor and the specified object, without
significant interference in the production of glazing units; appropriate shaping of the radiation
pattern in order to enable reading and writing of the RFID tag from both inside and outside the
building; impedance matching to the selected RFID chip in the broadest possible frequency range, etc.

Keywords: RFID technology; UHF antenna; UHF RFID transponder; RFID sensor; active glazing
unit; photovoltaic module; PV glazing set; PV power plant monitoring

1. Introduction
1.1. Object under Investigation

Glazing units are frequently used in modern multi-storey buildings to create amazing
facades (Figure 1). When they are integrated with photovoltaic (PV) modules, active
units are obtained. Generally, PV cells are located in the inter-pane spaces and, primarily,
convert solar energy into electricity, although they can also serve as decorative elements,
complementing the appearance of the building facade in accordance with an architectural
vision. It is desirable, mainly for economic reasons and in order to ensure the high efficiency
of a micro-photovoltaic power plant, that the active glazing units are equipped with a
system for monitoring their operating parameters. With this comes design problems
that go beyond the area of building construction and renewable energy systems and
fall within the scope of sensor technology. A significant improvement, but one which
presents a research challenge, may be achieved by the incorporation of RFID technology
in the designed monitoring system. The monitoring system, based on semi-passive RFID
transponders/sensors (RFID sensors), allows for data acquisition even if the PV modules
are not active, as well as when they are disassembled or destroyed. In such passive modes,
the power supply of the electronic circuit is conveyed by the electromagnetic field generated
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by the read/write device (RWD) [1]. This means that the transponders need to be well-
designed, with special attention paid, firstly, to the energy balance and, secondly, to antenna
performance. In addition, the technique of RFID sensor assembly in the active glazing
unit needs to be carefully thought through. These factors determine the methodology
required for effective diagnostics to be applied to the photovoltaic modules. Although
the current–voltage characteristic is the most important parameter that could indicate PV
cell condition, it is not necessary to monitor both quantities. The costs of implementing
a current (power) transducer are too high, especially with respect to RFID systems, and
entails interference in the main power wires. Instead, a comparative method can be used.
All modules in one chain on the façade, under the same illumination and temperature,
must provide the same voltage at the output terminals. Thus, a malfunctioning PV module
can be identified, both by comparing the measured voltage between adjacent cells, or by
relating it to the reference I-V curve. In this way, an RFID transponder-sensor need be
equipped only with a voltage sensor; such a construction can be readily achieved given the
current state of electronic technology.

Figure 1. Active glazing unit in modern multi-storey buildings: (a) Spatial separation between RFID sensor and construction
elements; (b) Idea of using window in the TCO or heating layer for delivering system electromagnetic field to antenna of
RFID sensor.

The effectiveness of such a system depends primarily on the correct design of the
transponder antenna. The subject of RFID antenna synthesis has been discussed frequently
in the research literature; consideration of the design of an effective electronic tag is not
new [2–6]. Unfortunately, there are no universal ‘off-the-shelf’ devices that could be used
directly in non-standard utility applications. That is why many designs dedicated to
specific applications (e.g., automotive [4] or pharmacy [5]), or that can work in a specific
environment (e.g., near metals [2,3,6]), have been developed. In practical applications, in
terms of engineering tasks, such designs are possible because the structure and operation
of the specified object is precisely known, so the input parameters for numerical models of
RFID antennas can be readily defined. In the case of active glazing units no comprehensive
analyses of their parameters have been performed. Thus, the main purpose of the presented
analysis is to prepare appropriate input data for design tools used in the synthesis of
antenna systems in the UHF band.

From the construction side, with respect to antenna synthesis, the active glazing unit
typically consists of two, three, or more glass panes or laminates. The inter-pane spaces are
filled with thermally insulating gas, and the entire unit is properly sealed. Additionally, the
surface of the outer panes/laminates is covered with an anti-reflective TCO (transparent
conductive oxide) or heating layer. The panes are mounted in metal-structure facades, most
often made of aluminium. In such an environmental arrangement, the implementation of
effective communication with the master unit (or monitoring host, RWD) of the monitoring
system, based on RFID technology, is mainly limited by the conditions of electromagnetic
wave propagation between the antennas of devices [1,7]. For this reason, it is very important
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to carry out a thorough synthesis process of the antennas of an autonomous semi-passive
RFID transponder/sensor, with the main emphases on maximizing the energy transfer to
the RFID chip and shaping the radiation pattern.

The implementation of the UHF RFID system in the described application is associated
with many problems, mainly related to the integration of the transponder antenna with the
active glazing unit. The most important of these are:

• proximity to the structural elements of the building facade (metal, glass, reinforced
concrete, etc.) and the PV cells (Appendix A), which disturbs the shape of the radiation
pattern and affects the impedance parameters of the antenna system;

• presence of the conductive TCO or heating layer which is a barrier to the electromag-
netic field;

• the need to ensure easy integration of the RFID sensor and the specified object, without
significant interference in the production of glazing units;

• appropriate shaping of the radiation pattern in order to provide the possibility of
reading and writing the RFID tag, both from inside and outside of the building; and,

• impedance matching to the selected RFID chip in the broadest possible frequency
range, at minimum in the bands 865–868 MHz and 902–928 MHz.

Bearing in mind the need to obtain the largest possible interrogation zone (IZ) [1,8],
and thus the largest range of writing and reading from the internal memory of the RFID
transponder, it is important to develop a design of the antenna with circular or elliptical
polarization and an appropriately shaped radiation pattern (preferably omnidirectional).
Moreover, according to the purpose of the designed application, the long-range RFID
system of the UHF band, standardized in ISO/IEC 18000-63 [9], and adjusted to the
electronic product code (EPC) [10], is the most suitable

choice. The RFID devices involved must comply with the European ETSI EN 302 208
standard [11], where the limitation on radiated power is set to 2 W ERP (effective radiated
power) in the 865.6–867.6 MHz band. Within the American jurisdiction, compliance with
the FCC Part 15.247 [12] is required; at 1 W of output power from the transmitter, with
an antenna with a maximum gain of 6 dBi, the limitation is equal to 4 W EIRP (effective
isotropic radiated power) in the 902–928 MHz band.

