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We keep moving forward, opening new doors,
and doing new things, because we’re curious
and curiosity keeps leading us down new paths.
Then, all our dreams can come true, if we have
the courage to pursue them.
Walt Disney.
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Resumo
Esta pesquisa propõe uma etiqueta passiva flexível que opera na faixa de 902-928 MHz
de Ultra Alta Frequência (UHF) para aplicações de Radio Frequency Identification (RFID).
A antena pequena tem uma dimensão de 13 mm x 28 mm x 0.4 mm e está composta de
um substrato comercial flexível com facilidade de obtenção, para ser colada sobre superfícies
cilíndricas metálicas com diferentes tamanhos.

A geometria da antena foi otimizada, usando o algoritmo genético, para maximizar sua
distância de leitura. O desempenho da antena foi avaliado sobre superfícies planas e curvas,
através de simulações da impedância de entrada, ganho, coeficiente de reflexão e distância de
leitura. Além disso, medições do coeficiente de reflexão da etiqueta foram desenvolvidos. Os
resultados da etiqueta RFID provam que a antena proposta pode ser utilizada sobre superfí-
cies metálicas cilíndricas com uma distância de leitura superior a um metro para aplicações
relacionadas com gestão de ativos industriais, controle de acesso, equipamentos médicos e
da construção, identificação de peças metálicas pequenas como ferramentas, instrumentos de
cozinha, recipientes metálicos e sprays.

Adicionalmente, neste trabalho foi estudado o comportamento eletromagnético da antena
sobre cilindros fabricados com materiais de polyethylene terephthalate (PET) para garrafas
plásticas. Baseado no processo de otimização, que tem como objetivo maximizar o raio de
cobertura da etiqueta, uma distância de leitura de um metro foi conseguida. Os resultados
mostram que a antena tem um comportamento confiável e útil sobre cilindros com pequeno
raio. Além disso, a adição de líquidos dentro do material PET, dependendo de sua permis-
sividade, pode incrementar a distância de leitura da etiqueta RFID.

Palabras-chave: Antena pequena, Curvatura da antena, Distância de leitura, Substrato
flexível, RFID.
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Abstract
This research proposes an Ultra High Frequency (UHF) flexible passive tag antenna for
Radio Frequency Identification (RFID) which operates at 902-928 MHz band frequency. The
small antenna has a dimension of 13 mm x 28 mm x 0.4 mm and contains a flexible com-
mercial substrate with ease of obtaining, for being attached over flat and cylindrical metallic
surfaces with different sizes.

The geometry of the tag antenna was optimized, using a genetic algorithm, maximizing its
read range at 915 MHz. The antenna performance was evaluated on flat and curved surfaces,
by simulations of input impedance, gain, reflection coefficient and read range. Also, measu-
rements of reflection coefficient of the tag antenna were developed. The results of the RFID
tag prove that the designed antenna can be wrapped on cylindrical metallic surfaces with
read ranges above one meter, useful for applications of industrial asset management, access
control, construction and medical equipment, and identification of small metallic items such
as hardware tools, kitchenware, tin cans, and spray bottles.

Additionally, in this work, a study about the electromagnetic behavior of the tag antenna
mounted on cylinders fabricated with polyethylene terephthalate (PET) materials was de-
veloped. Based on optimization process, whose goal is maximizing the coverage ratio of the
tag antenna, a read range of about one meter is obtained. Results show that the antenna has
a reliable and useful behavior over cylinders with small radius. Furthermore, the addition of
a liquid component inside the PET volume, depending on its permittivity, can increase the
read range of the tag antenna.

Keywords: Antenna curvature, Flexible substrate, Read range, RFID, Small antenna.
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1 Introduction

Radio Frequency Identification (RFID) is a wireless communication system employed for
tracking multiples objects using RF signals. For example, in medical and construction area,
it is required the constant supervision and care of instruments, equipment, inventory, and
user and technical documents stored in racks and servers with the aim to supply an opti-
mum and innovative service. Also, this technology is very useful for tracking of small metallic
items such as: hardware tools, kitchenware, tin cans and spray bottles. Additionally, contro-
lled access to restricted areas requires a reliable security system which can include the use
of bracelets and cards equipped with RFID technology.

Sixty years after the publication of its principle of operation [3] (communication by reflec-
ted waves), RFID technology remains among the « top ten » worldwide technologies. This
growing interest is basically due to the advantages of this technology which provides an
automatic, fast, and effective service for applications related to the tracking of objects in-
side a specific coverage radius. Also, its potential to collect and compile massive amounts
of detailed real-time data about its surrounding environment opens the way for plenty of
new applications in the field of Internet of Things (IoT) with 50 billion connected objects
expected for 2020 [4, 5].

RFID system is mainly composed of three elements: reader, tag and host. The tag comprises
an antenna and a chip IC (Integrated circuit) which contains its own identification code (ID).
The chip must be energized, in passive or active way, to listen to the commands supplied by
the reader and to answer by emitting electromagnetic waves.

The passive tag uses the incident wave sent from the reader to power the chip. After, in the
chip IC, it is developed a rectification process of the incident signal, and its complex input
impedance is automatically modified to generate the modulated backscattering signal, This
process is needed to send back its identification toward the reader [1, 2], as shown in Figure
1.1, where the performance of the UHF passive RFID system is illustrated.

Furthermore, the host is connected to the reader, working as a data management system
and reading the information about the labeled objects. Finally, it develops the data delivery
toward the final user.
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Figure 1.1: Basic components of the passive RFID tag.

Most of RFID systems operates at UHF (Ultra High Frequency) band. The operating fre-
quency varies in each country according to its radio frequency spectrum regulation. World-
wide there are three main frequency bands, the 865-868 MHz band is adopted in Europe, in
America the 902-928 MHz band is used, Japan and some Asian Countries use the 952-954
MHz band [1].

It is a hard and challenging task to design antennas fulfilling the operation frequency requi-
rements imposed for RFID applications with an optimum performance over metallic curved
surfaces. Improving the read range of the tag is the most important challenge in RFID sys-
tems. It requires the assessment of main electrical parameters of the tag antenna, such us:
directivity, radiation efficiency, gain, impedance and transmission coefficient to compute the
impedance matching with the chip IC.
In literature exists some antenna projects with RFID applications on flexible structures. [2]
and [6] propose a small and flexible tag antenna using a ceramic (BaTiO) polymer (poly-
dimethylsiloxane) composite substrate. The flexible substrate has a high-permittivity pro-
perty in order to reduce the size of the tag antenna and improving its performance.

Moreover, [7] develops a passive UHF RFID tag, designed on an inexpensive paper substrate.
In this reference, a cost effective solution to monitor moisture in an absorbing substrate is
investigated. The main characteristic of the antenna design is the sensitivity of the antenna
polarization on the passive RFID tag to the moisture content in the paper substrate. By
simulations, the antenna is circularly polarized when the substrate is dry and the antenna
is linearly polarized when the substrate is wet.

In addition, [8] propose a low cost and a low profile flexible microstrip patch tag antenna for
UHF RFID systems that can be metal mountable, using a sheet of Teflon with thickness of
0.5 mm as dielectric substrate. The antenna performance over metallic plates is evaluated
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by simulations and measurements about impedance, gain and reflection coefficient of the tag
antenna.

Finally, [9] proposes a Microstrip Patch Antenna designed for narrow band for materials with
three different substrate permittivity. In this work, materials such us: dacron fabric, woven
fiberglass fabric and Fleece fabric are used as antenna substrates in order to analyze the
antenna’s impedance matching and radiation pattern in function of substrate permittivity
and the antenna bending.

Small antenna can be defined by Wheeler [10] as a radiator sensor whose maximum dimen-
sion is less than the radian-length, in other words, less than 0.5π wavelength. These antennas
have a behavior of lumped capacitance or inductance, and the reduction of its size imposes
a decrease on the bandwidth due to mismatch (from generator to antenna or from antenna
to load) generating a loss of coupling efficiency. By definition, electrical small antennas pre-
sents a high quality factor [11]. That means that the antenna has a reduced bandwidth and
a limited radiation efficiency. These consequences generate a low antenna gain and limits the
tuning of its frequency band, making it difficult the antenna design with a small electrical size.

One of the most important challenges in RFID industry is the antenna design for its ope-
ration on materials with high-dielectric constant or high conductivity [12]. These objects
degrade the tag performance because the impedance matching between the antenna and the
chip is affected, leading to low read range rates [13]. The proximity of the tag and conducti-
ve surfaces generates image current which can cancel the antenna current due to the phase
difference about 180◦ between them. This problem can be very damaging because generally
the environment is surrounded by metallic objects, which can affect the input impedan-
ce, the resonant frequency, gain, efficiency, and radiation pattern of the RFID tag antenna
[6, 14]. Furthermore, in RFID tag design, it is very important to propose strategies to reduce
the induced current on conductive edges of the object where the tag is wrapped. Generally,
when the tag operates over a metallic surfaces, there is a surface current density stored on the
edges of the metallic surface which affects the radiation pattern and the antenna efficiency [2].

Moreover, the effect of the antenna curvature plays an important role in the antenna perfor-
mance. The resonance frequency and the antenna gain are two sensitive electrical parameters
to antenna bending [15, 16]. Therefore, the read range and the operating frequency of the
tag antenna differ according to the shape of the labeled object.

As it was mentioned, most of published papers on RFID flexible tag antenna in the litera-
ture, propose building flexible substrates composed of polymer materials over a cylindrical
metallic surface [2, 6, 17]. However, the use of these "homemade"substrates present many
disadvantages. First of all, it is not possible to get these kind of materials in the market



4 1 Introduction

easily. Also, the homemade substrate does not provide accurately its electrical parameters.
This is due to the measurement procedure of the permittivity and loss tangent not be des-
cribed in details to determine its reliability. Finally, the manufacturing process is unknown
and it can not keep quality standards to guarantee good performance of the product.

Moreover, the paper [2] in addition to use a homemade substrate, does not present a metho-
dology for the antenna design, neither it defines a selection criteria of the antenna parameters.
These factors, together the lack of analytic analysis to determine the effect of the antenna
curvature on the electrical antenna parameters, represent a limitation in the understanding
and contribution of the original proposal.

In such a way, this research proposes a RFID tag for mounting on curved metallic surfa-
ces. The tag comprises the small antenna design at UHF band, using a flexible commercial
substrate. The starting point is the tag antenna originally proposed in [2]. In this work,
its design parameters are modified using a genetic algorithm to optimize its performance.
The optimization process is based on the manipulation of the parameters which involve the
T-matching network, the size of the slots and the dielectric loading to improve the antenna
performance.

Then, the main contribution of this project is proposing a RFID flexible tag antenna in
the UHF band for applications which involve curved metallic structures, using a commer-
cial flexible substrate. The proposal provides an optimized methodology for antenna design,
using an optimization process which defines an optimum geometry of the antenna to im-
prove its performance. The antenna performance evaluates the following parameters: return
loss, impedance matching between the antenna and chip, gain, and read range. Moreover, an
analytic analysis about the effects of the antenna curvature based on the cylindrical cavity
model is developed to determine the influence of this variable in the resonance frequency of
the antenna. Finally, the influence of the substrate thickness and the roughness effect on its
electrical parameters is analyzed, with the aim to have a good precision in the properties of
substrate permittivity and dielectric loss, allowing the proper design of RFID small antennas.

Furthermore, in this work an optimal tag antenna is designed with a maximized read range,
when mounted on plastic (polyethylene terephthalate - PET) bottles. Additionally, the elec-
tromagnetic behavior of the tag antenna on PET cylinders is evaluated with different liquid
contents.
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1.1. Objectives

The main objective of this work is to design a passive UHF RFID tag using a commercial
flexible substrate. Also, this research proposes a project methodology for antenna design
considering the surface curvature where the antenna is placed.
Based on the general objective, the following specific objectives were defined:

Selecting the flexible substrate with optimum electrical characteristics.

Simulating the tag antenna in HFSS software and evaluating its electromagnetic per-
formance.

Studying the effect of antenna curvature on its electromagnetic performance.

Optimizing the geometry of the tag antenna by maximizing its read range.

Building the RFID tag prototype and developing measurements about antenna impe-
dance and reflection coefficient.

Analyzing and comparing the antenna performance in the simulated and measured
scenario.



2 Antenna Design and Methodology

2.1. Antenna Characteristics of the original work

The geometry of the tag antenna designed in this work is shown in Figure 2.1. The antenna
has a dimension of W=13 mm x L=28 mm. The tag is equipped with NXP G2iL IC chip
[18]. It has a complex impedance of 23-j224 Ω at the central frequency of 915 MHz [19].
Besides, the chip has a sensitivity PIC=-18 dBm.

Figure 2.1 displays the original tag antenna seen from a front and side view (a, b, c). Also, it
is illustrated in (d) a proposed modification in the antenna substrate to achieve an optimum
performance. The antenna substrate has a cylindrical geometry with radius=16 mm. Table
2.1 shows the parameters and dimensions of the tag antenna originally proposed by [2],
using a homemade substrate fabricated with a high-dielectric polymer-ceramic composite
substrate (BaTiO3 + polydimethylsiloxane polymer), with dielectric constant about 12 and
loss tangent close to 0.01.

However, the substrate used in the original proposal is a homemade material. Then, its
acquisition in the market is not possible and its electrical parameters, as permittivity and
loss tangent, are not provided with a high accuracy by the manufacturer.

Table 2.1: Parameters and dimension of the proposed tag antenna [2].

Parameter
Length

(mm)
Parameter

Length

(mm)
Parameter

Length

(mm)

a 3 f 6 n 1

b 2 g 5 o 11

c 1 h 1.5 p 6

d 2 i 1 L 28

e 1 m 1.5 W 13
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(a)

(b)

(c) (d)

Figure 2.1: Original RFID tag antenna model seen from: a) front view, b) front view with
substrate, c) side view. d) Proposed RFID antenna seen from side view.

2.2. Selection of the substrate

According to the disadvantages using a homemade substrate, it was defined a selection
criteria of a new substrate based on the following items: acquisition in the market, good
performance in high frequencies, a high dielectric constant and a low dielectric loss.

Thus, based on the searching in the market and considering the selection criteria, it was
selected the Rogers Ultralam 3850HT substrate with the following characteristics: dielectric
constant of 3.14 and dielectric loss tangent of 0.002 [20].
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The use of the selected substrate on the original antenna, with dimensions 13 mm x 28 mm,
presents a displacement of the resonance frequency in the gigahertz order. Nevertheless, it is
desirable to achieve an impedance matching between the chip IC and the tag antenna at 915
MHz frequency band. Thus, the selection of a substrate with high dielectric constant allows
a decrease in the resonance frequency of the antenna and obtaining a proper impedance
matching in the desired frequency band [11].

Furthermore, the substrate thickness was chosen based on the antenna performance for the
selected application. Rogers Corporation supplies three different substrate thickness: 0.025
mm, 0.05 mm, 0.1 mm and 0.175 mm. Hence, simulations to determine the electrical perfor-
mance for each case were run, in order to select the proper thickness. Here, parameters as:
resonance frequency, radiation efficiency and antenna gain, differ depending on the selected
thickness. In this work, the radiation efficiency and antenna gain were computed without
considering the reflection coefficient due to impedance matching. Then, it was concluded
that, as the substrate thickness increases, the radiation efficiency, antenna gain and reso-
nance frequency increase too, as depicted in Figure 2.2 and 2.3. However, the impedance
matching tends to worsen.

Based on the analysis of the cavity model with loss for microstrip antennas in [21], the
increment of the quality factor, which occurs for an increase of the substrate thickness,
produces an increment in the resonance frequency of the antenna.

1.3 1.4 1.5 1.6 1.7 1.8 1.9

Frequency (GHz)

-20

-18

-16

-14

-12

-10

-8

-6

-4

-2

0

R
e
fl

e
c
ti

o
n

 C
o

e
ff

ic
ie

n
t 

(d
B

)

h=0.4 mm

h=0.8 mm

h=1.2 mm

h=1.5 mm

h=2 mm

Figure 2.2: Reflection coefficient of the tag antenna for a variation of the substrate
thickness.

In such a way, a substrate thickness which presents an optimal balance among the mentioned
electrical parameters, was needed to achieve good antenna performance. Here, a substrate
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Figure 2.3: Variation of antenna gain and radiation efficiency in function of the substrate
thickness.

laminate with the highest thickness does not satisfy an optimal antenna performance. Then,
two laminates of Ultralam 3850HT (each laminate with thickness of 0.175 mm) with an
adhesive layer were selected to create a single substrate with thickness of 0.4 mm [20, 22],
as shown in Figure 2.1 d).

2.3. Characteristics of the selected tag antenna

Figure 2.4 shows a graphical representation of the main electrical characteristics of a RFID
tag [1], where Ra and Xa are the antenna resistance and reactance, and Rc and Xc are the
chip resistance and reactance. Parameters such as: antenna input impedance, chip impedan-
ce, resonance frequency, read range and the range bandwidth of the tag antenna, are very
important to analyze the electrical performance of the selected antenna. Here, bandwidth
may be defined as the frequency band in which the tag can generate a minimum required
range produced by the backscattering process with the aim that the reader can demodulate
and accept the signal information provided [1].

In order to accomplish good matching impedance among chip and antenna, it is very im-
portant to adjust the antenna reactance in the desired frequency, which can be improved
through the addition of slots and T-matching networks [13]. A good matching leads to ma-
ximum power transfer, and consequently, a high transmission coefficient.
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Figure 2.4: Curves on antenna and chip impedances and read range of the tag antenna [1].

Equation (2.1) shows the relation between the resonance frequency and the antenna reactance
for an equivalent RLC circuit. An increase of the antenna reactance, through its capacitance
and inductance, produces a reduction in its resonance frequency, which, in many cases, is
the goal, so as to minimize the overall size of the antenna or to achieve a good impedance
matching.

2πf =

√
1

LC
(2.1)

The selected dipole antenna is composed of two main combinations that involve techniques
to miniaturize the geometry of the antenna and reach good performance. These elements are
T-matching and slots.

2.3.1. T-matching

T-matching network is an important method in small antennas design to achieve an impe-
dance matching between the chip and tag antenna. In this case, the input impedance of the
planar dipole is modified by introducing a centered short-circuit stub, as shown in Figure
2.5. T-matching adds a conductor loop in the antenna structure around its terminals, where
the slot generates a short circuit current path. Hence, the slot controls the current path, and
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Figure 2.5: T-matching network configuration.

Figure 2.6: T-matching structure equivalent circuit model.

therefore, the inductive impedance of the antenna through the shape of the stub [23].

Figure 2.6 displays an equivalent circuit of a typical dipole with a T-match configuration.
This network modifies the antenna impedance to the desired frequency through the adjust-
ment of T-match geometry [24]. The structure can be represented by an equivalent circuit,
where the T-match works as an impedance transformer, which, depending on the transfor-
mation relation can provide a good matching impedance and reduce the overall size of the
tag antenna [2, 21].

Where:

Zt: Impedance of shorted-circuit formed by the T-matching and dipole.

Zd: Dipole impedance in the absence of T-match connection.

T-matching has a degree of freedom represented by “α”, which defines the matching relation
between the antenna and chip impedance. Additionally, the matching factor (α) determines
the current division factor between the two conductors, as given in equation (2.2).
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α =
log
(
c+a

2
+ e

2

a′

)
log
(
c+a

2
+ e

2

e′

) (2.2)

For e′=0.5e and a′=0.5a. These variables are the equivalent radii of the dipole antenna and
the matching stub, respectively.

Equation (2.3) represents the impedance at the source point as a function of α. The optimum
adjustment of parameters a, c, e and p, implies an increase of the antenna impedance (Zin)

and a shift of the resonance frequency of the tag.

Zin = Zchip∗ =
2Zt[(1 + α)2Zd]

2Zt + (1 + α)2Zd
(2.3)

Where the input impedance of the short-circuit stub (Zt), represents the T-match conduc-
tors and part of the dipole antenna, and depends on the characteristic impedance of the
two-conductor transmission line (Zo), with spacing c+ a

2
+ e

2
.

Furthermore, the tag antenna with T-matching network can be represented by the equivalent
circuit of Figure 2.7. The T-match is composed of shunt and series inductances which allow
the impedance matching with the high capacitive chip impedance [14], adjusting the vertical
and the horizontal length of the T-match, through the parameters p and c.

Figure 2.7: Equivalent circuit of tag antenna with T-matching network.