Due to the structure of the active glazing unit, the RFID antenna can only be placed on
the surface of one of the glass panes/laminates. The most advantageous location appears
to be the hermetically sealed inter-pane space. Consequently, the antenna system is secured
against harsh environmental conditions, damage (e.g., mechanical damage during facade
maintenance), and unauthorized access. Bearing in mind aesthetic requirements, one
of the corners of the active glazing unit is an effective, though somewhat demanding,
location (Figure 1a). The proximity of metal objects (e.g., building facade elements) causes
a problem with the impedance matching of the antenna and the RFID chip, as well as
causing significant disturbance of the radiation pattern. For this reason, it is necessary to
ensure the spatial separation of the RFID transponder from the structural elements of the
building façade, including PV cells. In order to eliminate the negative effects of the TCO or
heating layers shielding the electromagnetic field, it may be necessary to make an opening
(e.g., a window in the layer) to deliver radio waves to the antenna system (Figure 1b).

1.2. Concept of the Problem Unravelling

The RFID sensor hardware is based on the popular AMS SL900A chip (AMS AG,
Premstätten, Austria), but the analysis can be applied to any RFID chips. As in a standard
electronic transponder, the RF front-end is used to both exchange data as well as to receive
power from the electromagnetic field generated by the read/write device. Additionally,
the SL900A chip is equipped with extra output for providing external electronic circuits
with excess energy. The extension supply block is connected, inside the semiconductor
structure, to the antenna inputs of the integrated circuit. This characteristic must be taken
into consideration when designing the antenna with the impedance matching circuit. In
the majority of constructions described in the literature [13], or available on the commercial
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market, the matching circuit is made as a T-type component, with a parasitic inductive
loop or discrete element, e.g., a coil attached to one of the antenna arms. However, the use
of constructions with separated arms, tuned with planar or discrete inductances, causes
problems in design. Among others, such a structure is susceptible to detuning (e.g., in
the vicinity of metal objects), as well as being affected by even relatively small changes
in the geometric dimensions of the radiator (e.g., during sample production), reflected in
fluctuations of the impedance value, such that impedance matching in the RF front-end
is possible in only a narrow frequency band (e.g., 865–868 MHz). On the other hand,
the impedance matching loop short-circuits the input terminals of the RF unit for DC
current, and blocks transponder activity [14]. However, it is worth paying attention to this
construction, because it enables impedance matching of the antenna to the RFID chip over
a wide frequency range (e.g., 860–960 MHz), despite its simple structure [13]. Additionally,
this solution is more resistant to harsh environmental conditions, such as the presence of a
metal frame, a glass substrate, or a layer of transparent conductive oxides [13]. In the case
of the SL900A chip, it is then necessary to use the so-called DC block. This system is in the
form of, for example, a capacitor with an appropriately selected capacitance (Appendix C),
attached to one of the antenna arms. It transmits signals with the operating frequency f 0,
hence its use ensures correct operation of the energy harvesting block, despite connecting a
compact antenna to the terminals of the SL900A chip.

Consideration of the use of RFID antennas, optimized for use on glass substrates, typi-
cally automotive glazing, can be found in the relevant literature [15–17]. These structures
are usually dedicated to work in harsh environmental conditions (e.g., near metal) and are
constructed as a modification of dipole antennas (with linear polarization). Other stud-
ies [18,19] have proposed designs with a different polarization, but their application in the
context of the present research is not possible due to the spatial construction of their radia-
tors. A typical problem is with the RFID chip position inside the structure of the proposed
antenna circuits, which makes it impossible to feed signals to the measurement module.
In [20,21], the transponder antennas have the quasi-omnidirectional radiation pattern but,
in these examples, the inductive loop around the RFID chip is excessively complicated.

On the basis of analyses carried out in the field of the influence of components used in
the active glazing units on the RF front-end (Section 2), three methods for the localization
of the antenna system are proposed (Section 3): on the glass surface with a fragment of
the TCO layer removed; directly on the glass pane covered with the TCO layer; and on
the glass pane with the TCO layer, but with an additional passive reflector located directly
under the radiator.

2. Materials and Methods
2.1. Characteristics of Materials

The precise characteristics of the material parameters of the structural components
used in the construction of RFID transponders are key elements when designing effective
antennas and matching circuits. Above all, it is necessary to characterize: (a) the substrates
used in the RFID sensor, and (b) the panes/laminates, functional layers, and frames of
the PV glazing sets [22]. The dielectric properties of these materials are described by the
relative permittivity εr and the dielectric loss tgδ.

The parameter investigations were based on the frequently used materials: glass epoxy
copper clad laminate ISOLA FR408 (ISOLA GmbH, Düren, Germany; laminate thickness
of 0.510 mm, copper layer thickness of 18 µm) [23] and flexible laminate DuPont Pyralux
LF9150R (DuPont, Wilmington, DE, USA; laminate thickness of 0.125 mm, copper layer
thickness of 35 µm) [24]. The dielectric parameters of the RFID transponder substrates
have previously been characterized in detail [23,24].

In the case of glazing units, the characteristics were based on representative glass
samples with a size of 15 × 15 cm taken from products available on the commercial market.
Due to the lack of precise information on the dielectric parameters [25], extensive research
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needed to be carried out in terms of the impact of the glass on the design of the RFID sensor
antenna circuit (Table 1).

Table 1. Dielectric parameters of selected glass samples and transponder substrates.

Pos. Name of Dielectric Material Thickness, mm εr tgδ

1. Glass: Low Iron 1.92 7.00 9.290·10−3

2. Laminate: Low Iron + SKC EVA
sheet + Low Iron 4.24 6.61 9.423·10−3

3. Pikligton NSG TEC 250 3.21 6.8 9.000·10−3

4. AGC Stopray Vision-50 5.864 5.0 9.000·10−3

5. ISOLA FR408 0.51 4.44 9.605·10−3

6. DuPont Pyralux LF9150R 0.125 3.55 9.200·10−3

7. ISOLA IS-680-300 microwave 1.547 3.08 3.000·10−3

Pos. Name of Functional Layer Thickness, µm R, Ω/� δ,S/m

1 TCO (NSG TEC 250) 0.5 300
2 TCO (Stopray Vison-50) 0.5 5
3 Cu clad (FR408) 18 4.8·108

4 Cu clad (Pyralux LF9150R) 35 4.8·108

Low-iron glass (Table 1, Position 1, from an unknown manufacturer) is a high-gloss
index glass that is made of silica with low iron oxide content (typically around 0.01%).
Low-iron laminate is a combination of two of the same layers of glass separated by an SKC
EVA sheet. The low iron content removes a greenish-blue tint and this type of glass is used
where high transparency is required, e.g., as a covering glass in PV panels. The product
is available as various brands of many manufacturers including: Guardian Industries
(Bertrange Luxembourg), UltraWhite brand; Pilkington (Lathom, Lancashire, England),
Optiwhite brand; PPG Industries (Pittsburgh, PA, USA), Starphire brand, and others. The
PILKINGTON NSG TEC 250 is a glass with a transparent conductive layer of metal oxides
with a resistance determined in [25]. This product is used in transparent heating elements,
PV modules, etc.

In addition to the above-mentioned samples of glass and laminates, representative
models of AGC glazing units (AGC, Tokyo, Japan) were prepared. All units were fabricated
with dimensions of 20 × 30 cm as a single-chamber, double-glazed (Stopray Vision-50) unit,
or two-chamber, triple-glazed (Stopray Vision-72) unit. In both cases, the outer layer was
made of 6 mm float glass, one-side coated with TCO of undefined thickness and resistance
(no data on the parameters were provided in the manufacturer’s technical documentation).
The glass with such a coating provides good solar and thermal performance. These types
of unit are especially suitable for non-residential buildings with air conditioning, because
the applied layer of the Stopray Vision helps to maintain a pleasant temperature while
minimizing energy costs.

The dielectric parameter determination was carried out in a specialized laboratory
stand (Figure 2). Measurements were made at the frequency of 1.1 GHz (close to the
selected UHF band of the RFID system) using a split-post dielectric resonator (SPDR by
QWED Sp. z o.o., Warsaw, Poland)) and a vector network analyzer Keysight PNA-X
N5242A (Keysight, Santa Rosa, CA, USA). In addition, a set of special cables was used,
such as the flexible Keysight 85131F cable set and the Huber + Suhner Minibend cable
assembly. The measuring algorithm included a stand calibration procedure, determination
of the resonance frequency and of the quality factor of the dielectric stack arrangement for
the test sample. The required parameters of the measured dielectric layer were determined
using the dedicated QWED software based on a mathematical model of the SPDR [26].
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Figure 2. Laboratory stand for measuring dielectric parameters: (a) Hardware; (b) Software.

2.2. Pane Impact on RFID Antenna Performance

When designing the RFID transponder, it is necessary to know the influence of struc-
tural elements of the active glazing unit on the antenna efficiency. As an example, for
confirming possible dependences, an antenna, including a modification of a half-wave
dipole, with bent arms was selected (Figure 3) from the authors’ database of developed
models. By its nature this construction is sensitive to the influence of environmental con-
ditions. Impedance matching to the SL900A chip was achieved by connecting a discrete
inductive element (SMD coil) to one of the arms. As a result, it was possible to tune
the antenna without having to change its geometrical size. The samples were made on
an ISOLA FR408 PCB (Figure 3a) with a DuPont Pyralux flexible substrate (Figure 3b,c).
The possibilities of antenna localization on the surface of the common low-iron laminate
(Figure 3a,b) and on low-iron glass were considered in the research. The correctness of
the computational models was checked by comparing the calculated and measured ZTA
impedance values (Figure 4). The specified arrangements were also compared to the model
(Figure 3d) of the antenna located in the quasi-free space (plastic net under the sample,
Figure 3c). The measurements were carried out on a special test stand equipped with
differential probes and VNA [27], using 15 × 15 cm samples of low-iron glass and laminate.

Small discrepancies were noticeable between the measurements and the calculations at
higher frequencies when the antennas located in the quasi-free space (for FR408: Figure 4a,
Pyralux: Figure 4b) were considered. The value differences are irrelevant for RFID systems
operating in the European UHF band and the samples and model are prepared correctly.

In the case of using the low-iron laminate, the impedance curves had the same shape
but the measurement results for both the FR408 (Figure 4c) and Pyralux (Figure 4d) were
shifted by approximately 50 MHz. It should be emphasised that the discrepancies are
mainly visible as the shift of the curves in the frequency domain with almost the same shape
of the curves, which would suggest incorrect determination of the dielectric parameters of
the low-iron laminate.

Figure 3. Measurements of RFID antennas: (a) PCB substrate on low-iron laminate; (b) Flexible substrate in free space,
plastic net under the sample; (c) Flexible substrate on low-iron laminate; (d) Numerical model (Lx, Wx, H, G—dimensions).
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Figure 4. Impedance (Re—realism, Im—imaginalism) of RFID antenna on substrate: (a,c,e) ISOLA FR408; (b,d,f) DuPont
Pyralux, obtained for: (a,b) quasi-free space conditions; (c,d) stack with low-iron laminate sample; (e,f) stack with low-iron
glass sample.

In the case of low-iron glass (for FR408: Figure 4e, Pyralux: Figure 4f), the shift was
noticeable especially at higher frequencies. It is worth noting, however, that close to the
frequency range used by RFID systems in Europe, the differences in the impedance values
for the numerical model and the samples can be considered negligibly small. This applies
to the reactance, the values of which were similar for the model and the tested samples.

It is worth noting that also in this case the shift of the measurement results in relation
to the reference data (from the numerical model) always occurred in the direction of higher
frequencies, with almost the same shape of the curve. Although it is possible to design
an efficient RF front-end, it should be kept in mind that any changes in the technology of
glazing units will have a significant impact on the operation of the dipole antenna.

Therefore, two other antenna patterns with short-circuited arms (Figure 5) were taken
into consideration in the investigations. Such a construction is less susceptible to the
influence of the dielectric properties of surrounding materials. Since the SL900A was
used, the DC component was blocked using the SMD capacitor built into the radiator. The
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soldering pads, as well as the gap in conductive paths, were included in the numerical
calculations. The radiator also requires to be surrounded by a ground layer to further
reduce the impact of environmental conditions.

Figure 5. Designs of RFID antenna with short-circuited arms: (a) Design #A1; (b) Design #A2; (c) Sample under tests;
(d) Numerical model of #A2 design (Lx, Wx, H—dimensions).