The antenna configuration without the T-match network (see Figure 2.8 b) has an appro-
ximate impedance of 0.04+6.9j Ω at 915 MHz. Therefore, the T-match network plays an
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important role in the impedance matching between the antenna and chip [25], by increase
the inductive impedance of the tag antenna. This matching leads to maximum power transfer
and a reduction of its operation frequency, satisfying good antenna performance and high
radiation efficiency.

Figure 2.8 shows the current distributions of the tag antenna, with and without the T-match
network. The amplitude of the surface current density is concentrated around the T-match
network as consequence of the addition of inductive loads to the dipole antenna. This allows
increasing the antenna impedance and helps achieving an optimum impedance matching
between the chip and antenna. In the absence of the T-matching, the current density is
diminished on the antenna surface, representing less power in the tag antenna to radiate the
backscattering signal towards the reader.

(a) (b)

Figure 2.8: Current distribution of the dipole antenna with (a) T-match network and (b)
simple configuration.

As was analyzed in this section, the parameter p is a sensible variable influencing the per-
formance of the antenna. Figure 2.9 illustrates the power reflection coefficient of the tag
antenna, with the selected parameters in section 3.2.1, changing the geometry of the T-
match network when the antenna is mounted on copper plate of 125 mm x 125 mm. An
increment of parameter p produces an increase in the antenna inductance, and therefore,
the reduction of the resonance frequency. Additionally, the return loss decreases at 915 MHz
frequency for high values of p.
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Figure 2.9: Reflection coefficient of the tag antenna for a variation of the parameter p
related to the T-match network.

2.3.2. Shaped slots

One of the most feasible strategies to achieve the complex impedance matching is the em-
ployment of shaped slot which produce a high inductive reactance in the antenna. The slot
can be represented as an impedance transformer, where each discontinuity supplies energy
storage and radiation. For this reason, each discontinuity can be considered as a further
degree of freedom, and it is very important to execute tasks related with miniaturization
and impedance matching in a specific resonance frequency [24].

Moreover, for small antennas, the current flows from one edge towards the other. However,
when the slots are located on the antenna, the current is blocked, representing a high im-
pedance path. Thus, the current requires a longer path to reach the other antenna edge,
increase the series inductance [24]. Consequently, the current density tends to increase in
surrounding areas of the slot due to the high current flux.

The analysis of its electromagnetic behavior can be done through the equivalent circuit of
the slot with a typical RLC. Therefore, depending on the shape and size of the internal slot
is possible to obtain a high peak reactance and to achieve the antenna tuning in the desired
frequency.

As the size of the slot’s width increases, the resonance frequency and the peak reactance are
reduced [24], produced by increase capacitances of the antenna. Additionally, the resistance
is sensitive to the slot’s width, while the reactance has fast and nearly linear variations to
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the size of slot’s width and length.

Thus, slots play an important role in antenna tunning in the desired operating frequency
based on the increase of the current path [26]. Nevertheless, if the size of the slot is too large,
it can serve as a significant obstruction in the flow of resonant fields and currents, producing
undesired reflections [11]. The size reduction of the tag antenna is limited by the amount of
parasitic inductance which are introduced by the slot segments [27].

The power reflection coefficient and resonance frequency of the tag antenna can be adjusted
with a variation on slot’s parameter g of the tag antenna [2]. The increase of the slot th-
rough the parameter g in the dipole structure generates a decrease of the operating frequency.

2.4. Optimization problem

For improving the antenna performance, the main challenge in RFID systems is to maximize
the tag read range. Hence, to satisfy this goal, a maximum power transfer between antenna
and chip is needed, and to enhance the antenna gain. This aim wants to accomplish a good
transmission efficiency which allows to generate the backscattering signal by the tag.

Most antennas are designed to operate with an input impedance of 50 Ω or 75 Ω. However,
the chip impedance has a complex impedance that varies with the frequency. For RFID tag,
it is crucial to achieve suitable impedance matching between the chip and the antenna. In
such a way, it is important that the antenna impedance tends to the conjugate of the chip
impedance to transfer the maximum power and reach a wide read range [14]. Figure 2.10
shows a simple circuit model for RFID tag [28], where it is possible to analyze the importance
of impedance matching.

In order to evaluate the antenna performance, it is useful to know how well the antenna and
the chip are matched. Thus, the power transmission coefficient is given by [2]:

τ =
4RaRchip

|Za + Zchip|2
(2.4)

Where Za=Ra+jXa and Zchip=Rchip+jXchip are the complex antenna and microchip input
impedances.

The power reflection coefficient |S|2, also named return loss, is defined as the ratio of the in-
cident power on the tag antenna and the power reflected back [2], as shown in equation (2.5).
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Figure 2.10: Circuit model of RFID passive tag.

Pref
Pin

=

∣∣∣∣Zchip − Za∗Za + Zchip

∣∣∣∣2 (2.5)

Subsequently, the read range can be defined as the maximum distance at which the reader
can detect the tag antenna. The read range can be expressed by the Friis equation: [23]:

dtag =
λ

4π

√
GtagτEIRP

PIC
(2.6)

Where PIC is the chip sensitivity, Gtag is the tag antenna gain, τ is the transmission coef-
ficient and EIRP represents the equivalent isotropic radiated power, defined as 4 W at 915
MHz, according to the normative [19]. Also, a polarization matching between the reader and
tag is assumed perfect. Then, the polarization efficiency is 1.

In order to achieve the best antenna performance, an optimization process on the geometry
of the antenna was applied, using a Genetic Algorithm (GA) [29] by a Matlab’s toolbox and
HFSS. GA method is a stochastic search algorithm with good characteristics of local search
and generation of diversity. GA is used in antenna projects to obtain optimal solutions for
many problems, through the evolution of organisms and biological observations [30, 31].

The objective of the optimization was maximizing the read range of the tag in the central
frequency of 915 MHz. In the optimization process, firstly it was developed an antenna pa-
rametrization, including all parameters of the tag, to determine which antenna parameters
are the most sensitive to improve the impedance matching and the antenna gain. In this
sense, 6 parameters (a, c, f, g, n, and p according Figure 2.1) were selected, and they were
defined as input variables in the genetic algorithm to maximize the read range of the tag on
the metallic surface, as shown in Table 2.2.
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Table 2.2: Restrictions of the input variables in the genetic algorithm.

Parameter
Length

(mm)
Parameter

Length

(mm)

a 2.5 ≤ a ≤ 3.5 g 5 ≤ g ≤ 10

c 0.8 ≤ c ≤ 1.2 n 0.8 ≤ n ≤ 1.2

f 5 ≤ f ≤ 10 p 12 ≤ p ≤ 22

Afterwards, an objective function was defined, considering a reference read range of 5 m to
guarantee the proper maximization of read range of the tag. Hence, the objective function
f(x) was minimized to achieve the best antenna performance, as shown in the following
equation.

minf(x) = 5m− dtag (2.7)

Moreover, in the GA optimization, a population size of 25 individuals and 10 generations
were defined, where the population is submitted to selection, recombination and mutation
operators to find the optimum values. Here, it was chosen the selection function roulette, a
constraint dependent as recombination and mutation functions, with a recombination frac-
tion of 0.8.

The algorithm initializes the first generation randomly and operates until the last generation
where it finds the best antenna parameters to maximize its read range. The selection criteria
on the number of individuals and generations was based on the analysis of convergence of
the objective function and the execution time of the algorithm. Moreover, in the algorithm,
two individuals were selected as elite population, representing almost 10% of the population,
in order to save a record of the best results for each generation.

2.5. Search space of optimization

The small antenna design for RFID systems with application on different surfaces requires
a prior knowledge of the electromagnetic behavior of small antennas as a function of the
antenna curvature. Thus, the performance of small antennas mounted on curved surfaces
can be studied using the cylindrical cavity model. This model provides an approximated
electromagnetic analysis for the selected antenna, in order to understand the effect of the
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antenna curvature on the resonance frequency and radiation field solution.

Some papers like [16] and [15] analyze the effect of antenna curvature on the characteristics
of TM10 and TM01 modes. They explain the effects of curvature on radiation patterns and
input impedances for small antennas. Also, it is demonstrated how the antenna curvature
has different effects on the E and H plane patterns.

The following analysis corresponds to the effect of curvature on microstrip antennas, which
represents a good approximation for this work because of the geometry and structure of the
selected antenna. The main parameters of the antenna bending on a cylindrical surface are
shown in Figure 2.11 and 2.12 from different angles, where a is the radius of the cylinder, εr
the substrate relative permittivity, L is the dimension of the straight edge of the tag antenna,
h is the substrate thickness, and the curved edge is expressed by 2(a+ h)θ.

Figure 2.11: Geometry of the antenna bending on cylindrical surface.

The substrate is considered as a cylindrical cavity with electric walls on the top and bot-
tom (conducting antenna and grounded cylindrical surface) and magnetic walls on the side
(dielectric cavity). The electric walls are located at ρ = a, a+ h; and the magnetic walls are
located at z = 0, L and φ = 0, 2θ.
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Figure 2.12: Geometry of the cylindrical cavity seen from side view.

The main assumptions that guarantee the existence of the previous consideration in the
analysis of cylindrical cavities, is the substrate thickness must be much smaller than the
wavelength (h� λ) and it must be much smaller than the radius of the conductive cylinder
(h� a), for small antennas applications [15, 16]. Based on these conditions, only TM modes
are assumed to exist [32].

So, the analysis of the cavity model is developed for the transverse magnetic (TMz) mode
to find a relation between the antenna curvature and its resonance frequency. The electric
and magnetic fields of the TM mode to z [33] are expressed as:

Eρ =
1

jωεµ

∂2ψ

∂ρ∂z
Hρ =

1

ρµ

∂ψ

∂φ

Eφ =
1

jωεµρ

∂2ψ

∂φ∂z
Hφ =

−1

µ

∂ψ

∂ρ

Ez =
1

jωεµ

(
k2ψ +

∂2ψ

∂z

)
Hz = 0

TM to z field solution can be analyzed as function of its potential vector for mediums with
linear, homogeneous, and isotropic characteristics in the absence of sources, where ~A = ~az ~ψ

and ~F = 0. Additionally, the wave function for cylindrical coordinates can be expressed as:
ψ(~r) = R(ρ)P (φ)Z(z).

The analysis is developed based on the following steps:
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a) Applying the boundary conditions on magnetic walls: For θ=0, 2π −→ Hρ= Hz= Eφ=0

P (φ) = cos
(mπ

2θ
θ
)
,m = 0, 1, 2, ... (2.8)

b) Applying the boundary conditions on magnetic walls: For z = 0, L −→ Hρ= Hφ= Ez = 0.