The examined samples were modelled and manufactured on the FR408 laminate. The
comparison of measurements obtained for the samples on the low-iron laminate with
the model calculations of the antennas #A1 and #A2 is shown in Figure 6a,b. Although
the curves in the graphs have a similar shape, the reference and measured data were
significantly shifted in relation to each other in the frequency domain (by approx. 80 MHz
and 100 MHz, respectively). Such discrepancies exclude the possibility of correct and
effective operation of the so designed antenna in the RFID system. Replacing the low-iron
laminate by low-iron glass (Figure 6c) lead to a similar discrepancy.

Figure 6. Impedance of RFID antenna: (a) Design #A1 on low-iron laminate; (b) Design #A2 on low-iron laminate; (c) Design
#A2 on low-iron glass.

The values of the power transfer coefficient from the antenna to the SL900A chip
were determined (Figure 7) based on the impedance measurements (Appendix B). This
parameter, or the conjugate match factor (CMF), as it is referred to in some apparatus
manuals, determines the quality of the impedance matching between the IC input and the
connected antenna. If the CMF is equal to 1, then the RF front-end is perfectly matched.
However, in the investigation case under consideration, the measured curves were a similar
shape as for the calculated data, but they were shifted by nearly 100 MHz in the frequency
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domain. At the central frequency of the European RID UHF band (866 MHz), the value
of the power transmission coefficient was less than 0.1 for the measured samples. This
implies a lack of impedance matching and that this construction cannot work properly
in an RFID system. Nevertheless, similar results were obtained regardless of the use of
low-iron glass or laminate. On this basis, it can be assumed that a systematic error was
the source of the discrepancies or that there were special properties of the low-iron glass
(e.g., the presence of an additional conductive or dielectric layer), as the glass came from
an unknown manufacturer and its characteristics were not exactly known.

Figure 7. CMF of RFID antenna: (a) Design #A1 on low-iron laminate; (b) Design #A2 on low-iron laminate; (c) Design #A2
on low-iron glass.

In order to know the reason for the curve shift, the influence of the unknown charac-
teristics of the low-iron glass (e.g., the effect of an additional conductive or dielectric layer)
was checked in the first step. Impedance measurements were repeated twice for design
#A2, separately for each side of the low-iron glass. Almost identical results were obtained
in both cases (Figure 8a). A further test, using NoName glass, was also undertaken in
order to confirm the validity of the observed dependencies. The observed curve shift was
consistent with the behaviour of previous experiments for low-iron glass (Figure 8b).

Figure 8. Impedance of RFID antenna: (a) Design #A2 on both sides of low-iron glass; (b) Design #A2 on NoName glass.

It was concluded, on the basis of the performed investigations, that the problem with
the curves’ convergence lies in the validity of the antenna model. First of all, attention
was paid to the correctness of modelling the arrangement of two dielectric materials in the
stacks under consideration: glass and microwave laminate. Since the dielectric constant εr
is the key parameter that influences the ZTA impedance, it is necessary to pay attention to
the accuracy of determining its total value for the stack consisting of two layers—a detailed
description of the problem can be found in publication [28] that is cited in most recent
studies. It is unfortunate, but generally a consideration of this problem is omitted from
software manuals dealing with the numerical calculations [29].
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The resultant value of the dielectric constant of two or more materials is given by
the formula:

εeq =

(
N

∑
n=1

tn

εn

)−1

·
(

N

∑
n=1

tn

)
(1)

where, εeq is the total value of the stack, εn is the value of the n-th dielectric layer, tn is the
thickness of the n-th layer.

Additionally, a thin layer of air (0.4 mm) between the FR408 laminate and the glass
surface was included in the model. Once the precisely described connection of dielectric
layers was included in the calculations, a convergence of results was achieved (Figure 9).

Figure 9. Impedance of RFID antenna: (a) #A1; (b) #A2. Thin layer of air (0.4 mm) between the FR408 laminate and the
glass surface is included.

Although there are noticeable curve shifts for the new designs, they can be considered
negligible small. It should be noted that when designing the antenna structures, ideal
models (infinite plate) of the substrate and glass were used. Since real materials are
anisotropic, their surfaces are not perfect, and the measurement of the dielectric constant
may be affected by uncertainties.

2.3. TCO Impact on RFID Antenna Efficiency

Since the outer panes of a typical glazing unit are covered with the TCO or heating
layer, the possibility of locating the RFID antenna directly on such a glass surface would
be very advantageous. Therefore, it is important to determine the impact of the extra
thin layer on the antenna performance. The analyses were carried out as before for the
modified half-wave dipole (Figure 3) with bent arms. The design was re-evaluated in order
to take into account the material parameters of the pane made of AGC Stopray Vision-
50 glass (Table 1). The samples of antennas were made on the FR408 PCB and Pyralux
flexible substrate.

Determination of the dielectric constant for glass coated with a TCO is a big challenge,
and is often subject to significant uncertainties. It is impossible to create the measurement
sample with only the TCO because the properties of the thin coating and the bulk material
are different. Furthermore, the calculations on the basis of formula (1) are substantially
inaccurate, because of significant variations in the proportions between the thicknesses of
the layers. However, the TCO influence can be checked by analyzing the convergence of
measurements and calculations (Figure 10), and the proper value of εeq can be found. It
should be noted, however, that full correspondence between the calculated data and the
measurement results was not achieved in any of the cases considered.

The influence of the full glazing unit structure on the obtained calculation results was
also checked for an elaborated model. The antenna samples were placed on a single pane
made of Stopray Vision-50 glass as well as on full units of double and triple glazing. The
obtained results were convergent (Figure 11), and slight differences in values occurred only
in the areas of resonance.
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Figure 10. TCO impact on impedance of RFID antenna made on FR408 and placed on Stopray
Vision-50 glass.

Figure 11. Impedance of RFID antenna located in different arrangements (a) ISOLA FR408; (b) DuPont Pyralux.

In sum, designing the dipole-shaped RFID antenna, such that it is placed directly on
the glass covered with the thin conductive layer, is possible, but it is a difficult task. Due to
the negative effect of the functional layer, antennas of this type need to be very carefully
modelled and precisely adjusted to the known dielectric parameters of the surrounding
materials. Moreover, model simplification, involving considering only one pane of the
glazing unit, is justified, and does not cause discrepancies.

2.4. Immunity to the Influence of Application Environment

In the next step of the synthesis, an RFID antenna was designed with the reflector
placed directly under the radiator. The knowledge gained from the investigations described
in Section 2.1, Section 2.2, Section 2.3, was implemented in the new numerical model. The
influence of the surrounding materials and the properties of the glazing unit (the glass
thickness, its relative dielectric permittivity, the distance between panes and others) were
predicted, and addressed by using a passive reflector in the form of a copper layer on
the bottom side of the antenna substrate. The proposed construction was based on the
prior developed design [14], with a view to operating in difficult environmental conditions,
including in the vicinity of conductive materials (Figure 12). It is a two-layer structure
designed for use with the ISOLA IS-680-300 microwave laminate (Table 1). The radiator, in
the form of a monopole, as well as the paths of the electronic circuit, are located on the top
side. All conductive paths are surrounded by the ground layer. The new antenna design
also included additional passive components (ferrite beads) that separated the antenna
circuit from electrical disturbances generated by the PV module and passed by sensors.
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Figure 12. Design of RFID antenna with reflector under radiator: (a) Sample; (b) Measurement stand.

The obtained measurements for the samples and the calculated data of the reference
model were convergent. The impedance resonances occurred at the same frequency
points, and the shape of the graphs was almost identical (Figure 13a). There were slight
discrepancies in the value domain, but only in the resonance area. The influence of the
glazing unit components are presented in Figure 13b. A pane made of NoName glass
(two cases were considered: with and without the additional reflector), and a pane made of
NSG TEC 250 (Table 1) glass (each side was tested separately), were used in the experiments.
Despite placing the antenna on the surface of materials with different dielectric parameters,
the measured antenna resistance and reactance were similar to the values obtained in
the case of quasi-free space (the differences in values occurred only near the resonances:
750 MHz, 860 MHz, and 980 MHz). The greatest discrepancies were noticeable for the
NoName pane with the additional reflector. It can be concluded that the tested design of
the RFID antenna was resistant to the influence of environmental conditions.

Figure 13. Impedance of RFID monopole antenna: (a) Calculations and measurements comparison; (b) Influence of glazing
unit components; (c) Negative impact of changes in geometric dimensions of antenna.

However, it should be noted that the proposed design is a monopole construction,
so it may be sensitive to even slight changes in geometric dimensions (e.g., inaccurate
sample preparation). For example, Figure 13c shows the measurement and calculation
result discrepancy after modifying the layout of the electronic circuit by adding contact
pads and making small changes to the ground layer.



Energies 2021, 14, 6632 13 of 26

3. Results and Discussion
3.1. Bidirectional Antennas
3.1.1. Antenna Design

The possibility of establishing radio communication from both sides of the active glaz-
ing unit (from inside and outside of the building) was one of the first concepts considered
for the investigations into the synthesis of RFID antennas. With respect to the principles of
RFID system operation, the TCO, or heating thin layer, has to be treated as the reflector or
attenuator of electromagnetic waves. If such a layer is applied on the glass pane, in most
cases it blocks the possibility of connecting the RFID sensor with the RWD. In order to solve
the problem, it was proposed to remove (e.g., by laser ablation or mechanical grinding) the
functional layer from a fragment of surface to create a window for passing electromagnetic
signals. The geometric dimensions of the opening were assumed to be so large that the
impact of the thin layer on the impedance parameters and propagation properties of the
antenna system was considered as negligible in the research undertaken. The hypothetical
location of the RFID sensor in relation to the structural frame of the glazing unit was also
considered. According to functionality and the aesthetic requirements of the application,
the best place for fixing the device was the corner but with sufficient distance from any
metal elements (Section 3.2). Finally, the full triple-glazed unit, with the opening in the
thin layer (Figure 14a,b), was implemented in the numerical model. The thin separation
between the glass and antenna substrate was included in the calculation. It was assumed
that the central pane was made of 1.92 mm thick low-iron glass, and that the inner and
outer panes were made of Stopray Vision-50 or NSG TEC 250 glass (Table 1).

Figure 14. Model of RFID antenna for bidirectional communication: (a) Arrangement #SV-50 with Stopray Vision-50;
(b) Arrangement #TEC 250 with NSG TEC 250 (Table 1); (c) Antenna design #B1; (d) Antenna design #B2.

The investigations were performed for two antenna patterns designed for fabricating
on the FR408 substrate (Figure 14c,d). The first design (Figure 14c) was elaborated as the
meandered dipole with an impedance match circuit in the form of a loop. Since the chip’s
input is short-circuited by the matching loop, the DC block had to be used, and pads for its
connection had to be added in the numerical model. The second construction was a dipole
with bent arms (Figure 14d). In this case, the impedance matching was achieved by use of
an SMD coil attached to one of the antenna arms.

The calculations were carried out for four arrangements of the RFID antenna and the
glazing unit: #SV-50+#B1, #SV-50+#B2, #TEC 250+#B1, and #TEC 250+#B2. As shown in
Figure 15, the antenna #B2 showed a better impedance matching. It was also characterized
by better propagation properties—the determined radiation efficiency had values several
percent higher across the entire tested frequency band than for the design #B1.
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Figure 15. Parameters of RFID antennas: (a) CMF; (b) Radiation efficiency nRAD; (c) Radiation pattern (f 0 = 866 MHz) of
antenna #B2 in the arrangement of #SV-50; (d) Radiation pattern (f 0 = 866 MHz) of antenna #B2 in the arrangement of #TEC
250. The radiation pattern of antenna #B1 is very similar.

From the radiation patterns shown in Figure 15c,d, it can be concluded that communi-
cation can be established on the both sides of the active glazing unit. Thus, the discussed
concept of removing a fragment of the TCO layer is feasible. However, it should be remem-
bered that mechanical treatment of the glass pane affects its insulating properties. Although
the disproportions in the radiation level were noticeable between the values determined
for the four considered arrangements, they did not cause a significant limitation of the
read/write range.

3.1.2. Impact of Size of Opening in Thin Layer

As assumed in Section 3.1.1, the RFID antennas can only operate properly if a suffi-
ciently large opening is created in the thin functional layers. Therefore, the influence of the
functional layers’ proximity on the impedance parameters and propagation properties of
the antennas #B1 and #B2 was examined in detail. The dielectric parameters of microwave
FR408 laminate and a glass made of NSG TEC 250 or Stopray Vision-50, as well as the
500 nm thick TCO layer (green in Figure 16), were taken into consideration in the numerical
model (Figure 16). A separation of 100 mm was assumed as the initial value of the distance
between the antenna and the unit frame (Figure 16a). In the next steps of the calculations,
the distance between the antenna and the TCO layer was increased equally on each side of
the radiator (Figure 16b).