Z(z) = sin
(nπ
L
z
)
, n = 1, 2, ... (2.9)

c) Applying the boundary conditions on electric walls: For ρ = a, a+h −→ Eφ= Ez= Hρ = 0.

Rv(ρ) = a1Jv(kρρ) + a2Nv(kρρ) (2.10)

Where Jv(kρρ) and Nv(kρρ) are the Bessel and Neumann function of order v.

It can be written as:

a1Jv(kρa) + a2Nv(kρa) = 0 (2.11)

a1Jv(kρ(a+ h)) + a2Nv(kρ(a+ h)) = 0 (2.12)

d) In such a way, it can be expressed as:

ψTMz = AmnRv(kρρ) sin
(nπ
L
z
)

cos
(mπ

2θ
φ
)

(2.13)

Where Amn is a constant, and:

k2 = ω2µε = (kρ)
2 +

(nπ
L

)2
(2.14)

e) Using cylindrical coordinates, the source-free electric field satisfies the wave equation as
follows:

1

ρ

∂ρEφ
∂ρ∂φ

− 1

ρ2
∂2Eρ
∂φ2

− ∂2Eρ
∂z2

+
∂2Ez
∂z∂ρ

− k2Eρ = 0 (2.15)

Following the usual cavity model approximation, the electric field is assumed to have only
one component. Then,

Eρ = − j

ωµε
kρ

(nπ
L

)
AmnR

′
v(kρρ) sin

(nπ
L
z
)

cos
(mπ

2θ
φ
)

(2.16)
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And,

k2 =

(
mπ

2θ(a+ h)

2
)

+
(nπ
L

)2
(2.17)

Where:
kρ =

mπ

2θ(a+ h)
(2.18)

Finally, the resonance frequency can be written as:

fr =
1

2εµ

√(
mπ

2θ(a+ h)

)2

+
(nπ
L

)2
(2.19)

Equation (2.16) displays the relation of the electric field of the cavity in function of the
antenna curvature. Then, an increase of the antenna curvature produces the decrease of the
electric field in the cavity, which affects the radiation efficiency of the antenna.

The average dissipated power can be expressed by the following equation:

< Pd >=
ω

2
|E|2ε′′ (2.20)

Where ε′′ is the imaginary part of the complex permittivity and it models the dielectric losses
of the cavity, which it depends only of the frequency.

Consequently, the decrease of the electric field produces the reduction of the dissipated power
in the cavity, which it leads the improving of the radiation efficiency in the antenna. Hence,
the antenna gain enhances with the increase of the antenna curvature.

Furthermore, based on equation (2.19), it is possible to observe that the antenna curvature
affects the resonance frequency of the tag antenna. An increment of the angle θ generates a
slight reduction of the resonance frequency.

These concepts explain how the antenna curvature affects its electromagnetic properties, and
why is important to design and optimize the tag antenna for a predefined structure in order
to obtain maximum read range. Therefore, if the antenna design for RFID applications on
curved surface is desired, the application of optimization directly on the selected geometry
to achieve the best antenna performance is suggested.

Figure 2.13 shows a flowchart with the proposed methodology for antenna design, which it
is employed for optimizing the original antenna, by maximizing its read range.
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Figure 2.13: Flowchart of the main steps applied in this work to obtain the best antenna
performance.



3 Simulation results

3.1. Computational model

The tag antenna is simulated in HFSS v.15 to assess its electromagnetic properties. The
conductor of the tag antenna was modeled as Perfect Electric Conductor (PEC) and the
substrate as a dielectric (see section 2.2). Moreover, the tag was modeled as an integration
of a dipole antenna and a lumped port with complex impedance to model the chip IC. A
central frequency of 915 MHz was selected to compute the far field electromagnetic solution
of the tag antenna. Then, in this software, the impedance and gain of the tag antenna was
simulated, and after, were exported to MATLAB software to compute the reflection coeffi-
cient, transmission coefficient and read range of the tag.

3.2. Optimization on copper plate

In this section, the optimization results of the tag antenna mounted on a copper plate of
125 mm x 125 mm are presented. First, the performance of the optimized antenna on flat
surfaces is analyzed. After, the antenna performance on cylindrical objects is presented. This
organization was selected with the goal to create a project methodology for antenna design.

Table 3.1 presents the parameters of the optimized antenna mounted on copper plate of 125
mm x 125 mm, through the maximization of the read range, using genetic algorithm.

3.2.1. Antenna performance on copper plate

The impedance of the tag antenna on metallic plate is depicted in Figures 3.1 and 3.2.
The antenna impedance at 915 MHz is 13.72+230.2j Ω, and it allows complex impedance
matching with the chip to minimize the return loss produced by the reflection of the inci-
dent power. Despite the antenna having a proper reactance to achieve matching, the real
impedance is not equal to the chip resistance. It generates that the maximum power trans-
fer can be limited because, based on tag equivalent circuit, part of incident power is reflected.
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Table 3.1: Parameters and dimension of the tag antenna mounted on a copper plate using
genetic algorithm.

Parameter
Length

(mm)
Parameter

Length

(mm)
Parameter

Length

(mm)

a 3.31 f 8.6 n 0.85

b 2 g 6 o 9.7

c 1.2 h 0.4 p 17

d 2 i 1 L 28

e 0.64 m 1.5 W 13
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Figure 3.1: Resistance of the optimized tag antenna over a copper plate of 125 x 125 mm2.
The chip resistance is also shown.

Figure 3.3 illustrates the return loss of the tag antenna. The reflection coefficient is -10.45
dB, good value, which represents a power transfer of 91% of the available power on the
antenna terminals. Additionally, the tag antenna on the flat surface has a bandwidth of 19
MHz in the 905 MHz – 924 MHz frequency band, using the criteria of -3 dB [34] to computer
it.

Moreover, the antenna gain on copper plate of 125 x 125 mm2 is depicted in Figure 3.4.
Here, the antenna is placed on the Z-axis. Then, it is possible to observe that the maximum
antenna gain is -26.64 dB. The maximum antenna directivity is 2.67 dB and its radiation
pattern has a sectoral aspect due to the metallic planar surface, which acts as a ground plane
and helps to improve the antenna directivity.
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Figure 3.2: Reactance of the optimized tag antenna over a copper plate of 125 x 125 mm2.
The conjugate reactance of the chip is also shown.
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Figure 3.3: Power reflection coefficient for the optimized tag antenna attached on flat
metallic object of 125 x 125 mm2.

The low radiation efficiency of the proposed antenna is generated due to its high quality
factor, which it is intrinsic property of small antennas. Therefore, it leads to obtain a low
radiation resistance and a low gain.

Figure 3.5 shows the read range of the tag when it is mounted on a copper plate of 125 x
125 mm2. The read range is 0.58 m at 915 MHz, value very limited for applications related
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Figure 3.4: Gain of the optimized tag antenna on flat metallic object of 125 x 125 mm2 in
the XZ plane ( φ=0◦) and YZ plane (φ=90◦).

to tracking metallic flat objects.
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Figure 3.5: Read range for the optimized tag antenna attached on flat metallic object of
125 x 125 mm2.

For estimating the radiation efficiency of the tag antenna, the induced current density is
analyzed. The radiation efficient corresponds to the product of the efficiency of conduc-
tion and dielectric material in the antenna. To analyze this electromagnetic behavior, it
is important to observe the amplitude of the surface current, which is concentrated on the
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flat surface. Figure 3.6 shows the surface current density on copper plate with different sizes.

(a) (b)

(c) (d)

(e)

Figure 3.6: Current distribution for copper plate of: (a) 75 x 75 x mm2, (b)100 x 100 mm2,
(c)125 x 125 mm2, (d)150 x 150 mm2, (e) 175 x 175 mm2

Based on the results obtained on the current density on metallic plates, when the area of
the copper plate increases, there is a higher separation of the currents stored on the edges
of the metallic plate from the tag antenna. This is due to the decrease of diffractive events
on the edges. In other words, the fringing fields at the antenna’s edges can be suppressed.

Table 3.2 and Figure 3.7 show the antenna performance on different metallic surfaces. The
performance of the RFID tag on a copper plate with square length of 125 mm and 150 mm
improves slightly in comparison with other dimensions because of impedance matching at
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915 MHz, achieving larger read range. Furthermore, the resonance frequency of the antenna
increases mildly with the increment of the dimension of copper plate and the antenna gain
keeps stable for all cases regardless of the square dimension.

0.85 0.9 0.95 1

Frequency (GHz)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

R
e
a
d

 R
a
n

g
e
 (

m
)

surface of 75mm X 75mm

surface of 100mm X 100mm

surface of 125mm X 125mm

surface of 150mm X 150mm

surface of 175mm X 175mm

0.915

Figure 3.7: Read range of the tag antenna over copper plates with different dimensions.

Table 3.2: Simulated results of the tag antenna wrapped over copper plates with different
dimensions at 915 MHz.

Parameter Square length

75mm 100mm 125mm 150mm 175mm

Transmission

coefficient
0.84 0.92 0.91 0.92 0.73

Gain (dB) -26.71 -26.72 -26.64 -26.38 -26.09

Read

range (m)
0.55 0.58 0.58 0.60 0.56

3.2.2. Antenna performance on copper cylinder

The antenna impedance for a cylinder metallic surface of radius=20 mm is depicted in Figu-
res 3.8 and 3.9. The antenna impedance at 915 MHz band is 6.8+267j Ω, which it represents
a transmission coefficient of 0.23, value that is very limited and it hinders the proper backs-
cattering process of the tag to reflect the incident power supplier by the reader. Therefore,
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the return loss is about -1.11 dB at 915 MHz, as shown in Figure 3.10, representing a poor
impedance matching between the antenna and chip. The bandwidth of the tag antenna is
about 7 MHz and it is covers the 904 MHz – 911 MHz frequency band.
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Figure 3.8: Resistance of the optimized tag antenna over a copper cylinder of radius=20
mm. The chip resistance is also shown.
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Figure 3.9: Reactance of the optimized tag antenna over a copper cylinder of radius=20
mm. The conjugate reactance of the chip is also shown.

Additionally, the poor impedance matching proves that to optimize the antenna on planar
surfaces, when really is required to analyze its behavior on curved surfaces, is not a good
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methodology because the optimization process would not be helpful in maximizing the an-
tenna read range in the desired frequency.
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Figure 3.10: Power reflection coefficient for the tag antenna attached on copper cylinder
of radius=20 mm.