Figure 16. Visualization of considered cases of RFID sensor and TCO layer localization: (a) Initial position; (b) Separa-
tion x = 10 mm, 20 mm, 30 mm, 40 mm, 50 mm.

The antenna #B1 was less susceptible to the influence of the functional layer. The
maximal value of the CMF was noticeably smaller for a separation below 2 cm, and shifted
in the frequency domain. The type of used glass had little effect as shown in Figure 17—it
can be seen, in particular, in the arrangement with the antenna #B2. As a result, the
calculations performed confirmed the validity of the assumptions made in Section 3.1.1.



Energies 2021, 14, 6632 15 of 26

Figure 17. CMF and radiation efficiency nRAD vs. separation distance between TCO and antenna radiator in arrangements:
(a) #TEC 250+#B1; (b) #SV-50+#B1; (c) #TEC 250+#B2; (d) #SV-50+#B2.

Thus, by introducing a properly selected spatial separation between the antenna
radiator and the TCO layer (or the heating coatings as well as any other thin layers that are
used in PV cells), the influence of this layer on impedance and propagation parameters
could be effectively eliminated.

3.1.3. Impact of Unit Frame Proximity

The glazing unit metal frame impact on the RFID antenna parameters was also exam-
ined. Two aspects of this issue were considered in the numerical model. Firstly, eight cases
of separation distance were considered: from 10 to 80 mm (Figure 18a). Secondly, two cases
of RFID sensor location were investigated (Figure 18b,c). It was assumed that the tag is
placed on the glazing unit surface that is closest to the inside of the building (No.1) and on
the surface of the outer pane (No.2). The difference between cases No.1 and No.2 consists
in the pane installation depth in the structural frame—the inner pane is mounted in the
centre of the glazing unit frame, but the outer pane is 18 mm from the edge of the unit. The
simulations were carried out for the antennas #B1 and #B2, fabricated on FR408 and placed
on the NSG TEC 250 glass.
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Figure 18. Considered cases of RFID antenna and frame unit arrangements: (a) Separation x = 10 mm, 20 mm, 30 mm,
40 mm, 50 mm, 60 mm, 70 mm, 80 mm; (b) RFID antenna on the inner pane No.1 (c) RFID antenna on the outer pane No.2.

The proximity of the metal frame did not significantly affect the impedance parameters
of the antenna #B1 (Figure 19a,b). There was a noticeable reduction in the maximum CMF
value, but the frequency at which it occured changed only at small distances from the frame
(up to 5 cm). A significant distortion of the radiation pattern shape was clearly visible,
especially in relation to its horizontal plane (Figure 20a,b). However, as spatial separation
between the radiator and the unit frame increased, the shape of the directional diagrams
was more and more similar to the results for the numerical model, in which the frame was
not included.

Figure 19. CMF and radiation efficiency nRAD vs. separation distance between unit frame and antenna radiator in
arrangements: (a) No.1+#B1; (b) No.2+#B1; (c) No.1+#B2; (d) No.2+#B2.



Energies 2021, 14, 6632 17 of 26

Figure 20. Directional diagrams of radiation pattern vs. separation distance between unit frame and antenna radiator in
arrangements (f 0 = 866 MHz): (a) No.1+#B1; (b) No.2+#B1; (c) No.1+#B2; (d) No.2+#B2.

In the case of the antenna #B2, the proximity of the metal frame primarily caused shifts
in the frequency domain, but the CMF maximum value was not affected (Figure 19c,d). As
before, the distortion of the radiation pattern was significant (Figure 20c,d). In contrast to
the case of the antenna #B1, as the separation from the frame increased, the shape of the
directional diagrams increasingly differed from the results obtained for the reference model
(without the frame). This problem affected both the horizontal and vertical diagrams. It
is concluded that the antenna without the matching loop, despite good impedance and
propagation parameters, is very sensitive to environmental conditions and, consequently,
that design and maintenance problems may occur when implementing the antenna in the
desired RFID system.

With respect to the need to establish radio communication from both sides of the
active glazing unit (from inside and outside of the building), the two models of antenna
can be compared. The meandered dipole, with the loop impedance match circuit and DC
block, is a better choice than the dipole with bent arms and SMD coil as a matching element.
Based on the simulation results, it can be clearly stated that the omission of the TCO layer
and the metal frame of the glazing unit in numerical models does not significantly affect
the calculation accuracy, provided that the spatial separation is included. The suggested
minimum distances are 10 cm from the frame and 5 cm from the TCO layer.

3.2. Antenna with Reflector Introduced into the Glazing Unit
3.2.1. Antenna Design without Own Reflector

The considerations regarding the influence of the TCO layer on the RFID antenna
efficiency (Section 2.3) were also extended to other arrangements. The main concern in
this instance was not to interfere with the glass/laminate structure, that is, not to remove
the TCO layer. The presence of a thin functional layer was taken into consideration in the
numerical model. Based on the previously obtained results, only two layers of the dielectric,
separated by a layer of air, were considered. The first layer was the pane used in the glazing
unit, but fully coated with TCO on the opposite side of the antenna, and the second layer
was the substrate of the RFID sensor. The model excluded the unit frame because its impact
can be effectively eliminated by selecting the appropriate spatial separation (Section 3.1.3).
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Two new antenna patterns #C1 and #C2, presented in Figure 21, were proposed for the
research. They can operate in close proximity of the TCO layer. The first of the proposed
structures (#C1) was the so-called slot antenna. It consisted of a plane of ground in which
an appropriately sized hole was cut. An additional impedance matching loop for the
AMS SL900A chip was included in the design. In addition, a place for connecting the
DC block was provided as the radiator was short-circuited to the ground. The second
construction #C2 was the classical monopole. Its radiator was made in the form of an
expanding microstrip line terminated with a radiating element.

Figure 21. RFID antenna: (a) Slot antenna #C1; (b) Monopole antenna #C2; (c) Antenna sample under tests.

The numerical models were prepared in two versions for the different types of glass,
Stopray Vision-50 or NSG TEC 250, marked respectively: #SV-50+#C1, #SV-50+#C2, #TEC
250+#C1, and #TEC 250+#C2.

The radiation efficiency of both antenna designs was very low (Figure 22), despite a
correctly calculated model. This is due to the closeness of the TCO layer that is located
directly under the radiator. In this case, the communication between the RFID sensor and
the RWD can be impossible even for a small read range.