On the other hand, Figure 3.11 displays the antenna gain, in the XZ plane and YZ plane,
when it is mounted on copper cylinder of radius=20 mm. As it is possible to see, the gain
is about -13.34 dB in the perpendicular axis of the tag antenna, value higher than that
obtained on the copper plate. It also represents a maximum directivity of 4.94.

The radiation pattern presents a low front to back ratio, which is very important in RFID
systems, because the coverage range of the tag antenna may be broader, and its radiation
pattern may become more omni directional. Moreover, when the curvature of the antenna
is high, the effective area enhances since the antenna manages to be more omni directional
and the front-back relation tends to reduce.

Thus, the tag antenna can receive a better amount of power supplied for the reader in broa-
der angles of reception. In such a way, the read range of the tag is 1.34 m at the frequency
of 915 MHz when it is mounted on copper cylinders with radius=20 mm, like is depicted in
Figure 3.12.

Moreover, to estimate the radiation efficiency of the tag antenna mounted on metallic cy-
linders, it is very important to study the behavior of the current density for different radii
and to analyze which electromagnetic effect occurs. Figure 3.13 illustrates the surface cu-
rrent density on copper cylinder with different radii. It is possible to see that the current
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Figure 3.11: Gain of the proposed tag antenna on cylindrical metallic object with ra-
dius=20 mm in the XZ plane ( φ=0◦) and YZ plane (φ=90◦) using genetic
algorithm.
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Figure 3.12: Read range for the tag antenna attached on copper cylinder of radius=20
mm.

density on the surface is distributed horizontally, in function of cylinder curvature. Also, the
current density is stronger for cylinders with low radius, leading to efficiency to be increased.

As was previously analyzed in the section 2.5, the antenna curvature causes the reduction of
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electric field and dissipation power in the antenna. Therefore, the antenna gain is enhanced
with an increase of the curvature angle, as shown in Table 3.3.

Table 3.3 and Figure 3.14 illustrate the main electromagnetic properties of the tag anten-
na on metallic cylinders with different radii. The resonance frequency of the small antenna
decreases with the increase of the curvature. Then, the performance of the curved antenna
keeps the studied hypothesis of cavity model.

Furthermore, the tag antenna has a limited transmission capability which does not surpass
the 50% of the incident power. This is produced by the difficulties to accomplish the impe-
dance matching in the tag, when the antenna is bended.

Table 3.3: Simulated results of the tag antenna wrapped over cylindrical metallic objects
with different radii at 915 MHz.

Parameter 15mm 20mm 25mm 30mm 35mm 40mm

Transmission

Coefficient
0.16 0.23 0.26 0.28 0.30 0.45

Gain (dB) -11.66 -13.34 -14.77 -15.70 -16.66 -17.62

Read

Range (m)
1.35 1.34 1.20 1.14 1.11 1.16

Moreover, doing a comparative analysis between the results obtained from the antenna per-
formance on both volumes, it is possible to affirm that the power transfer decreases 75%

when the antenna is attached to the cylinder with radius=20 mm than when it is on a flat
object of 125 mm x 125 mm. Taking about the difference of read ranges for both volumes,
it is possible to affirm that the planar surface presents a decrease of 57% when compared to
the metallic cylinder.

In the same way, in the next section, the results of the antenna optimization mounted di-
rectly on a copper cylinder is presented. The optimization based on a genetic algorithm is
used, with the aim to compare the electromagnetic behavior of the optimization in both
geometries and for creating an ideal methodology for the antenna design.
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(a) (b)

(c) (d)

(e)
(f)

Figure 3.13: Current distribution for copper plate of height of 120 mm and radius of: (a)15
mm, (b)20 mm, (c)25 mm, (d)30 mm, (e)35 mm, (f)40 mm
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Figure 3.14: Read range of the tag antenna over cylindrical metallic objects with different
radii.

3.3. Optimization on copper cylinder

In this section a new optimization was developed, using a genetic algorithm, for the tag an-
tenna mounted directly on a copper cylinder with radius of 20 mm, with the aim of comparing
the results obtained with to previous optimization done on the copper plate. Figure 3.15
shows the convergence results of the genetic algorithm for the evaluated objective function.
It is possible to observe that the algorithm converges with 10 generations and a population of
25 individuals for each one. As expected, the last generation presents the best fitness value,
achieving maximum read range of the tag antenna.

Based on the results obtained with the genetic algorithm, the following antenna parameters
were defined in order to maximize the read range of the tag antenna for the metallic cylinder
of radius=20mm. Table 3.4 exhibits the parameters of the optimized antenna using genetic
algorithm.

Figures 3.16 and 3.17 shows the input impedance of the tag antenna on copper cylinder
with a radius of 20 mm. For the desired frequency of 915 MHz, the antenna has an impe-
dance of around 5.3+227j Ω, which promotes the complex impedance matching. In this case,
it is very difficult to achieve a total complex matching due to the curved geometry of the
metallic surface and the antenna bending effect. Then, the real impedance of the antenna
differs from the chip resistance. The tag has a transmission coefficient of 0.57 on this surface,
which represents a return loss of -3.7 dB, as depicted in Figure 3.18.

Despite only 57% of power being transferred to the antenna for the backscattering process
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Figure 3.15: Fitness value of the genetic algorithm used to optimization procedure for a
copper cylinder with radius=20 mm.

Table 3.4: Parameters and dimension of the tag antenna mounted on a copper cylinder
using genetic algorithm

Parameter
Length

(mm)
Parameter

Length

(mm)
Parameter

Length

(mm)

a 3.27 f 8.3 n 0.88

b 2 g 6.6 o 9.85

c 1.2 h 0.4 p 16.8

d 2 i 1 L 28

e 0.65 m 1.5 W 13

at 915 MHz, the bandwidth is about 8 MHz and it covers the 910 MHz – 918 MHz frequency
band.

Figure 3.19 shows the radiation patterns of the tag antenna over a metallic cylinder with
radius=20mm placed in Y-axis. First, the 2D radiation pattern for φ=0◦ and φ=90◦ is
illustrated; and afterward, the 3D antenna pattern is depicted. The graphics illustrate the
antenna gain, which on the perpendicular axis, presents a main lobule with a maximum gain
of -13.37 dB.

The effective area of the antenna is broader with an increase of the antenna curvature. The-
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Figure 3.16: Resistance of the optimized tag antenna over a copper cylinder of radius=20
mm. The chip resistance is also shown.
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Figure 3.17: Reactance of the optimized tag antenna over a copper cylinder of radius=20
mm. The conjugate reactance of the chip is also shown.

reby, the radiation pattern presents a secondary lobule that improves the coverage area of the
tag, and generates a comparable front-back ratio. This behavior tends to be more noticeable
when the antenna bending effect is higher. Also, the maximum antenna directivity is 4.97
dB at 915 MHz, a larger value for this kind of geometries in comparison to metallic plates.

Figure 3.20 illustrates the read range of the optimized tag antenna on a metallic cylin-
der with radius=20 mm. Based on the graphic, the maximum distance between the reader
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Figure 3.18: Power reflection coefficient for the optimized tag antenna attached on copper
cylinder of radius=20 mm.

and the tag is 2.13 m at 915 MHz, important value for tracking of cylindrical metallic objects.

Figures 3.21 and 3.22 illustrate the electrical behavior of the antenna in terms of directi-
vity, radiation efficiency and gain, with a variation of radius of the cylinder. The antenna
directivity decreases with an increment of the curvature, due to part of radiated energy in
the back side of the antenna. Moreover, its radiation efficiency increases, and therefore, the
antenna gain improves. These results respect the hypothesis of the cavity model for curved
antennas.

Table 3.5 and Figure 3.23 show the transmission coefficient, gain and read range of the
optimized tag antenna on cylindrical metallic objects with different radii. According to the
results, the resonance frequency of the tag antenna decreases for an increment of the anten-
na curvature. Also, the read range increases with the antenna curvature, improving the tag
performance.

Additionally, an evaluation of the antenna performance on a copper cylinder with radius=80
mm was done. It was observed that the antenna read range decreases considerably to 0.63 m
at 915 MHz, range of similar value as the copper plate with 125 mm x 125 mm. This proves
how the antenna curvature affects the antenna performance.

Subsequently, a new optimization was done, using the genetic algorithm for the antenna
mounted on cylinder copper of radius=40 mm. The optimized antenna achieved a read ran-
ge about 1.3 m at 915 MHz. Despite maximizing the antenna read range on cylinders with
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(a)

(b)

Figure 3.19: 2D and 3D radiation pattern of the tag antenna over metallic cylinder with
radius=20 mm.

Table 3.5: Simulated results of the tag antenna wrapped over cylindrical metallic objects
with different radii at 915 MHZ.

Parameter 15mm 20mm 25mm 30mm 35mm 40mm

Transmission

Coefficient
0.54 0.57 0.54 0.56 0.54 0.54

Gain (dB) -11.68 -13.37 -14.84 -15.84 -16.85 -17.63

Read

Range (m)
2.51 2.13 1.75 1.58 1.38 1.27
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Figure 3.20: Read range of the optimized tag antenna attached on metallic cylinder with
radius=20 mm.

Figure 3.21: Transmission efficiency and gain of the tag antenna over cylindrical metallic
objects with different radii.

higher radii, the antenna tends to decrease its curvature and behaving more similar to a
planar surface, decreasing its read range.

On the other hand, for maximizing the antenna read range, it is important to consider not
only a good impedance matching; the antenna gain also plays an essential role, as was seen
in chapter 2. Figure 3.24 illustrates the read range variations of the dipole antenna for the
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Figure 3.22: Directivity of the tag antenna over cylindrical metallic objects with different
radii
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Figure 3.23: Read range of the tag antenna over cylindrical metallic objects with different
radii.

three cases analyzed: an antenna 1 (results of the section 3.2.1), an antenna 2 (results of
the section 3.2.2) and an antenna 3 (results of the section 3.3). According to the graph,
tags mounted on a cylindrical surface, characterized for its high gain and limited impedance
matching, have a better read range than tags attached on a flat surface, with characteristics
of low gain and high impedance matching. Moreover, using the optimization directly on the
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surface to be labeled (antenna 3) represents the best methodology to obtain a maximum
coverage and a high antenna performance.
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Figure 3.24: Variation of read range in function of power transmission coefficient and gain.
The red color represents a maximum read range and the blue color a minimum
coverage.