Figure 22. Parameters of RFID antennas: (a) CMF; (b) Radiation efficiency nRAD.

It is also worth paying attention to the directional diagrams of the radiation pattern.
The back lobes were strongly suppressed in the model with the Stopray Vision-50 pane
(dark line in Figure 23), and the diagram was directional. In contrast, the diagram of the
model with an NSG TEC 250 pane was similar to the radiation characteristics of a half-wave
dipole. The difference was caused by the conductivity of the TCO layer.

Finally, if the conductivity of the coating is high (5 Ω/� for Stopray Vision-50 pane),
then the functional layer works as a reflector and most of the radiated energy is concentrated
in the main beam. In the case of the low conductivity (300 Ω/� for NSG TEC 250) pane,
the layer works as an absorber, slightly suppressing electromagnetic waves.
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Figure 23. Vertical and horizontal directional diagrams (f0 = 866 MHz): (a) Slot antenna #C1; (b) Monopole antenna #C2.

3.2.2. Reflector under TCO Layer

The influence of the thin functional layer can be eliminated by using a reflector
inside the structure of the glazing unit (on the inner side of the pane, opposite to the
antenna radiator). A conductive material, such as 18 µm thick copper plate, can be used
for this purpose. In consequence, the radiation pattern becomes strongly directional
and the maximum value of the power transfer coefficient was significantly increased
(Figure 24), but the antenna operating bandwidth (defined for CMF in the range from
0.5 to 1) was narrowed. In addition, an improvement in the propagation properties can be
observed and is manifested in particular by a significant increase in the radiation efficiency
(Figure 24a). The copper layer, with better conductivity than the TCO, resulted in a further
reduction of the antenna’s back radiation (Figure 25)—in the case of the SV-50 pane, the
directional diagrams were almost the same for the models with the Cu and TCO component.
Significant differences were visible in the model with the TEC 250 (Figure 25) because of
the low conductivity of the functional layer (please compare with Figure 23). In the case of
a monopole, there is no significant improvement in the radiation efficiency (Figure 24b).
This is due to the fact that the open antenna is more sensitive to harsh environmental
conditions than the slot antenna.

The proposed idea of an additional Cu conductive layer as the reflector enabled
attenuation of the influence of TCO (or the heating coatings, as well as any other thin
layers that are used in PV cells), and design of the antenna system with well-matched
impedance. However, the problem of preparing the numerical model of the radiation
structure placed on the glass substrate, especially under the PV module components, needs
to be overcome. Where the type of pane is changed, from which the target glazing unit
is built, it is necessary also to change the geometrical dimensions of the proposed RFID
antenna. Furthermore, in order to obtain convergence of the numerical calculations, the εr
parameter of the used materials needs to be accurately determined.
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Figure 24. CMF and radiation efficiency nRAD when modelling with TCO or Cu layer: (a) Slot antenna #C1; (b) Monopole
antenna #C2.

Figure 25. Vertical and horizontal directional diagrams (f0 = 866 MHz): (a) Slot antenna #C1; (b) Monopole antenna #C2.

4. Conclusions

The main conclusion from the research undertaken is that the dielectric and mechanical
(e.g., thickness) parameters of the glass panes used in the construction of a glazing unit
have a significant influence on the impedance properties of the radiation circuit in the
RFID sensors. In order to achieve the assumed level of impedance matching between the
antenna and the chip, it is necessary to know the exact values of the parameters and to
introduce them correctly into the numerical calculations. However, only little information
on the properties of the material used was obtainable from the scientific literature, and the
manufacturers’ datasheets and notes did not provide details on the desired parameters of
the glass, functional layer, frame of units, etc.

Designers can seek to adapt RFID tag constructions dedicated to operation in harsh
environments (close to metal or glass), or for implementation in automotive applications.
However, in the known typical designs of transponders, the RFID chip position inside
the structure of the antenna circuits makes it impossible to feed measured signals to the
acquisition blocks. The problem becomes complicated when the transponder needs to
operate in a semi-passive mode, which is the case when designing the RFID sensors for
PV applications. Moreover, since the semi-passive chip cannot operate with the matching
circuit in the form of a short-circuited loop, the special construction of the antenna has
to be considered. However, given the state of the art, the authors propose utilizing the
benefits gained from hard-tag construction with the reflector of electromagnetic waves. An
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unquestionable advantage in this case is the potential for fixing the RFID antenna system
on the surface of the outer pane of the glazing unit. There is no need to interfere with
the structure of the unit and it allows implementation of the RFID-sensor at any stage
of production.

Generally, if the UHF antenna of the typical RFID sensor is placed directly above the
conductive layer (i.e., heating, TCO layer) it results in a significant decrease in its radiation
efficiency. It is observed as a drop in energy gain, a decrease in the amount of harvested
supply power in the chip and, finally, as a reduction in the read/write range. This negative
impact can be overcome, but the RFID antenna needs to be designed very precisely with
great attention to the values of the parameters of the materials used in the structure of the
glazing unit. In consequence, in such cases, the RFID sensor is not a universal device.

Therefore, the article has proposed some minor active glazing unit modifications,
such as removing the conductive layer under the radiation circuit, or immunising the
antenna operation by using an additional copper plate. The possibility of establishing radio
communication from both sides of the active glazing unit (from inside and outside of the
building) is a significant advantage of the first approach. On the basis of the simulation
results, it can be clearly stated that the omission of the TCO layer and the metal frame in
numerical models does not significantly affect the calculation accuracy, provided that the
spatial separation is introduced.

The proposed idea of the additional copper conductive reflective plate allows for
attenuating the influence of the conductive layer and the design of an antenna system
with well-matched impedance. However, the problem of preparing the numerical model
of the radiation structure placed on the glass substrate has to be overcame. In the case
of changing the type of pane, from which the target glazing unit is built, it is necessary
also to change the geometrical dimensions of the proposed RFID antenna. Furthermore, in
order to obtain convergence of the numerical calculations, the dielectric parameters of the
materials used need to be accurately determined.