3.4. Optimization on PET cylinder

To analyze the electromagnetic behavior of the tag antenna on different kind of materials is
an important challenge is to describe how the impedance matching between the tag antenna
and the chip is affected. Therefore, achieving an antenna tuning in the desired frequency
through optimization techniques is desirable. In this section, an analysis of the tag antenna
on empty plastic cylinders and with liquid content is developed.

Tag antenna on empty PET cylinder

In this section, the simulated results obtained from the tag antenna mounted on plastic
surface are shown, based on optimization procedure and an analysis of the antenna per-
formance on cylinders with this kind of materials. It is important to highlight that all the
analysis done in this research is applied to cylindrical surfaces with a height of 120 mm. Also,
the cylinder surfaces were modeled using polyethylene terephthalate (PET) material with a
dielectric constant of 2.8 and dielectric loss tangent of 0.003. The plastic thickness is 0.8 mm.
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According to the results obtained through the antenna optimization using the genetic algo-
rithm, in Table 3.6, the following antenna parameters were established, ideally to maximize
the read range of the tag antenna for the PET cylinder of radius=20 mm.

Table 3.6: Parameters and dimension of the tag antenna mounted on a PET cylinder using
genetic algorithm.

Parameter
Length

(mm)
Parameter

Length

(mm)
Parameter

Length

(mm)

a 3.3 f 8 n 0.8

b 2 g 6 o 10

c 1.2 h 0.4 p 17.5

d 2 i 1 L 28

e 0.7 m 1.5 W 13

The tag antenna has an impedance of 2.5+223.4j Ω at the central frequency of 915 MHz
when it is mounted on an empty PET volume, as depicted in Figures 3.25 and 3.26. For
this case, despite the imaginary impedance being similar to the conjugated complex chip
impedance, the total impedance matching is not ideal because the real impedances are dif-
ferent, therefore, the maximum power transfer between them is very limited. In the same
way, the reflection coefficient is about -1.89 dB and the transmission coefficient is 0.35 at
the desired frequency, which explain the poor total impedance matching between the chip
and tag antenna.

The radiation pattern of the tag antenna on an empty plastic cylinder with radius=20 mm
is shown on Figure 3.27. The antenna gain is about -17.96 dB in its perpendicular axis and
its radiation pattern presents a front-back ratio close to unity, value that is very important
in RFID systems to provide broad coverage. Also, the antenna directivity on this plastic
surface is 1.65 dB and its radiation efficiency is smaller than when antenna is wrapped on
metallic cylinders.

Figure 3.28 illustrates the behavior of the radiation efficiency and antenna directivity when
the tag is wrapped on PET cylinders with different radii. The antenna directivity improves
with the increment of radius of the cylinder, due to the reduction of the radiated energy in
the back side of the antenna.

Also, the antenna has a less directivity on plastic cylinder than for metallic cylinders as con-
sequence of absorbent properties of PET (good dielectric), generating the antenna radiates
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Figure 3.25: Resistance of the optimized tag antenna over a empty PET bottle of ra-
dius=20 mm. The chip resistance is also shown.
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Figure 3.26: Reactance of the optimized tag antenna over a empty PET bottle of radius=20
mm. The conjugate reactance of the chip is also shown.

energy in both senses of its perpendicular axes, leading the front-back ratio can be close to
unity. Consequently, the tag antenna can receive and reflect more energy supplied from to
the reader signal on broader angles through the backscattering process.

On the other hand, the increase of the antenna curvature improves the radiation efficiency,
producing the improvement of its gain. This electrical behavior responses satisfactorily the
cavity model analyzed, inclusive for this type of materials.
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Figure 3.27: Gain of the proposed tag antenna on empty PET bottle with radius=20 mm
in the XZ plane ( φ=0◦) and YZ plane (φ=90◦).

In addition, the current density distribution on the PET cylinder keeps uniform for radii.

Figure 3.28: Directivity and radiation efficiency of the tag antenna over PET cylinder with
different radii.
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Figure 3.29 illustrates the read range reached by the tag antenna on plastic cylinder of
radius=20 mm. It is possible to remark that the dipole antenna operates at the central fre-
quency of 915 MHz with about 1 meter of coverage.
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Figure 3.29: Read range of the tag antenna mounted on empty PET bottle with radius=20
mm.

Table 3.7 and Figure 3.30 show the gain and the read range of the tag antenna for different
empty PET cylinders. The effect of the curvature on antenna performance produces a slight
displacement in the operating frequency of the tag. The analysis of the cylindrical cavity
model explained in section 2.5 and the results obtained indicate that the reduction of reso-
nant frequency is due to the increase of the antenna curvature.

Table 3.7: Simulated results of the tag antenna on empty PET bottles with different radii
at 915 MHz.

Parameter 15mm 20mm 25mm 30mm 35mm 40mm

Transmission

Coefficient
0.29 0.35 0.34 0.30 0.30 0.32

Gain (dB) -17.55 -17.96 -18.32 -18.46 -18.6 -18.73

Read

Range (m)
0.93 0.98 0.92 0.85 0.84 0.86
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Figure 3.30: Read range of the tag antenna on empty PET bottles with different radii.

Tag antenna on PET cylinder with liquid contents

The RFID tag antenna presents a variation of its electromagnetic properties when different
kind of liquids inside the plastic cylinders are added. Basically, this variation is produced
by the adding a new dielectric with the PET volume, creating a multilayer dielectric with a
higher effective permittivity.

Table 3.8 and Figure 3.31 show the influence of the liquid content in a plastic cylinder with
radius=20 mm on the tag performance. The analysis was done for five liquids: water, glyce-
rin, ethanol, acetone, and olive oil, which have a dielectric constant of 81, 47, 24.3, 20.7 and
3.1; and dielectric loss tangent of 0.157, 0.2, 0.25, 0.25 and 0.04, respectively. It is possible to
observe that for all liquids, the tag antenna operates at the desired frequency band, around
of 915 MHz. The displacement of the frequency is minimal due to the presence of ground
plane behind of the substrate, which isolates the dielectric layers. Besides, the liquids with
higher dielectric constants have a high antenna gain and read range.

The radiation efficiency of the tag antenna over a PET bottle with the presence of liquid
content is limited because of the absorption of electromagnetic energy by the multilayer die-
lectric. Furthermore, the tag antenna on a PET bottle with liquid content can potentially
increase the antenna impedance, improving its radiation efficiency [35].

Moreover, the PET bottle with a liquid of high permittivity, act as a conductor plane, reflec-
ting the incident signals provided from the reader. Thus, the antenna directivity improves.
In addition, as shown in equation (2.20), the dissipated power depends on the electric field
provided by the antenna and the dielectric loss tangent of the liquid. Then, for low values



3.4 Optimization on PET cylinder 47

0.85 0.9 0.95 1

Frequency (GHz)

0

0.5

1

1.5

2

2.5

R
e
a
d

 R
a
n

g
e
 (

m
)

Water

Glycerin

Ethanol

Acetone

Olive Oil

0.915

Figure 3.31: Read range of the tag antenna on PET bottle of radius=20 mm with different
liquid contents.

Table 3.8: Simulated results of the tag antenna on PET bottle of radius=20 mm with
different liquid contents at 915 MHz.

Parameter Water Glycerin Ethanol Acetone Oliver Oil

Transmission

Coefficient
0.36 0.36 0.35 0.34 0.40

Gain (dB) -10.54 -12.76 -16.83 -17.98 -18.84

Read

Range (m)
2.34 1.81 1.12 0.96 0.95

of permittivity, the PET bottle with the liquid absorb the incident energy, increasing the
dissipated power, which leads to obtain a low radiation efficiency, as illustrated in Figure
3.32. Furthermore, the current density distribution on the PET cylinder increases as the
liquid permittivity rises.

However, for olive oil, liquid with the lowest permittivity, the radiation efficiency is higher
than acetone and ethanol. It is due to its dielectric loss tangent, which is very low compa-
red with the other liquids. Therefore, the PET bottle with olive oil allows the antenna can
dissipate less energy than acetone and ethanol.

The high dielectric constant of water, for example, helps reducing the secondary lobules or
nulls in the radiation pattern of the tag antenna [35]. For these reasons, the radiation pat-
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Figure 3.32: Directivity and radiation efficiency of the tag antenna over PET bottle of
radius=20 mm with different liquid contents.

tern tends to be more directive and the read range of the tag enhances, when the dielectric
constant of the liquid increases.

Moreover, the presence of ground plane behind of the substrate helps isolate the dielectric
substrate and the dielectric multilayer. The ground plane inserted in the tag antenna acts as
a reflector and it helps prevent any disturbance from the plastic surface [14, 19]. Moreover,
the ground plane allows for good impedance matching between the chip and the tag antenna
in the desired frequency. On the contrary, it could exist an antenna detuning for frequencies
in the order of GHz.

3.5. Discussions

The selected dipole antenna does not present a good performance on planar metallic
objects since the read range is low. Therefore, the tag antenna performance is conside-
red efficient and reliable only when it is wrapped on curved volumes, as consequence
the effect of antenna bending which it improves the read range.

According to the results obtained for the antenna optimization, using the genetic algo-
rithm, for the copper plate of 125 mm x 125 mm, it is possible to cite that the antenna
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performance wrapped on the metallic cylinder of radius=20 mm presents a higher read
range of about 57% in regard to the antenna mounted on the planar surface of 125
mm x 125 mm. This explains that the antenna curvature affects positively the antenna
performance due to the significant increase in the antenna gain.

Moreover, the use of the genetic algorithm directly on the copper cylinder allows that
the antenna performance may be improved by about 37% than the antenna optimiza-
tion using the genetic algorithm on a flat surface, when the applicability of the RFID
tag is for a copper cylinder with radius=20 mm.

Figure 3.33 displays the antenna performance on empty plastic bottle and with diffe-
rent kind of liquids. As was analyzed previously, the dielectric constant of the liquid
has an important influence on the antenna performance due to the increment of the
antenna gain as consequence of the increase of the liquid permittivity.

Figure 3.33: antenna performance on PET bottle with different kind of liquids.
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Generally, most tag antennas used for RFID applications are balanced. A dipole can be
defined as a balanced antenna due to its symmetry and because it has current flowing on
both legs. In this way, the dipole needs equal or balanced currents along its arms to opera-
te properly, and then, the balanced antenna must be connected to a balanced feeder [36].
Another definition of balanced antenna is that a balanced antenna is a radiator which has
neither conductor connected directly to the ground, and the impedance between ground and
each conductor is the same. Also, a balanced line is a transmission line where the impedance
between ground and each conductor is identical [37].

The impedance of the balanced antenna cannot be measured directly with devices that are
terminated in unbalanced ports as coaxial ports. Coaxial cable is unbalanced due to the im-
pedance between the ground and the outer conductor shield being different to the impedance
between ground and the inner conductor [37]. The coaxial cable has a central conductor and
an outer conductor, and they are not symmetrical. Therefore, when a unbalanced coaxial
cable is connected to a balanced antenna, it is possible that the current flows on the outside
of the outer conductor, affecting the radiation pattern [38].

4.1. Differential S-parameter method

A balanced dipole antenna can be represented by a two-port network, as shown in Figure
4.1. The equivalent two-port network is used to determine the antenna impedance through
the measurement of the S-parameters on the two feeding ports located on the both radia-
tors of the dipole. The positive and negative ports of the source are connected to the input
terminals of dipole arms, producing voltages V1 and V2 with a virtual ground plane. Also,
the voltage difference on the two feeding ports is defined as Vd.

Figure 4.2 shows another representation of the two-port network from the point of view
of the transfer function model and the mutual impedance equivalent circuit. Based on the
T-network equivalent, the port voltages and currents are given by:

V1 = Z11I1 + Z12I2 (4.1)
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Figure 4.1: Two-port network representation of the dipole antenna.

V2 = Z21I1 + Z22I2 (4.2)

Considering I1=I0 and I2=-I0, the differential voltage Vd can be expressed as:

Vd = V1 − V2 = (Z11 − Z21 − Z12 + Z22)I0 (4.3)

Then, the impedance becomes:

Zd =
Vd
I0

=
V1 − V2
I0

= Z11 − Z21 − Z12 + Z22 (4.4)

Converting the Z-parameters to S-parameters and considering that Z ′d=Z0Zd, the antenna
impedance becomes:

Z ′d =
2Z0(1− S11S22 + S12S21 − S12 − S21)

(1− S11)(1− S22)− S21S12

(4.5)

Where Z0 is the characteristic impedance of the coaxial cable, which is 50 Ω for the RG-58
coax used to execute the impedance measurements though the two ports of the Vectorial
Network Analyzer (VNA). As a dipole antenna is balanced, then S11 = S22 and S12 = S21.
Therefore, it is possible to simplify the equation (4.5) to:



52 4 Measurements

(a)

(b)

Figure 4.2: (a) Two-port network and (b) T-network equivalent

Z ′d =
2Z0(1− S2

11 + S2
21 − 2S21)

(1− S11)2 − S2
21

(4.6)

4.2. Test fixture

The configuration of the balanced system to perform the measurements is illustrated in Fi-
gure 4.3. The test fixture or also called jig, is a prototype formed by two semi-rigid coax
cables whose outer conductors are joined together by a rolled tin as shown in Figure 4.4.
At the end of the prototype, the inner conductors are placed openly to be connected to the
antenna feed points. On the other extremity of the fixture, a female SMA connectors are
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placed, to made the connection to the network analyzer [39, 40] using test cables RG-58 50
Ω coax.

Therefore, the test fixture guarantees that the feed points of the balanced antenna may be
driven by equal but opposite currents [41].

Figure 4.3: Configuration of the test fixture to measure the dipole impedance.

Figure 4.4: Test fixture used to develop the measurements.

4.3. Measurement process

The following steps were used to execute a proper measurement process of the balanced
antenna:
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a) Before to execute the measurements, it is suggested to prove the test cables which are
connected to the test fixture and VNA. Then, it is necessary connecting the test cables to a
50 Ω load, and to observe how much power is reflected. A standard return loss (S11) lower
than -10 dB is acceptable, to assure a 90% of the transmitted energy.

b) Developing a proper VNA calibration guarantees a good measured result, especially when
working with microwaves frequencies because can exist some inaccuracies. For this project, a
Rohde & Schwarz ZVL-6 Vector Network Analyzer [42] was used, with an operable bandwidth
of 9 KHz to 6 GHz, resolution of 1 Hz, impedance of 50 Ω, and two ports to compute four S-
parameters. Furthermore, to execute the calibration process, two calibration kits were used,
with impedance of 50 Ω: 3.5 mm female Rohde & Schwarz ZV-Z135 model [43] and the
N-type JBM-J2061 [44]. The calibration kits operate in the DC-15 GHz frequency band, and
are used to correct the residual impedance of the system, to obtain accuracy results. It is
very important to allude that for the second kit was added a N type – SMA adapter, to
permit the connection of the calibration kit with the test cables.

The calibration process was carried out first, setting the operating bandwidth of the measu-
rements. Secondly, the TOSM (Thru, Open, Short and Match) method was applied, which
evaluates and calibrates the two ports of the VNA, using four standard configurations: Open,
Short and Match for each port, and Thru standard between the two ports of the VNA. With
this process, to shift the calibration plane of the VNA’s connectors to the SMA connectors
of the test fixture (from 1 to 2, see Figure 4.3) is desirable, using the calibration kits, to
compensate the effect of the test cables and connectors in the measurements [45].

c) Shifting the measurement plane to the tips of the fixture (from 2 to 3, see Figure 4.3).
The goal of this step is annulling the effects of the test fixture in the measurements. The
shift of plane can be done in open or short circuit. Short circuited configuration requires
welding the tips of the test fixture with the outer conductors of its coaxial cables (ground)
[46]. In other words, welding the port 1 and ground (short1), port 2 with ground (short2),
and short between two ports (short12). This configuration is recommended because the open
condition is difficult to achieve for high frequencies [45].

d) Connecting the dipole antenna to the test fixture and execute the measurements of the
S-parameter matrix. Figure 4.5 shows the configuration used to measure the tag antenna
inside a anechoic chamber. The prototype built has the dimensions presented in Table 3.4.
Moreover, the measurements were developed on a copper cylinder with radius=20 mm.

e) Compensating the effect of the test fixture in the antenna measurements, applying the
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following equations:

Scorrected11 = −S
antenna
11

Sshort111

(4.7)

Scorrected12 =
Santenna12

Sshort1212

(4.8)

Scorrected21 =
Santenna21

Sshort1221

(4.9)

Scorrected22 = −S
antenna
22

Sshort222

(4.10)

e) At last, to apply the differential S-parameter method analyzed in the section 4.1, for
computing the antenna impedance.

(a)

(b)

Figure 4.5: a) Measurement developed in anechoic chamber, (b) prototype built.

4.4. Measurement results

Figure 4.6 shows the best measurement for reflection coefficient of the tag antenna. The
central frequency of the tag antenna has a displacement of about 115 MHz in comparison to
the expected results, obtained in the simulations. Therefore, the tag antenna is not tuned at
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Figure 4.6: Measured and simulated reflection coefficient of the tag antenna.

the desired frequency.

Thus, the following section presents the possible effects which did not allow a proper antenna
performance. Also, simulations in another software were developed to compare the results
obtained of the optimized antenna. Thus, using CST Studio was not found discrepancy in the
results regarding to HFSS. Furthermore, were developed new measurements using a feeding
procedure through back side of antenna, to avoid the presence of the metallic structure in the
direction of propagation. In this test was not seen any difference in regard to the previous
results.

4.5. Possible effects that prevented the proper
antenna performance

In this section, the possible factors and effects generated by the manufacturing process of the
tag antenna are analyzed, which prevented the proper results in the measurements process
with respect to the simulations. The effects are analyzed independently, as follows:

a) The incorrect position of the feeding points in the dipole antenna. After the
antenna was built, it was seen that the feeding points were not located on the dipole’s edges.
Thus, the parameter b of the tag antenna changed its value from 2 mm to 4 mm, generating
that the current density distribution on the dipole, in the real scenario, may be different
than the obtained in the simulations. Also, this issue generates that the resonance frequency
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of the antenna increases 14 MHz on the expected value, as shown in Figure 4.7, where is
depicted the reactance curves for three different values of parameter b.
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Figure 4.7: Reflection coefficient of the antenna for a variation of the parameter b.

b) Material for antenna design. As was mentioned in this work, the antenna was mode-
led as a PEC. However, for building effects, the antenna is manufactured with copper. Then,
a simulation was done for knowing how the material can affect the resonance frequency of
the tag antenna. Figure 4.8 illustrates the reflection coefficient of the tag antenna using a
PEC and copper material. It is possible to observe that there is an displacement of 15 MHz
between them.

c) Surface roughness effects and uncertainty in the electrical properties of the
adhesive film. When a wave is propagated from free space (εr = 1) to a different medium
(εr > 1), the wave propagation velocity tends to decrease (speed<speed of light). Thus, the
roughness has an effect on the wave propagation constant and on the velocity [47], as illustra-
ted in Figure 4.9. For rough surfaces there is a slower propagation wave velocity. Therefore,
the effective dielectric constant of the substrate is higher [48, 49]. The wave velocity (Vr)in
the direction of wave travel can be expressed as:

Vr =
1√
(µε)

(4.11)

Based on the information provided by Rogers Corporation, the substrate ULTRALAM
3850HT has a double copper clad laminate. Moreover, there are two different kinds of cop-
per laminates. The first is the rolled-annealed (RA) foil, which is destined for planar circuit
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Figure 4.8: Reflection coefficient of the antenna modeled as PEC and copper.

SubstrateWave speed

Wave speed
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Figure 4.9: Propagation velocity wave on different surfaces

applications, and it contains a roughness of 0.3 µm RMS. The second type is the Electro-
deposited (ED) foil, composed by plating from a copper sulfate bath and introduces a high
roughness with a value of 1.8 µm RMS.

Furthermore, according with the fabrication process, a thin substrate has a higher roughness
in the copper clad than a thicker substrate [50, 51]. Thereby, the roughness has an influence
on the effective dielectric constant and the dielectric loss of the substrate. In the literature
exists some methods to compute the insertion loss in function of the roughness. The model
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proposed by Hammerstad and Jensen [48, 50], incorporates a multiplicative correction factor
(KSR), which it is very important to calculate the wave attenuation constant and the insertion
loss, as follows:

αcond,rough = αcond,smooth ∗KSR (4.12)

Where αcond,smooth is the attenuation constant calculated for a smooth conductor.