Moreover, the impact of the PV module components has been considered. The best
solutions to the problem are to maintain the distance or to apply the reflector under the
antenna; removing the window in the TCO layer or PV components is not recommended
due to technological difficulties, although is possible. These solutions will work for all
commercial PV modules that are fabricated in the Ist, IInd, and IIIrd generation, and that
are not transparent. These PV modules cannot cover the entire surface of the active glazing
unit due to the need to transmit sunlight inside the building. The problem arises when
transparent PV nano-layers are used. Since the technology is not widely available, the
dielectric parameters of the nano-layers and the means of current outputs in a new PV
module are unknown. As it is a potential solution, developments in this technology need
to be pursued, and research in this area is to be welcomed.
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Appendix A

In the paper, the authors consider the influence of active glazing unit components
on the efficiency of RFID antenna. If the distance between the radiation circuit and the
components is sufficient then this impact can be ignored. Otherwise, if the RFID sensor
is to be placed close to the photovoltaic cells then their structure has to be taken into
consideration in the antenna synthesis process. A PV cell can be considered as a spatial
structure composed of several layers; then the dielectric parameters need to be determined
for each material used in the photovoltaic stack. Based on the data gathered, it is possible
to build a numerical model using specialized simulation software, as well as to estimate
the influence of the construction materials on the electromagnetic field distribution. For
example, in the case of dye-sensitized solar cell DSSC, approximate values of electrical
parameters can be found in the publication [30] and are summarized in Table A1. The
presence of metal and fluids (electrolyte) in the 3rd generation PV cell strongly affects the
impedance parameters and the energy efficiency of RFID antennas. Therefore, locating the
antenna system of an RFID sensor on the surface, or in the close vicinity of DSSC, requires
the use of a special design, dedicated to operation in difficult environmental conditions
(e.g., with an additional reflector under the radiator).

Table A1. Selected parameters of the material used in DSSC [31–34].

Layer εr δ, S/m Thickness

Glass 6,7 N/A 2 mm
Transparent conductive oxides ITO N/A 10−6 600 nm

Transparent semi-conductive oxides TiO2 85 N/A 10 µm
Electrolyte N/A 3·10−4 0,4 mm

Catalyst layer, Pt N/A 9,66·10−6 5 nm

Appendix B

In order to conduct an effective analysis of RFID antenna performance based on the
results obtained from the numerical calculations, two aspects should be taken into account:
(a) impedance, (b) propagation. In the first case, special attention should be paid to the
power transfer factor, which describes the amount of energy passing from the antenna to
the transponder chip. This parameter is also referred to as CMF (conjugate match factor).
It is a numerical measure of the impedance matching of two components and can be
determined from the relationship [7]:

τ =
4Re(ZTA)Re(ZTC)

Re(ZTA + ZTC)
2 + Im(ZTA + ZTC)

2 (A1)

where ZTA means antenna impedance and ZTC means chip impedance. The components are
matched when CMF = 1 (τ = 1) which implies full coupling of both impedances ZTA = ZTC*).

When the propagation aspects are considered, then the radiation efficiency ηRAD,
should be taken into account. This parameter is determined from the dependence:

ηRAD =
Pradiation

Pinput
(A2)

as the ratio of power radiated Pradiation and delivered Pinput to the antenna. The value of
100% means that the whole energy is radiated, 0% means lack of radiation.
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Appendix C

Every real capacitor can be represented by an RLC equivalent with capacitance C0 se-
rial resistance RS (ESR—equivalent series resistance), serial inductance LS (ESI—equivalent
series inductance) and parasitic parallel capacitance CP that is related to the parallel reso-
nant frequency fPR (Figure A1a).

Figure A1. DC block: (a) Equivalent of real capacitor; (b) Fragment of an exemplary simulated RFID
antenna with DC block.

The serial resonant frequency fSR of the capacitor is described by the formula:

fSR =
1

2π
√

LSC0
(A3)

The capacitor reactance is close to zero and the impedance is equal to the serial
resistance RS at this frequency. On the basis of (C1), the capacitance can be determined
for which the influence of the capacitor on the antenna performance is negligible. The
impedance equivalent is described by the relationship:

ZCAP =

√
(Rs)

2 + (XL − XC)
2 (A4)

where, XL, XC means values of the reactance.
The impedance module of an exemplary capacitor (e.g., 100 pF) with a 1 GHz self-

resonance [35,36] is shown in Figure A2a. This passive element shows a capacitive nature
below the fSR frequency (the graph shows a hyperbolic curve), and an inductive character-
istic above this point (a linear segment of the graph). The selection of the parasitic parallel
resonance is another important aspect when looking for a capacitor for the DC block.
The frequency fPR is determined by the value CP in the equivalent circuit. The RF signal
attenuation caused by the DC Block is visible in the plot of parameter S21 (Figure A2b). If
the capacitor is to be used in the antenna of an RFID sensor, the value of this parameter
should not exceed a few tenths of dB in the considered operating band.

Figure A2. Characteristics of 100 pF capacitor—example: (a) Impedance ZCAP; (b) S21.

The ceramic MLCC capacitors should be used in the UHF radiofrequency band. They
are designated as NP0 and C0G according to the used dielectric. The capacitance of
33–68 pF is usually used in the frequency band of 860–915 MHz. Additionally, the capacitor
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should have a sufficiently large value of Q factor when it is intended to be used as the DC
block. The Q parameter can be determined by the dependence:

Q =
|XC − XL|

ESR
(A5)

It is also desirable that the fSR frequency should be slightly higher than the operating
frequency [37,38].

Considering all the described requirements and commercially available products, lim-
ited additionally by the preferred number of values, the MULTICOMP MC0603N560J500CT
capacitor of 56 pF, in the housing 0603 [39], was selected for the considered investigations
on the RFID sensor. The simulation of an exemplary structure was carried out in order
to check the influence of the selected capacitor on the impedance of the RFID antenna.
The test setup consisted of an antenna on a dielectric substrate ISOLA FR408, placed on
a low-iron laminate with a passive copper reflector at the bottom. The calculations were
performed for models with and without the DC block (Figure A1b).

Based on the graphs (Figure A3), a negligible effect of the capacitor on the antenna
impedance was observed. Slight differences in the CMF values may result from the method
of preparing the model in the numerical software. A new port is defined instead of the slot
in the antenna path in order to represent the DC block. It may have a minor effect on the
value of the calculated impedance. It should also be noted that the value of the capacitance
was calculated for the 866 MHz frequency and selected with some uncertainty from the
available preferred series.

Figure A3. Influence of DC block on RFID antenna parameters: (a) Impedance ZTA; (b) CMF.
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