KSR = 1 +
2

π
tan−1

(
1.4

[
RRMS

δ

]2)
(4.13)

Where RRMS is the RMS value of roughness in the conductor layer of the substrate and δ
is the skin depth. Hence, based on the last equation, when the copper roughness is high,
the value of KRMS is large too. Therefore, the attenuation constant and the insertion loss
increase in regard to smooth conductor.

On the other hand, the electromagnetic principle of microstrip antennas is used to obtain an
approximation of the effective dielectric constant of the substrate, considering the fringing
effects in antennas. The following equation allows to compute the effective dielectric constant,
for W/h >1, without considering roughness effects.

εeff =
εr + 1

2
+
εr − 1

2

[
1 + 12

(
h

W

)]−1/2
(4.14)

Where εr is the relative permittivity of the substrate, W is the width of the antenna and h
is the substrate thickness.

The amount of fringing is a function of the dimensions of the patch and the height of the
substrate. As W/h� 1, the electric field lines concentrate mostly in the substrate, making
the microstrip line seems wider electrically [21]. Thus, the effective dielectric constant is
closer to the intrinsic permittivity of the substrate (also named Process DK=2.9).

Nevertheless, considering the effect produced by roughness on the electrical parameters of
the substrate, a new complex permittivity is modeled.
The relative complex permittivity of a dielectric can be expressed as follows:

ε̇r(ω) =
ε̇(ω)

ε(ω)
= ε′(ω)− jε′′(ω) (4.15)

where ε′ and ε′′ are the real and imaginary part of the relative complex permittivity of the
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material, which depend on the frequency. Also, ε′′ represents the electric losses of the material
due to its dielectric characteristics, tending to increase with an increment in the frequency
[33]. Consequently, appears a new term which specifically define the electric loss tangent (δ),
as expressed in the following equation.

tan δ =
ε′′

ε′
(4.16)

Based on the roughness effects analyzed in this section, equation (4.15) can be modified
including a new term (∆R) which models the roughness in the copper layer of the substrate,
as shown in equation (4.17), in order to compute its effective dielectric constant.

ε̇r(ω) = [ε′(ω) + ε′(∆R)]− j [ε′′(ω) + ε′′(∆R)] (4.17)

On the other hand, Rogers Corporation provides two dielectric constants, based on two dif-
ferent test. The first test, named microstrip differential phase-length method, provides a
permittivity named “Design DK” with a value of 3.14. It is a transmission/reflection met-
hod based on two transmission-line circuits as guidelines with different physical lengths.
Moreover, the Design Dk of the substrate 3850HT is computed by one laminate of the se-
lected material with thickness 0.01 mm and a roughness in the ED copper clad of 1.8µm
RMS[52, 53].

The second method is denominated clamped stripline resonator test. It is used for standard
Quality Assurance (QA) testing of the permittivity “Process Dk”, which it is a second die-
lectric constant provided by Rogers Corporation in the substrate data sheet with a value of
2.9 [54]. This method is widely adopted by the industry because it is repeatable, accurate,
fast and evaluates the intrinsic permittivity of the substrate.

In this way, the Design DK is not appropriated for this work, because the measurement condi-
tions and application of this test are not compatible for the selected scenario in this research,
due to in this work is used a substrate with a higher thickness. Thus, it is necessary to consi-
der an intrinsic permittivity of the substrate, which provides the proper electrical properties.

Microwave Impedance Calculator (MIC) is a software provided by Rogers Corporation which
analyzes the electrical parameters of substrates, considering the fringing and roughness ef-
fects. Then, according to the information provided for the software, the substrate permittivity
is around of 2.9 and its dielectric loss is 0.0078, for a single substrate ULTRALAM 3850HT
with thickness of 0.35 mm. The loss tangent was higher as consequence of the insertion of
roughness effect on the electrical parameters of the substrate. Thus, the relative complex
permittivity of the substrate can be expressed as:
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εeff = 2.9

tan δ = 0.0078
(4.18)

Figure 4.10 illustrates the behavior of the tag antenna considering the electrical parameters
of the substrate with the roughness effect (DK=2.9 and DF=0.0078) in comparison with the
initial conditions (without roughness effect, DK=3.14 and DF=0.002) used in the antenna
optimization. Here, there is a displacement in the operating frequency of 36 MHz between
the two mentioned scenarios.
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Figure 4.10: Reflection coefficient of the antenna for a variation in the electrical properties
of the substrate.

4.6. Comparison between measurements vs simulations

In this section, a graphic comparison between the measurements and simulations of the
tag antenna is depicted. This is performed with the aim to justify the possible effects that
prevented the proper antenna performance. Therefore, Figure 4.11 illustrates the reflection
coefficient of the tag antenna when it is attached on a copper cylinder with radius=20 mm,
for three specific cases: measured result, simulation based on the optimized antenna without
to consider any limitation, and simulation considering the non-modeled effects. For these
cases, the substrate was modeled as a single dielectric with thickness of 0.4 mm (including
the adhesive film).
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Figure 4.11: Comparison measurements vs simulations for reflection coefficient of the tag
antenna attached on copper cylinder with radius=20 mm.

The effective dielectric constant for a single substrate of 0.4 mm was calibrated by simula-
tions, in order to obtain a similar performance with respect to the measurements, as shown
in Figure 4.11. Therefore, a DK=2.6 and DF=0.03 were achieved, allowing to affirm that
the adhesive film has dielectric properties which affects the dielectric characteristics of the
substrate. Then, the dielectric loss tangent of the substrate, including the adhesive film, is
approximately ten times the dielectric loss of the ULTRALAM 3850 HT laminate.

The adding of the adhesive film, which does not have a uniform physical characteristic, can
include air sections inside the dielectric layer, which introduce a low permittivity and a high
loss tangent. Then, its electrical parameters were calibrated by simulations, obtaining a die-
lectric constant of about 1.6 and a dielectric loss tangent of 0.08 for reaching the antenna
tuning at measured operating frequency.

4.7. New prototype with corrected issues

In this section, a new prototype was designed using the optimization tool. The design was
based on the correction of previous issues which prevented the proper antenna performance
at desired frequency band. Here, the adhesive film was not used. However, a thin layer of air
was considered in the middle of two dielectrics with a thickness of 21 µm (equivalent around
of six times the roughness thickness), which produces that the effective dielectric constant
of the substrate is equal to 2.6.
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Table 4.1 shows the parameters of the optimized antenna mounted on copper cylinder with
radius=20 mm, using genetic algorithm.

Table 4.1: Parameters and dimension of the corrected tag antenna mounted on a copper
cylinder using genetic algorithm.

Parameter
Length

(mm)
Parameter

Length

(mm)
Parameter

Length

(mm)

a 3.35 f 8.2 n 0.9

b 2 g 6 o 9.9

c 1.2 h 0.35 p 21

d 2 i 1 L 28

e 0.55 m 1.5 W 13

Figure 4.12 illustrates the measured reflection coefficient of the tag antenna, based on the
developed corrections for the new prototype. The antenna is tuned in the 902-928 MHz fre-
quency band with a reflection coefficient of -6.8 dB, showing a proper behavior regarding to
the simulations.
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Figure 4.12: Measured and simulated reflection coefficient of the corrected tag antenna.

Finally, Figure 4.13 shows the read range of the tag antenna based on the simulations. The
read range of the new prototype is about of one meter in the desired frequency band, which
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it is a proper coverage for RFID applications over cylindrical metallic surfaces.
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Figure 4.13: Simulated read range of the corrected tag antenna.



5 Conclusions and future works

5.1. Conclusions

The proposed small and flexible RFID tag antenna which operates at UHF frequency band
of 915 MHz can be wrapped on cylindrical metallic surfaces with read ranges above one
meter. The best results are obtained for a high antenna curvature, due the increase of the
radiation efficiency and gain of the tag antenna, which improve its performance.

The tag antenna is considered unsuitable to work on flat objects since the read range is low.
This limitation is produced due to the low radiation efficiency and low antenna gain, that
limit the good performance of the tag.

The proposed RFID tag antenna can be wrapped on cylinder surfaces fabricated with pol-
yethylene terephthalate (PET) materials. The results show that the dipole antenna can
operate using a commercial substrate with flexible characteristics in a read range about one
meter.

When it is added a liquid content inside the PET material is generated a multilayer dielec-
tric which increases the effective permittivity. Also, the existence of ground plane helps to
create an independence between the liquid permittivity and the resonance frequency of the
antenna, which allows to maximize the read range of the tag antenna in the desired operating
frequency.

The low substrate thickness and the roughness effect in the copper clad affect the effective
dielectric constant and dielectric loss tangent of the substrate. Moreover, the adhesive film
adds a low permittivity and a high dielectric loss tangent in the substrate, producing an
displacement of the resonance frequency. Therefore, the roughness effect and the dielectric
properties of the adhesive film must be considered in the small antenna design.

The roughness in the substrate is the most significant effect among the analyzed problems.
This effect modifies the electrical performance of small and slim antennas. Specifically, the
complex effective dielectric constant and resonance frequency are electrical parameters very
sensitive to the substrate thickness due to the roughness in the double copper clad laminate.
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5.2. Future works

Characterizing and studying more deeply the electrical properties of the substrate including
the adhesive film. Another possibility is the use of the adhesive film ULTRALAM 3908 sug-
gested by Rogers Corporation to attach the two substrate laminates. Then, it is possible
to avoid the uncertainly of the effect which this layer can creates on the effective dielectric
constant of the substrate.

Developing measurements of the tag read range with a commercial reader in an environment
free of electromagnetic noise using the anechoic chamber, and inside a real scenario where
may be used the tag.

Researching other methods to conjugate the impedance matching and to study the viability
of the implementation of meta-materials structures on the ground plane to improve the an-
tenna performance.

Performing an analysis of electromagnetic interference produced for elements surrounding to
the tag antenna, studying how the reflecting and refracting events can damage the radiation
pattern of the tag antenna, and how is affected the antenna performance with the presence
of a second energy source.

Analyzing the viability of implementation of chipless technology on the proposed antenna,
to avoid the impedance matching problems, defining a size/performance ratio in the antenna
to maintain its applicability on small curved metallic surfaces.

Developing a deeper analysis of the antenna curvature on the tag performance, evaluating
the different TM modes that affect the resonance frequency and the radiation field solution
through of implementation of an analytic formulation.

Optimizing and design a new small antenna with a broad bandwidth characteristics to tune
the antenna in the desired frequency and to avoid the abrupt variations of read range of the
tag in its overall bandwidth.
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